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CHAPTER 1
INTRODUCTION

BACKGROUNDZ N ‘

The objectives of the NASA Manned Spacecraft Program have expanded
rapidly in the Interval between Project Mercury and the Apollo Program.
Frém the demonstration of manned orbital flight in Project Mercury to
| imited manner lunar exploration in the Apollo Program, NASA is now
planning extended-duration missions such as lunar-surface mapping and
~survey in the Apollo Application Program and space-science experimen-
tation in the Orbital Workshop Program.

The development of spacecraft and spacecraft |ife support sysfemslfo:
meeT the demands of These missions has beeh an oufsfahding technological
achievement. A foremost goal of spacecraft design and development is To
maximize payload, an objective which has necessitated development of fnfe-
gréfed systems capable of maximum muITiﬁle use of water, heat, aimospheric
. gases, and energy for |ife support. The need for functional flexibility of
itfe supporffsySTems has required that a capabiIiTy exist to transfer a
-_resource (water, gas or electrical energy) from one point to almost any
other poihf‘in the spacecraft to meet demqnds and emergencies that arise.
The need for weight minimization has required the use of a diversity of
mefaflig énd other components in the water system to maximlze function
fwafer and heat transfer) and minimize weight. Severe time constraints in
. the space program have resulted in prlori+ies being placed on propulsion,
structural, and communications systems. ‘ , ‘ )

| There is-lif+le doubt that fhe overall technological approaches devel-
oped by the space indusiry for use in the NASAVprograms have been s&ccessfu!;
the tunparorbital fljghflof 1968 and the lunar landings of 1969 have brought
worldwide accldim fo the United States. However, cdmpromises have beeﬁ nec-—
essary to accomplish these goals, parficularly in the area of water system
-?design. These compromises have led to a series of problems requiring water
system disinfection as a sfandardiied procedure, allowing attrition of dis~
infectant levels caused by interaction with sysTem‘componenfs, and permit-
ting the transport of dissolved gases into and through the water system to

’ points of use in the spacecraft. The former two situations have resuifed in
problems of corrosion, interaction of disinfectant with membrane materials,

présence of viable organisms, and taste and odors in the water supply. The .



latter problem area has resulted in the presence of sufficient quantities
of gas in the water supply at the use ports to raise concern as fo ifs
direct use for drinking or food preparation. _

The above problem areas in no instance have caused an operational
failure. in the spacecraft water systems used in the Apollo Program. How-
ever, there is serious concern that, as the missions conducted by NASA
become longer, potential édverse situations in the short term can become
real problems in the long term. A commT%men? has been made by NASA, through
the research and development activities conducted or sponsored by the Pre-
‘ventive Medicine Division, to the development of technology to meet future
water supply needs in spacecraft. This study Is intended to represent a
.sfep toward fulfilling the commitment of NASA in bringing environmental
engineering éuppbr# o the conceptualization, design, and testing phases
of water system development. : ' ' | (
OBJECTIVES |

"The orientation of this sfudy was dlrec?ed Toward evaluation of dis-
infection and corrosion control technology in the Apollo Command and Lunar
Modules and in the Saturn 'V Orbital Workshop Program (the latfer of whlch
~was in the early design phase in late 1969). The priorities required in
meeting fnforma%ion needs for disinfection and corrosion{conffo! in these
cperational or developing systems related to the development of an un-~
derstanding of the fundamental mechanisms of the physical, chemical, and/or
biological procésses governing disinfecTidn and corrosion control as a
basis. for resolving these problem areas. Within these prioritfies
the SpBCIfiC.ObJGCTIVGS of the study were as follows:

.(I) Make a general assessment of the basic mechanlsms governing the
processes of disinfection, corrosion, inferaction of disinfect-
‘ an*s with membrane materials, permeation of chemicais through
membranes, and generation of taste and odor. . .
(2) Select experimental conditions to simulate the environment in
7 " which the mechanisms postulated in Objective (1) occur and to
éﬁndUcT an experimental program for deve!oping.informa+ion nec-
" essary to define the rate constants and other parameters neces-
sary to document the mechanisms. | _
(3) Conduct an engineering evaluation of specific probjem sifuations

believed to occur in spacecraft water systems, insofar as avail-
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‘able information permits.
(4). “Evaluate the efficacy of current po+able wafer specifications to
generate swareneéss of, and actlon to minimize, The perpetration
. of disinfection, corrosion confrof, and other probléms in exist-
Ing and future spacecraft water systems.
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CHAPTER 11
. SUMMARY

The orlglnal orientation of this study was dlrecTed to the evaluation
of disinfection and corrosion control technology in the water systems of the
Apol lo Command and Lunar Modules, and in the additiona! modules to be used
in the Apollo Applications Program. As the study developed, the immediate
need by NASA for information in these areas shiffed from the operaflonal-
phase Apollo systems to the Saturn V Orbital Workshop Program. Within Thls
framework, the problem areas of conéern in the study were classified into
.four general areas: disinfection; corrosion; membrane-associated probiems
of disinfectant uptake and diffusion;ian& taste.and odor problems arising
from membrane-disinfectant interaction. ‘

The results and conclusions of the membrane studies are presented in
Chapter IV. Six membrane types (Silastic, Polyisoprene, BUTVI Rubber,
Nordel, Viton, and Polyurefhane) were screened for the development of taste
and odor problems in.lodinated solutions, and +hose membranes not associ-
ated with the development of taste and odor problems(Sitastic, Poly|so-
rene, and Polyurethane) were subjected fo membrane interaction testing.
The mechanisms of membrane Interaction were defined as: sorption; subsfi;
tution and/or conversion; and diffusion. Sorption isotherm cdnsfanfé,
first-order 5ubs+jfu+ion and reaction conversion consfénfs, and diffusion
constants were determined for each of the accepfable membranes as appro-
priate under Iaﬁorafory experimental conditions sihufafing the spacecraft -
wafer system environments. | '

- The results and conclusions of the corrosion studies are presented

in Chépfer V. Potentiometric fechniques were used to measure The re]aTive}'
corrosion rates of aluminum (Al 6061 T6) and stainless steel (CRES 3[6L)
.in.iodihaTed'%nd'chlorinafed solutions under conditions of dissolved

oxygen saTQraTion and dep!efion. The test cells used in the experfmenfaTion
were completely-mixed and Tehpera+uré—confrolfed at spacecraft Tempera+ure-'
levels. lodine depletion rates due to Intferaction of the Tesf.éluminum '
and stainless steel metals with iodinated test sclutions, were character-
ized in terms of first order reaction constants for Tﬁe conversion of |
jiodine to lodide under compIeTer mlxed conditions. \

The results and conclusions’ of the disinfectant evaluaTlon studies

are presen+ed in Chapter VI. Criteria for the sslection of the test
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organisms (E. Coli, Flavobacter breve, Staphylococcus aureus, Pseudomonas
aeroginosa, and Bacillus subtilis var. niger) are presented, and the mech-
anisms of disinfectant-organism inferaction are presented. The disin-
fection criteria of the United States Food and Drug Administration and
the Public Health Department of fhe State of California (99,999 percent
bacterial after |5 seconds of disinfectant solution contact time) were
used as a basis for evaluating the relative resistance to inactivation of
the five Tes?rorganisms To.defined concentrations of lodine and chlorine
at defined pH and temperature levels simulating spacecraft water system
environments. With these results, the todine and chiorine doses required
fo meet the 99.999 percent inactivation level at a |5-second contact Time
were determined for each test organism. | ' | |
An engineering evaluation of the Apollo -Command and Lunar Module
water sysfehs and the proposed Orbital Workshop system is ﬁresenfed in
Cﬁapfer Vil THe evaluation incorporates information developed in Chapters
IV to Vi of the present study as well as from other studies to interpret
and assess some of the operational préblems observed in the ApolioNéySTems

~and to identify pofenfial'areas of concern in the Orbital Workshop system.



CHAPTER 11T
| RATIONALE FOR STUDY |
APPROACH- - | | | o L
The basic context in which +he study developed was +ha+ an evaluation

of the fundamental physical, chemical, and blological processes relative
to the areas of disinfecfion, corrosion control, and mass transfer, 1s a
'pre-requisife to assessment of the origin and extent of operafional‘pro-
" blems encountered in spacecraft water systems, and for the development of
engineering tools needed to evaluate the pofential for similar problems o
occur In yet-to-be-developed systems. The above areas of inquiry can be
considered as specific and well-defined probiem areas if a sufficient un-
derstanding exists as to the nature and effect of fundamentfal interactions
of the Wa+er:sysfem at large with factors affecting it, primarity In the

areas of: rate and extent to which the sysfems permi+ the transfer of

vhufet _ S ruiiiiiy

.comhonenfs w|+h reacfanfs and producfs in the. d|5|nfec+ton and corrosion

- processes; and _the aggregate manner in which these circumstances cqmbine 1o

et o

MWM——H”—M -~

amplify or attenuate an |mmed|a+eﬁggggl§m .
B S

In order to pFOVlde a perspective for The sTudy conTexT and to define
its orientation, an approach to the study was developed thCh necessarily
directed the sTudy,.in areas where pertinent information was lacking, to-
wards evaluation of fundamental mechanisms, ihTerécTions, and rate constants
épplicabie fheréfo, and a priori to evaluation of immediately perceived pro-
blems. The approach used is shown In Figure 11[-1; each of the elements
shown in this diagram represents an area of inquiry from which information
was'developed ahd made available for a subsequent activity.

The program objectives for the study were defined (Chapter |) not only
iﬁ.ﬁeference jb developing an immediate solution fo disinfection and cor=-
rosion contrel problems, but also, because these areas impinge on both water

| quatity and structural standards relative to spacecfaft., The objectives
‘necessarlly include a consideration of: ,
(1) Wha+ over{ying priorities relative to propuls:on, communlcaflon
. and system integrity must be considered relative to enhancement
of disinfection, corrosion, and other problems;
(2) How realistic . are current water quality sfandards‘relafive to

the performance capabilities of the water sysfems and to ac-



cepted levels of ke? parameters applied in water supply and
public health engineering fields.

-Theisfudy utility can be defined only in ferms of the level of in-
quiry which existing information permits to be achieved within the time and
budget frame of the study and relative fo the desirabilify of havfng point
utility vs. Qeneral utility for the sfudy findings. A point utility study
relates to constderation of a single specific aspect of a problem without
recognition of broader, more basic factors which could minimize or negate
the value of_s+udy‘ffndings outside of that specific circumstance. A
general utility study reduires implicitly that fundamental mechanisms be
defined before specific questions can be examined. Of necessity, develop-
ment of the tools to permit engineering evaluafion'of'sysfems of the com-
-pleX|Ty of spacecrafT water systems requires a general approach The lat-
ter sfafemenf assumes greater importance in this study, where the obJec-
tives of the program expanded to include not only Apollo Command-Service
and Lunar Module water systems, but also the proposed wéfer system of ‘the
Saturn V Orbital Workshop as well as materials which may be used in fﬁfure
spacecraf* systems.
| The problem areas in the study were documenTed by a definition of the
boundary areas of probfems as perceived by NASA and NASA contractors. This
effort entailed necessarlly an evaluation of ‘all the physical, chemical,
and biological processes interrelated with the problem area, documentation
of fhe funcTions'and components of all water éysTems, and documentation
of all transfer and conversion phenomena at |iquid-gas and qu-uid-solid
' interfaces. - The basic mechanisms interactive in the problem areas were
described by considering process fundamentals apart from particular ap-
plicaflons, in order to establish a 'coherency in theoretical developmen+
of the tools jor the engineering evaluation.

The above activities were prerequ15|+e to description of the data
base required fo document the germane unit processes In the approach used
in this study. The required data base can be described only after the
- pertinent variables and their range of variation is defined. A comﬁarison
~of the Eequired data base (e.g., for describing membrane diffﬁsion proces-~
ses) with the information available to describe the processes was the basis
for establishing data needs for the study and subsequently, data develop-

ment programs. Data evaluation with the objective of describing mechanisms
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of concern was used 1o idenfify additional data needs as well as to permit
documenTaTlon and description of the mechanisms governing process be-
haVIor as well as behavior in a specific condition. '

A final information link |ncorpora+ed in the study approach is that
between the element in which process behavior was described and the ele-
ment in which the study objectives were defined. This link is necessary
to permit a fealisfic assessment of the study objectives relative to pro-
cess capabilities. Without such a feedback process, -the validity of
develoﬁing processes to meet the stated objectives of the study cannot be
~established. '

STUDY ELEMENTS

Figure |lt-2 represents a more detailed statement of the elements of

the study. The study system was initiated with a general consideration
of the water management systems, directed to: o
(1) Delineation of the configuration of the piping, storage, valuing
.and recycling systems used in the SpacecrafT' |

i

(2) Delineaflon of the demand and supply rates of water, raTes of
| - wastewater generaTion, pressure and TemperaTure gradlenTs :n
water and wastewater systems, and chemical dosage prqgrams.

(3)  Collation and evaluation of observations on the physical, chemi-

~cal, and blological quality profiles in the systems relative to
specif?c sampling or injection points.

(4} Description concepfuaily or quantitatively of gas, liquid, and

sol id phase transfer phenomena in the system. ‘ _

“{5) Cellation and evaluation of information on the problems of dis-
infection, corrosion, sorption, diffusion, taste and odof, and
other areaé which have been observed or are believed to exist
hTJﬁe‘wafer system.

The physTcai, chemical, and bacteriological objectives set by NASA
have evolved from the overriding concern of. the agency for the health-and
safety of The astronaufs. The objectives curren?fy in use by NASA were
considered in terms of The premises on which they evolved, or have been
accepted, including consideration of one ‘or more of the following prem«ses:

. (1) Established practice

(2) Technological attainability

(3) Educated guess-
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(4) Human toxicology
(5) Mathematical indices
An !mpor@anT'aspecf of this effort, also Carried out at the end df the
.sfudy; was an evaluation of the relationship of the above standards to
the currently perceived and potential problem areas evaluated or uncovered
in tThe study as a basis for reviewing the efficacy of the standards.
The problem areas of concern in the study can be classified in four
'general areas: disinfection; corrosion; membrane~aséociafed problems;
and taste and odor problems. Disinfection can be defined in a general
- sense by the equafionf Final orgénism count = initial organisms count - -
{exponential decay rate) (fime interval), where the exponential decay rate
is specific to single organisms or organism groups emanating from a source:
known tfo exist in the sysfém. - Two sources can be defined within the space-
- eraft environment; one related to The_gés+roinfesfinal tract and the other
to. the epidermal areas of the astronauts. The disinfection (deactivation)
process dccurs fundamentally in only one of-fwo ways: by enzymatic block-
' age (a pr0cess which can lead over time to evolution of disinfectant- ~re-
- sistant species); and by destruction of the integrity of the cell wall
. of the organlsm, allowing a lethal interruption of éellu[ar processes.
The concept of a decay rate in the disinfection procéss has been
docymented almost ubiquffousiy s a logarithmic relationship by which
Zorgahism-concenfraT}ons approach (but do not attain theoretically) zero
population. The ‘fotal decay rate is a function of the following factors:
Initial oumber of organisms, which numbers are generally high for gas-

trointestinal Organlsms and low for epaderma! organisms; s+rain of spécies;

_Egﬂggnfraflon.; Each of The above factors was JncorporaTed into the raT|0n~
ale for selection of the Types of organisms and the experimental conditions
~under which decay rates were established. The choice of organnsms was
tempered by con5|dera+|on of available information on the paThogen|c1Ty

as well as dlSinfecfan* resistivity of selected gaSTrOtnTesTinal and
epidermal organisms. ‘ _ _

Corrosion phenomena can be considered only in terms of the milieu
in which corrosion occurs and in deference to factors affecting the ¥rans-

port of rate-|imiting reactants to, and products from the zone of corrosion.
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Factors affecting the environment in which corrosion occurs include: - ionic

T ey -

coﬁcenfra#ion, affecting the capacity of an electrolyte to transport elec-

trons; metallic incompatibilities; diggglx@@#gxygggﬁsgggggfrafiogﬁ; oxidant

concentrations; and magnitude of transfer and surface phenomena associated

with delimitation gj_ggggggiggi*jﬂglygjgg_re1a+ive mixing,.circulation

. patterns in the system, concentration peaksi;ggqmateat.concen#na#ions~ef

e

reac+an15 relative To reactant surfacg .

mirr

" Membranes can interact with disinfectants in solution or with gases
in one or more of the following ways: '
(1} Sorption, caused by di ffusion of The disinfectant info, and solu—
' tlon with, the membrane. '
(2) Upon sorption, any of three types of reachons can occur, viz.,
_(a)- Conversion, in which the component is changed by a re-
. duction-oxidation Into another form (e.g.,l, to 17), the
net effect of which is that the membrane becomes a sink
mfor'ohe form but of equal magnitude for the converted form
| of disinfectant. ' _ ’
(b SubsTiTuTibn'PeacTions, in which the compound is incorporafed
into the structure of the membrane. N
“{¢) No reaction. | _
{3) Diffusion of the dlsanfecfanf through the membrane, in whlch
| (a) Gases are diffused Through membranes separaflng gas-— ltquld
inTerfaces. o
(b) Gases and ionic species are diffused through membranes
separating liquid-liquid inferfaces.
- A final problem area relates to tastes and odors, which are, in most
cases, man1fes+a+|ons of disinfection and corrosuon probiems; frequenfly
the solution of the above probiems will also resolve the prob]em of tastes
énd odors. | | o , |
The'uqif processes operative in spacecraft water systems can be;cléssi~
fled broadly as separation or conversion processes as fol 1ows {Figure 111-3):
(1) Conversion processes | ; '
" {a) Biological .
I. Growth propagative
2. Growth restrictive (enzyme lnhlbnfion, ce!i desfrucfion)
{b) Chemical ' '
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I. _Me+ai—so|u+e reactions; corrosion of metal and at-
~ trition of disinfectant. |
2. Organic polymer-sofute reactions: substitution of
' reactant into pofymer or conversion by reduction ofr
reactant into byproducf with polymer oxndafion
(2) Separation processes
(a) ,AdsorpTlon
(b) . Absorption
(c) Diffusion _ .
Each of the above process areas was selected for evaluation because of
its identifiable role in the defined problem areas of the study.
The experimental program for evaluating the role of each of the above
proéesées was accomplished by: . ,
(1) Documentation of the unit processes as to mathematical fafional
o or empirical relationship for deséribing process behavior.
. {2) Establishment of experimental conditions (range of variables and
| intermediate points to be evaluated) relative to information
needs to define process behavior. . |
-(B)JlDevelopmenT and implemenTafion of data acﬁﬁiéffion programs
which are defined below for each sfudyiarea. '
Thé experimental program for disinfection kinetics was directed to a
\ comparéfive demOﬁSTrafion of the effect of Cl2 and I2 on the dieaway {or
decay) rates of ‘organisms most Iike[y'fo be indicators of spacecraft micro-
bial contamination. A number of organisms were selected for sfudy in the
promises that the organism was detected previously in the spacecratt wa+er
supply or that the organism had been given a level of importance in the

public health field as an organism indicative of the potential presence of

' i isms. The effect yi i
pathogenic orfanism e effects of var '”Q_Egﬂfffiffjlff_ifﬁﬁif_gf CI2

and 1, and of pH on the dieaway rate of the. erganisms_were ascertained,

and the rela+|ve dieaway rates of the e organisms were used to _establish
nd vhe re

accepfabie_iexeLs_of disinfection (but not total |_sterility).

The corrosion studies were oriented to def:nl+|on of the role of

e

ks s n y a2 b e e e e " e —————

oxygen as activator or as passivator in fhgﬂgggrqsnoq_of aluminum by

chlorine or the corrosion of aluminum and stainless steel by iodine. Be-
cause of the established priority of evaluating the retative rate or cor-

rosion of stainless steel, two 2 x 2 factorial experiments were performed
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to measure and distinguish between the effects of iodine levels and oxygen
levels on sfainless steel as well as on aluminum. These factorial ex-
perimenfg'were performed to measure and distinguish between the effects

of iodine levels and oxygen levels on stainless steel as well as on alu-
minum. These factorial experiments were designed 1o measure the separate

2

produced by the interaction between 12 and O2

The membrane testing was directed to quantification of sorthon and

effects of l2 and O, on aluminum and stainless steel as well as any effects

~diffusion phenomena across the membrane surface. The process ‘of permeation
or diffusion of an ionic or diatomic species through a membrane is pre-
ceded by:séveraf steps, each of which may be rate limiting in the overall
transfer process: ‘ ' - ' ‘

| (f)‘ Molecular diffusion of the species across a water mass to the

'sufface of the membrane; dif?usion rates are depéndenf*on the

: concenfraf:on gradient of the diffusing substance; in mixed

s
[T | —

-,sysfems the raTe of Transpor? of diffusing substance to a mem-
brane surface by eddy dispersion far exceeds the TransporT rate’
“due to motecular diffusion. _ ' o _ _

(2) Solution of the diffusing species into the membrane; the degree
‘ of solution is retated to the chemical compatibility of the sub-
stance with the membrane material; while the spécies is in solu-

tion in fhg membrane, there exists the p055|bzI|Ty that, under

brane :n a conversion._or. subsf:fuflon reacflon

(3 lefu510n of The substance ouf of fhe ‘membrane_ lnfoga zone_of

o e R ——

lower concenTraflon, gases will dtffuse “Fhrough the membrane

into.a gaseous-gﬁg]ronmenf, and both gases and ionic species

wilF diffuse intfo a liquid environment. |
The experimental program for membrane evaluation consisted of preiiminary
 testing of sorption leve!s of fodine with a number of membranes, in order
to determine sorption, attrition of iodine by conversion and/or substitu-
tion, and to evaluate taste and odors developed in the liquors of the test
vessels. The faste and odor test was used to screen |n|T|aIIy the mem-
branes for acceptability or unaccep+ab|||Ty The surviving membranes were
subjected to diffusion testing in complefelywmlxed systems in order to

ascertain diffusion constants for iodine In systems where membrane diffusion
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rather Than aqueous dlffu51on was Ilmtfing

paramefers needed_1o. descrlbe unit process performance This 1nformaT|on

e
was used in The eng:neeryng evaluation of water system alternatives by

the following approach , _
(I} A series of sequenfial process level events were predicted as
Taking place in a spacecraft water system (e.g., confinuous
flow operation In The Command Module).
(Z)A Superimposed on the above were situations which heve been ac-
' cepted as causing problems (e.g., oxygen diffusion into the
potable water tank of the Command Module).
(3) Constants developed in the study were used fo evaluate the pro-
blem magnitude (e.g., dissolved oxygen concentration in the .
Command Module).
Thus the engineering evaluation approach provided predtcflve capab|||Ty
in The study for estimating an effect given the causative circumstances.
_ A foremost advantage of the applied mechanistic approach is that it
permits a substantive evaluation of materials, system geometry, interfaces,
etc. to be done on a laboratory basis rather than requiring fhe develop~
i ment of'a-profofype; A second key advantage of the approach used above
s that the efficacy of objectives in deference to which the systems should
have been developed can be evaluated on a broad perspective relative fo

system performance rather than on a narrow or point utility basis.

1H1-8



" FIGURE TI-|

NASA Water
Management Objectives
Technical —_— . Study ' Documen‘f'a“rioﬁ

Objectives Applicability e of Problem
_ Areas In Sfudy

Documentation of Identification of Basic Mechanisms

Study Finding and ‘ - Boverning Disinfection & Corrosion
Description of Basic Processes
Mechanisms Governing
Process Behavior
Compiiation of - ~Description of Data
Existing Information ' Base Required to

on Unit Processes  Document Unit Processes

- Delineation of Additional
Data Needs

. Development and Implementation
of Programs to Complete
Information Base

Evaluation of Data
- Developed in Study
Relative to Mechanisms
of Concern

APPROACH TO TECHNICAL STUDIES



"””’,,- Water Management Systems \\\‘ ' . - - _ | o

Physical, Chemical, and Unit Processes in. |
‘ Biological Objectivey ' Water Management Systems -

Documenfafloﬁ of

' o - Unlt Processes
Unit Processes . _

Problem Areas_“_______‘___-ﬂi"To Be Evaluated

of Concern

, : ;";__-——4- Protocol for
Experimental Experimental
Program Evatuation

“Unit Process
Performance and

. ." . * | Il lumlnation of wag-
Engineering ‘ ~. Unit Process
Evaluation of Behavior

Water Management
sSystem Alternatives

STRUCTURE AND ELEMENTS OF STUDY SYSTEM




Water Supply

.:j?

Conversliof Processes

r

Separaflon,Proées$es

Biological Processes Chemical Processes | Adsorption

Enzyme Cell
Inhibition Desfrupflon

1

Corrosion
Reactions

Substitution
Reactlions

Conversion

Reactions

PROTOCOL_FOR EXPERIMENTAL PROGRAM

Absorption

Diffusion

¢o-TIT IMNOI4



 CHAPTER IV
 MEMBRANE STUDIES

INTRODUCT ION

The criteria used in the selection of disinfecting agents for potable

water supplies include palatability at concentrations adequate to accomplish
the requisite reduction in viable organism levels, and the maintenance of
required residual disinfectant concenfra+jons during the time interval be-
tween addition of the agent and use of the water, the latter criteria of
which Is'inTerrelaTéd with The degree and manner of interaction between

the selected membrane materials In the water sysTém and the dlsinfectant.
In view of The shiff in study priorites (Chapter I) from the operafionaf
phase Apol!o‘program to the Saturn V Orbital Workshop program {(in which
iodine was selected as the disinfectant for the water system), the primary
emphésis'in'+he program of membrane studies described herein was placed

on descrip}ion of the interactions between fodine in aqueous solution and
differenTVTypes of candidate membranes for the Orbital WOrkshoﬁ. Within
This perspecfive, The cbjective of The‘membréne studies was to evaluafe

the interactions befween iodine solutions and selected elasTomers currently
beiﬁg uséd or of potential interest for use és membrane materials for blad-
ders in spacecraft potable water systems.

THEQRET ICAL CONSIDERATIONS

The experimental program for the membrane studies was based on the

hypothesis that the following Kinds of interaction are possible between
iodine solutions and membrane materials: ' '
I'. Sorption of jodine on the membrane surface or within the membrane -
|aye§. - |
2. Diffusion of iodine through and out of fhe‘membrane.
3. Conversion of iddine to an oxidized form (iddide) ineffective
for dié?ecfjon either at the surface of the membrane or within .
. the membrane. - | '
4. Substitution of iodine into the membrane molecular structurs

either at the surface or within the membrane.
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. In all of the above infeﬁacfions, diffusioh of fodine from.fhe bulk agqueous
phase to the membrane surface is a prerequisite step to-initiation of the
.inferaCTjon; Conversion and 5ubs+i+u+ion'reacfidns can occur either on
+he surface or within the layer of the membrane. Sorption of The iodine
in the membrane structure at the surface or within the membrane occurs as
a function of Thé affinity of iodine for the molecular structure of the

membrane. Conversion and substitution reactions between iodine and the

membrane material may or may not require sorption as a prerequisite inter-
action. o

Conversion Reactions

The conversion reactions of Interest in the study were those which .
resulted in a conversion of iodine to iedicle. lod i ne conversion-is-ex-
pected to occur in oxidation reacflons with reactive 5|Tes In the membrane
molecu!ar structure. In the absence of other |n+erac+|ons, the -lodine
-cdncentrafion is expected to decrease during conversion reactions while
the Tt (total iodine) concentration (sum of concentrations of iodine and
jodide species) is expected ToO remain constant. - L

/o
An initial premise of the study was that conversion 1s a flrsf—

order_reaction in which the mass _reacting per unit time may be expressed
-0 3 SRk Attt
as follows for. completely-mixed. systems: :

l.. Unit area basis:

VX o o ‘
e = AKX | _ Cv=-1)

2. Unit volume basis:

< VX _ ' T
T T AKX | (1v-2)

where:. = Voiume of solution confalnlng the- reacTanf (L )

Y

X = Reactant concenfraflon (MfL )

;A = Membrane surface area (L2)

t = Membrane thickness (L)

g.F Time '

=“Reac+ioh constant, conversion, per unit area of membrane
surface (LS/LZ-T, or L/T)

KC-V =,Regcf;on constant, convefsion, per unit volume‘of'membrane

(L7/L7-L-T, or I/T) ’ ‘ . e
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- The reaction constants KC_A-and K can be used to estimate the conversion

) _ c-v
rate on the basis of membrane surface area and membrane volume exposed to
the aqueous phase respectively. Equations IV-l and 2 can be integrated to

yield the expression:

y Xy o
Koen = & (92 = 8p) In 7 (IVE3)
" =Y 6. -6,) In g
Ke-v = AFl0, 8 X (1V-4)

2

- where: XI and X2 are reactant concentrations at times Bl and © respecTrve[y

2
The concentration parameters (X and X ) used in solving Equations 1V¥-3
and 4 for the reaction consfanfs are The fodine (|2) concentrations at

time BI and 62 respectively.

Substitution Reactions

The substitution reactions of interest to this study were those chem-
ical reactions between the membrane materials and lodine in which a fprm
of iodine is removed from ‘solution and incorporated into The membrane mate-
rial. todine substitution Is a common occurrence in unsaturated organic
éompqunds5and-is manifested by a decrease in the Tl concentration of the

source iodine solution. It -has been assumed in this Sfudy That substitution

e

is a first-order reacflon as dlscussed_preV|ousL¥_io he conversion re-
1 as gai

actions. The equations for determining the reaction constants for sub-

sfnTuT|on on a membrane surface area and. membrane volume bas‘s respecs-

tively, are:-

ke =Y 0. - 03 In ok
S-A A T2 T X2 L1V=-5)
Y v | ' xi .
HKsv TR B m o) Ing (Iv-6)
where: KS-A = Reaction constant, subsTiTuTTon,-per‘unif area of membrane
< surface (L/T) ,
_KS_V-= Reaction constant, SUbSTITUTiOh, per unif volume of mem-

brane (1/T)
The Tl concentration is used as the concenfra+|on parameTer in esflmdflng

KS—A and K with EquaT;ons IV-5 and 6.

S=v
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Diffusion

Background

Diffusional operations lnvolve the contact of a fluid, either a gas
or a liquid, with another phase, accompanied by a transfer of material
between the contacted phases. Bulk fluid movement plays an important
part in the diffusion process in that if movement (mixing) exists, There

"will occur a rep!entshmenT at the phase lnferface of molecules of the
diffusing componenT which can replace molecules previously diffused across
the interface and concentration gradient info the other phase.

Two types of diffusion exist, molecular diffusion and eddy dlffusion.
Molecular diffusion is the fransport of matter on a molecular scale through
s fluid which is stagnant or, if in laminar flow, im a direction perpen-
dlcular to the flowing streamlines. Eddy diffusion is the connofafion ysed
to describe diffusion in turbulent flow. '

D:ffusuon can také place in solids or semlsoi|ds as well as in fiuids.
in such operaTtons the dlffu5|on involves the solid phase and may proceed
according o several mechanisms. Diffusion may occur by solution of the
diffusing component in the solid, resulting in formation of a soiid solu-
tion. A‘ﬁorous solid, howeﬁer, may permit The flow of a liquid or gas

AThrough +he interstices and capillaries. Because of the structural char-
EacTertsths of membrane materials, diffusion through membranes is as-
soc1a+ed with the former rather fthan The latter Type of: operation.

With reference to the dlffusion of fodine in spacecraff water sysTems,

Two mechanisms are of concern:
(1) Diffusion of lodine in bulk solufion from points of TnTroduchon

lnfo +he confines of the water gystem. _

{2) lefus:on of iodine across membrane interfaces by a process of
so!uflon in the membrane at The iquid-membrane interface, and
dissolution from the membrane into the gas phase at the gas-
membrane interface, i.e., diffusién into, +hrough, and from the

" membrane. , o
Major emphasis in this sfudy was placed on +he latter mechanism
rather than the former because of the. identification at the onseT of the
study of the importance of membrane diffusion in the depleTlon of iodine

residuals in the LM. : . o
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Study Considerations

Diffusion in the context of lodine depletion is expected to manifest
itself in terms of equal depletion of both I2 (iodine) and T! concentrations.
In closed systems these depletions would continue only until the concenfra-
tion gradient driving the diffusional operation was reduced to zero. I+
is probable, but unverified, that lod{ne diffusion in the LM occurs in an
open system under transient conditions in which a change is effected con-
tinvally in the concentration gradient driving TheVOperafion as it pro-
ceeds. The rate of mass fransfer in a diffusion process can be described
by Fick's Law (Reference 1V-2), which may be expressed as:

' y 9% _ ADX

de T - | - Sav=n

il

wheref lefu51on constant for speC|es dlffu5|ng Through membrane (L /T)

Membrane surface area (L )

Membrane thickness (L)

< + > O
K

Volume of solution conTalntng the d1ffu5|ng species.
Concentration .(M/L° ) |

Because it is assumed in the derivation of Equation 1V-7 that the concen-

/

>
It

tration X Is uniform throughout the solution of volume V, Equation V-7

is applicable To mixed systems. (integration of this expression yields:

X L
.y - ADX :
n (gD = E ey -0y ' (1V-8)
Severa! important factors must be cons;dered in the design of ex-.

’ pernmenTs to~ measure diffusion constants: : : ' .

(1) Diffusivity is dependent on the temperature ahd'viscosify of the
bulk medium, |

(2) Dif?usiviTy is a function of the ionic or nonionic, and atomic
or diatomic character of the diffusing substance.

(3} DiffusfviTy varies with concenfrafion of diffusing component In
the tiquid phase over large concentration ranges, as well as
with the partial préssure of the components of the gas mixture

on the gas~phase side of the membrane in spaéecraff water systems.

V-5



- sSorption .
' Sorption, as used in this report, is a general term for the adsorp-
tive and absorpflve processes taking place in the membrane. Sorptian
of lodlne may occur reversnbly (in the absence of substitution or
conversion reactions) or irreversibly. The sorption of fodine is
manifested by an initial depletion of total iodine from the solution
to the ex+en+f?ha+ an equilibrium is establ ished between the resulting
'so|ufion and the concentration of the sorbed iodine on the membrane.
Sorption can be described by isotherms such as the empir1cé! Lang-
muir,oﬁ Freundl ich isotherms. The Langmuir lIsotherm is formulated as

follows. (Reference [V-3):

XX
x =_§-l_"
| B8 7S] -
where: 'XS = mass of reactant sorbed per unit area of membrane (M/Lz)
XL'='liquid equilibrium reactant concénfrafion'(M/LS)
‘ /
X <

g saTuraflcn mass of reactant sorbed per unit area of membrane
(M/L ), a consTant. ;
saturation constant (M/Ls)

I

The |inear form of Egquation IV-9 is aslfolldws: '
| _ b, S, ) | - | |
et N S : (IV-10)

S Xg Xg L :

The constants XS and S can be defermlned by evaluation of the slope

-

(S/X ) -and y-lnfercepf (I/X ) in a plot of (i/X ) vs (I/X ), as presenfed

in Appendix C. The mass of reac?anf sorbed Xo, 05 equal to V(X|—XL)/A,

S’

where V Is +hb volume of TesT solu?lon and XI is +he inifial_reacfanf con-

centration.

The Freundlich Isotherm is formu!aféd as follows:

R - o B Cv=11)
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where: XS and XL are as defined for the Langmﬁir Isotherm

Fréundlich constant -

F N
ft

¥
it

F Fréundiich constant ' 4 '
The implicafion'of Equation 1V-1{; is fthat 1f log X is plotted agalnsf

log X, L@ sTralgh+ line will be obfalned with slope l/n
MEMBRANE SELECT ION

Six membrane materials were selacted for evaluation on the basis of:

current usage in the Apollo potable water systems; and (in—Thé case of
candida+é membranes for the Orbital Workshop) a consideration of the gen-
eral resistance of the membranes to chemical attack, of their mechaniéal
properties (flexibility and elasticity), and of their availability. The
materials selected were: |
_(l) AST]asTic, a 5i[fcone~based elastomer noted for stability, which
' is used currently in the LM. o T
(2) VPolyISOprene ~ A synfhe+|c rubber currently used in the CM,,
(3} Bufyl rubber - a common synthetic rubber.
{4) Viton - a fluoroelastomer with excel lent chemlcal sfablllfy and
:resisfance to heat. _ . ,
" (5)" Nordel - an ethylene-propylene terpolymer resistant to oxidation,
' water, and most chemicals. :
(65 Pofyurethane - a polymer confaining a large f}acfion of polariied'
~ oxygen groups which were conslidered as a factor which could lead
to” reducflon of diffusion of diatomic 1od|ne |
The thickness, areal density, and specific gravufy of the materials
tested are summarized in Table 1V-I.
METHODOLOGY < |
Experimental Apparatus

The basic diffusion cell used in all membrane studies was a Kerr-
Mason jar (Figure IV-1). This container, used in both pint and quart
sizes, proved ideal for the purposes of the sfudy:In that the cover ar-
rangement permitted the insertion of membrane discs befween The contents

of the test vessel and the atmosphere,
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o+ _TABLE 1V-1

| PROPERTIES OF MEMBRANE MATERIALS

" Thick?ess ' Specffic | Areél Deﬁsi+y'
aterial Manufacturer Mils Mil!limeters Gravity - gm/cm2 '
Silastic .Dow Corning¥ 31.5 0;80‘ 1,75 | 0.140
Polyisoprene Unknown* 69.9 .78 .48 0.263
Butyl rubber Unkpown 61.5 1.56 |.83 0.285
Yiton Du Pont 33.5 0.85 2.84 2.41
Nordel Du Pont 33.5 0.85 1.69 0.144
rPolyurefhane' American Polytherm 33,9 -0.86 1.65 ' O.t4f

water systems.

NOTE: *Samples tested were supplied by NASA, and were identical to those emp(oyed in Apollo potable




Two modes of operaTlon of the diffusion cell were used: an Initial
mode in which sorpflon, subsflfufuon, and conversion phenomena were studied;
and a second mode in which diffus:on of IOdlﬁe from the cells was studied.
inVTHe initial mode of operation the cells were sealed by inserting a tef-

lon I1d outside of the membrane being studied to prevénT the loss of lodine
to the atmosphere. In The'second'mode, the tefion 1id seal was Eemoved,
allowing the diffusion process to proceed fo equilfbrium. As is documented
subsequenfiy, the teflon !1d (0.165cm thick) was found to be highly non-
reactive and Impermeable t6 jodine.

The sensitivity of diffusion processes to ?emperaTure variaflons has
been dsscussed previously. For this reason, the ambient temperature of
the room in which the experiments were conducted was control led during
membrané testing in the range of 24 tfo 26°C, to simulate the spacecraff
temperature of 24.4°C. (76°F). | | |

‘Stirring of the diffusion cells was accomplished by means of feflon-
coated magneflc stirrer bars activated by electric or water-driven mag-
netic stirrers. |In those cases where water-driven stirrers were used
styrofoam sheets of approximately 1/4 inch thickness were inserted be-
tween the stirrer unit and the container being stirred to minimize the
cooling effects of the flowing water on the liguids being stirred.

| Analytical Technigues

Analyses for iodine and taste and odor vere conducTed durlng the
membrane studies. lodine determinations were conducted by withdrawing
measuréd amounts of solution from diffusion cells and running analyses
using the colorimetric method developed by Black and Whittle (Reference
lV-4). This method proved satisfactory for both 12 and TI determinations.

All iodige solutions were prepared by dissolving elemental fodine in
distilied and delonized water. The test solutions were prepared from the
stock solutions, and allowed +o equilibrate for approximately féur hours
before ana!y51s '

The Tasfe and oder of the wafer in the diffusion cells were evaluated
at the termination of all fests by removing the diffusion cell cover, fast-
ing small quantities of the iodine solutions, and recording .subjective
impressfons.' A.minimum of two observers was used for each dgTerminaTion.

The subjective evaluation method was used In deference to methods in
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"Standard Methods" (Reference 1V-5) for Two.reasdns; first, the presence
of substantial QuanTiTEes of fodine in the solutions tested complicated
the quaﬁfificafion of membrane-induced tastes and odors; and second, it
was found during the course of studies that membranes readily fell into
two categories; those imparting taste Tevels which could be judged readily
as'uhéccepfable, and those preducing faint or imperceptible tastes. For -
these reasons it was found feasible to summarize the results of the taste
and odor testing as either accepfable or unaccep%abie;'

‘Experimental Program

{nitial Screening

The initial screening phase served fwo purposes: .
(1) 7o el iminate from further consideration those materials having
- excesslvely high uptake rates or those impérfing serious faste

and odor problems to the iodine solutions in which-They were
immersed. . " -

(2) To deTermine fhe_approximaTe fa?e of iodine uptake as a gﬁide

_fin selecting fnifial,concenfrafions and sampling intervals, for
‘subsequenf studies. . o , '

The initial screening of the selected membranes consisted of immers-
ing a 3-in x 3-In sample of each membrane into an lodine solution of ap-
prbximg?eiy 30 mg/l Tnitial 12 concentration in a g[osed container, and
monitoring concentration changes with Time. The test vessel capacity was
nominally one pint (470 ml). After approximately 24 hours, the contents
- of the test vessel were evaluated for taste and odor, and the .test was -
terminated.” . '

. Uptake Studies

The uptake studies consisted of bringing_meﬁbrané samples infé con-
tact with iodine solutions on one side only in the closed (teflon-|idded}
diffusion cell sysfem (Figure IV:[), foliowed by a monitoring of iodine
concentration changes with Time. The duration of the uptake fests ﬁas
general!y,dependeh+ upen the iodine depletion rates observed. The ex-
ception fo this proéedure ogcurred in the studies conducted on silastic,
‘in which membrane samples were brought info contact with fodine solutions
for preset periods. . S
The initial Ipdine concentration chosen for the uptake. tests was

approximately 30 mg/{, the level used Ey NASA in a one~hour pre-soak of
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the LM water sysfem. Tests at initial concentrations above and below
this coﬁceﬁTrafion level were run depending upon the results of the in-
itlal test.

| At the conclus:on of the iodine concentration monitoring, test
vessels were opened and the contents evaluated for taste and odor.

The results of the uptake studies were used to define the magnitude
of the inferaé?ions which occur between membrane samples and iodine so-
lutions in closed systems, and to identify, where possible, the mechanisms
' responsible for iodine upfake;

Diffusion Studies

Diffusion studles were conducted using the same procedures and

-apparatus as used in the uptake studies but with the teflon 1id removed
from the apparatus. Ail reasonable efforts were made to approximate
spacecraft environmental conditions. The diffusion cells were mixed in
al! of the experiments so that diffusion of iodine through the membrane
rather than iodine diffusion In fthe bulk fluid was the rate-limiting
: sTep, ~Because the degree of mixing effected in the water storage tanks
of The LM under normal operating cycles is unknown, it as unknown how *
; closeiy +he faboratory mixing simulated that occurr:ng under profou
type operafpng conditions.
RESULTS _ _

Th|5 section contains a summary and analysis of the exper1men+al
results. The data for all the experiments are presented in Appendix B.

Control Experiments on lodine Uptake in the Diffusion-Cell Apparatus

A series of control on blank experiments were conducted in advance of
the initial screening and uptake studies to determine diffusion-cell
lodine losses and taste and odors generated in the diffusion cells cabped

only with teflon lids. The tests were conducted using inltial Tl and
| 12 con;enfrafions of about 8,15, and 35 mg/l_over a time period of i3
days.

The results of the control experiments are presented in Figure IV-2
;and the data presented therein indicate that both the I and Tl concen-
trations decreased at gradual and nearly equal rates over the duration
of the experiments, i.e., the observed deplietion appears fo hava been
the result of a flirst-order substitution reaction between iodine and the

.components of the test vessel., For this reason, a lingar best-fit curve
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is shéwn for eaéh set of test results in Figure I¥-2. |nasmuch as the
concentrations of l2 and T1 did not decrease significanTIy'inrfhe initial
hours of the experimenf,‘iniTial uptake due to sorption was deemed to be
négligible. Additionally, because of the approximately parallel |inear
relafionships-defined for both 12 and T! at each concentration level,

it did not appear that significant conversion of 12 to the jodide form
occurred over the duration of the experiment.

The rate constants for the first order substitution reactions ob-
served for each of fthe thres confrol experimenfé were éalculafed using
Equations [V;5 and 6 and are reported in Table IV=2. The mean value
of KS—A 5132

1:65 x 10 "hr .

In view of the stability observed for the stock iodine solutions

is 1.32 x 10~ 8m/hr (areal basis) and the mean value of KS_Cis

when stored in glass vessefs, it is believed that the depletion observed
in the control experimenfé described above was due predominantly to
inferacfibﬁs between lodine (tzl and the teflon {ids.’ Additionally the
depletions observed in the control experiments were insignificant in
compariscon with the magni+udés of depletfions observed in the experiments
with the membrane materials. |nasmuch as fthe rates shown in Table V-2 |
imply that almost three days are required for blank losses o exceed the
three percent cdefficienf of variation for the analytical method for iodine
blank uptake, due fo the teflion Iid"in the apparatus, it was deemed insig~
nificant and not considered in subsequent evaluation of experimental
results.
Sifastic . |
Silastic is the material currently utilized in the LM potable water
storage Tan%s. The results of initial screening test indicated that
silasTic im;%rféd only very faint tastes to lodInated water supplies.

" The upfake and mass transfer studies were conducted in sequence
after the .initial screening test. A total of three sets of diffusion
exﬁerimen%s were conducted at zero exposure Time and after four and |2
déys exposure time to permit assessment of the effect of the exposure time
history of the silastic in iodfne solutions on the dfffusipn canstants.
The uptake tests were run in duplicate at initial concentraticra of ap-
proximately 34, 15, and 8 mg/l !2, according to the experiﬁenfal program

shown in Table fVY-3.

V=12



¢l=Al

TABLE. 1¥-2 _
SUMMARY_OF RESULTS OF MEVBRANE STUDIES WITH 10DINE

Approximate D . R ionl Reneti el
\edina ”?) Sorp'ﬁion_ Untake Reacticn Constant-Conversion| Peaction Constant-Substifute Diffuslen | Taste and
Concentration Xo X K ! K K Constant Odar ;
g - Y - -A -
vateriaf or Range S-A ) 3=V C hc_: s 3 !I D{sq em/br) Observations Nctas
- {mq/ | {mg/sq cm) {mg/cu_cm) {cm/hr) {nr ) {em/hr) {hr ")
: ) -5 8 -
Tatlon B - - - - - 1.27 x !0; C .59 x 1077 - Very Stight |Contrel
15 : - : - - ' - 1.44 x 07 .80 x loh? - " Exgeriment
35 - - - - Lz )y se 1077 - " '
. 8 | - . ]
voon - - - - 132 %107 | 1,65 % 1077 - "
' 0.130 XL 1.63 XL . .2
Silastic 7=35 Xs= TE T KL xs" 7.6 + XL - -8 .- -7 = - 106.5 x 10
& - - 3,67 x 10 4,58 x t0°° - . - - Very Silght
0o - : : 3.0 % 1078 | 3.80 x 1077 . - - n
28 - - 252 % 107 | 5,05 x 1077 - - - "
Mean - L. ' - 3.08 x 1072 | 3.85 % 1077 - ' - - Com
: 2.35% | -6 .5 ‘ : '
Polyiscprens 7-90 Xg® 0.0089 X1 X2 wp—e= 2.02 x 10 s t.04 x 10 5 - . i - : " | Streng Dis-
’ L - - . : t1 1
- - 2.02 % 10 .14 % 10 - ! - - colaration o
18,5 ‘ % E - . . = Very Slight tembrane
0 - - - 2.02 x 10 A 1.14 % 10 - - 4.5-x 10 "
61 - - (.93 % 107 | 1,08 x 107 - - . "
90 - om0 X '10'6 b9 x 107 - - - "
Cutyl Rubber | . .30 ' N/A H/R N/R na ol NA NIA " NA istense -
: 1o ‘ ) ] : - Unegceptabie
Mordel 2 N/A . N/A NIA N/A H/A "N/A WA "
viten 15 Ml NI fi Nid wen NIA NI Rubbery Taste
y -1 ' -6 ; -7 - ~6 . . :
Potyurothane] 1B 0.563 6.56 2.66 x 10 3.09 x 10 1.05 % 10 .1 1.22 % 10 Ni} Very Slight
T

Notas: 1. All studies conductad in completely-mixen systems st 76° F,
" 2. Inall fests, ¥ = 0.92 | or 920 cu cc; A = 29,4 sq cm
© 3, Membrana thicknesses are reported in Table iv-I




TABLE TV-3

SILASTIC TEST PROGRAM

initial Conc.
in each o% Dupli- _
cate Test Vessels
(ma/ 1) Test Program Schedule
8.2 . - Uptake testing for 4 days foilowed by diffusion
testing
- 8.2 ‘ Uptake testing for 12 days followed by dlffu510n
D testing
14,8 Uptake testing for 4 days followed by diffusion
7 ' " testing - , y
14.8 Uptake testing for |2 days followed by diffusion
' testing _ ,
34.0 Diffusion testing with no prior uptake testing
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Resulits of Uptake Experiments

,Thg results of the iodine upfake experiments (obtained with the
teflon Tid in.posifion over the silastic membrane) are shown in Figure
IV=-3. Best-fit curves have been drawn +hrohgh each data set, and the
following trends are indicated by the shapes of these curves:

) Tofal iodine: The T| concentration decreased at a decreasing

rate during the first two to five days of experimental duration
-(InTTTaE phases) after which {ittle or no change in T| con-
cénfraf?on-occurred with increasing time (second phase).
(2) .!2: The [2 concentraticn also decreased at a decreasing raTe
during the initial phase, after which (in a second phase} the
: l2 concentration decreased in a first-order reaction (linearly
on a Semilogarithmic scale).

(3) The magnitude of the changes in the Tl and 1., concentrations

. 2
“at the end of each initial phase are similar at each initial

. concentration of I2 or Tl (8, 15, and 35 mg/ 1), but vary with

,ini?ial concentration, i.e.: s
(a) ~ 3.5 mg/| uptake at X: = 35 mg/1
(b) ~ 25 mg/1 up take at x! =15 mg/ 1

1
() ~ 2 mg/1 uptake at X: =.8 mg/1

‘ The similarity in the magnitude and manner of Tl and 12 concentration
changes during the initial phases of the experiments are indicative that

a sofpfion process is taking place. For‘This reason the data for the Tl
concenfraffbns_were fitted to a Langmuir Isotherm by taking as sorption

. losses the difference between the initial and equilbrfum Liquid concentra-
tions. The basic data are_presen+ed in Figure C-l and the associated cal-
~culations aﬁb‘presenfed fn Table C-1 of Appendix C. The data fit the
Langmuir model well, as shown in Figure C-1, and the expressions obtained
tor silastic are as follows (as summarized'in Table 1V-2):

(1) 'Unit area of membrane basis:

- 0.130 X,
I (1V=12)
| 7.6 + X _ | |
where: Xs = total iodine sorption, mg/sq cm of membrane area
S, = liquid equilibrium total iodine concentrations, mg/1
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(2) Unit volume of membrane basis (silastic thickness of 0.08 cm,

per Table 1V-1}:

o ,_ 1.63%, -
, : Ry = ' C1v-13)
o 7.6+ XL
where: X, = total jodine scrption, mg/cu cm of membrane volume.

A
Based on the preceding anelysis, it was concluded that the changes

in the concentrations of the iodine forms during the initial phase of the
experiment were associated with sorption and that, because the concentra=-
tion changes for both Tl and 12 were similar for any given experiment,

that the iodine form undergoing sorption was |2‘

The trend lines for The second phase of concenfbafion change relative
to time (Figure IV-32) indicate that the Tl concentrations remain essen-

tiatly constant, while the |, concentrations are depleted according to a

_ 2
first-order type of reaction. This implies that, in the second phase,

iodine upfake was due primarily to conversion of Iz'fo fodide, unaccom-

panied byfany substitution reactions with The membrane material. ‘Equaffons
1V=3 and 4 were used to determine values of Kg_A'and Kg_v
'2

conversion for each of the Three data sefs shown in Figure [V-3, and
the results are tabulated in Tabie [V-2. On a unit area basis, the valtue
of KS—A decreased from 3.67 x 1070 cm/hr at-an b
concentration of 28 mg/1. The

Z
(volume basis) decreased from 4.58 X 107" hr-1 to 3.15 x 10—7_

respectively for

concentration of & mg/1
to a value of 2,52 x T cm/hr at an |
_'value of Ké_v
hr—T as Thq.lz concentration increased fom 6 to 28 mg/1. This variation
in the conversion reactant constant for silastic with concentration is
_indicative that the actual reaction taking place may not be completely
irreversible, i.e., the products of the conversion reaction themselves
may inTerfeF%, at higher reactant (12) concentration, with the rate of
the reaction of concern, i.e., The rate of iodine conversion.

Results of Diffusion Experiments

The d?ffusiqn.fesfs were started at the termination of uptake test-
ing by removing the teflon 11ds from the diffusion cells. The data from
these experiments are presented on semi-iog plots in Figures V-4 to {V-6
for membrane condiTioning times of zero,rfour, and 12 days:respecfively.

The data presented in Figures 1V-4 to V-6 indicate That the rate of

change of the Tl concentration in the diffusion cells approximated c[osély‘
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the rate of chaﬁge of the |, concentration, indicating that the |

losses from the test cells iere due primarily to diffusion. Wha?zver
losses attributable to the conversion of Iy to ifodide on the test cell
were insignificant in comparison with the diffusion losses. For this
reason the data were analyzed directly using Equation 1V-7. Diffusion
constants were computed by taking a time weighted mean of constants cal-
culated for adjacenf.daTa points using Equation |V-4, correcting in all
cases for chéﬁges in the volume of fhe icdine solution to acceount for the
sample aliquots taken during the experiment. The results of these cal-
culations are presented in Table 1V-4.

The mean diffusion constants reported in Table 1V-4 for silastic
varied from a minimum of 9.4] x 10-2 sq cm/hr for foﬁr days conditiohing
time to approximafeiy 1.4 x IO-2 sq cm/hr at zero conditioning time and
12-days conditioning fime, Based on the foregoing, the mean'dif*psion
constant for silastic is 10.5 x 10_2 sq cm/hr. Because of‘+he Fimit
'varlaTlon of DS with respect to concen?ra+|on There exists no apparenf
~ trend in the magnitude of the diffusion consTanT with respecT to con-
ditioning time. '

Polyisoprene

_ In the initial screening assessment of polyisoprene, inferac+ion
between the iodine and the potyisobrene resulted in a high rate of up~
.+ake10f both speéies of lfodine which was accompanied by severe discolor¥
ation of the normally flesh-colored material o sﬁades of brown and green.
However, in confrast to other materials which showed high uptake rates,
{ittle taste or odor was imparted to the iodine solutions by the poly-

. isoprene-iodine interactions. ' | '
Uptake studies were run with polyisoprene at five initial concen-

-trations var}ing from 7.4 to 90 mg/1 | The higher iodine concentrations

. , 2’
were used in the polylisoprene experiments. in an attempt to develop a
cond itioned membrane which wouid not continue to sorb high levels of '2'
Resufts of Uptake Experiments

The results of the iodine uptake experiments, obtained with the
Yeflon lid in posiTEOn‘over the silastic membrane, are shown in Figures
V-7 to 11. Best-fit curves have been drawn through each of the five

data sets, and the followihg FTrends are indicated in every'éase:
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TABLE 1V-4

SUMMARY OF DIFFUSICN CONSTANTS—IODINE

DIFFUSION THROUGH STLASTIC

_ : DS, sg em/hr x'IO2
Conditioning initial 12 Initial I2 initial 12 Mean
Time (Days) @ 30mg/ | @ I2mg/1] e emg/ | b S
0 11.34 - - 11,34
4 10.41 8.25 9,58 9.4
12 11.50 12.15. |- 10.75 11.47
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(1. Thé concentration of Tl decreased at a decreasing Eafe to an
- equilibrium level, indicative of a sorption reaction.
(2) The first-order rates of decrease of I2 concentration after
- equilibration of the total lodine concentration are indicative
" that, during and after the initial sorption took place, con-
version rather than substitution reactions were taking place.
In order to characterize mathematically the initial sorption, the
data in Figures 1V-7 to !V-11 were fitted fo the empirical isotherm models
by faking as sérp+ion losses Thé difference betwsen initial concentrations
of T} ahd those found after stable Tl levels were reached (about 60 hours).
The basic data used in the evaluation are presented in Table C-2 and Fig-
ures C-2 and C-3.. As shown in Figure C-2, the trend line through the data
using the linearized form of the Langmiur isotherm resulfed in a negative
‘y=intercept {(negative value of 1/X.), invalidating the applicability of
this isotherm. The dafalwere fitted reasonably fo fthe Freundich isofhermru
as shown In Figure C-3, and for this reason the tatter model has been
selected to describe polyisoprene.sbrpTion of fofa[ jodine., The eqﬁaficn
_ descrIb[ng the sorption for polyisoprene is as follows:

v . 1.75 Cveray
Xg = 0.0089 X S v

‘The'relafive significance of iodine sérp*ion by polyisoprene is
evident from ihspecfion of the sorption fsotherm for silastic and polyiso-
_prene presenTed'in Figure IV-12. For example, at a liguid equilibrium

fedine concenfration (X} of 15 mg/l, the sorbed iodine concentration

‘with polyisoprene is ~ %.llmg/sq cm, or nearly 13-fold greaTer‘Than that
for silastic (v 0.085 mg/sq cm}. |1+ is also apparent that the sorbed
concentration (XS) Is‘predicfed to approach a maximal value (0.130 mg/sq
cm) with increasing values of XL_for silastic, but XS increases exponent-

ially with increasing X over the range of observations made in the

present study (XL =0 Té 19 mg/|, per Table C-2). AThe foregoing obser-
vatlions are overwhelming evidence that sorpfion‘is a major factor of
concern with respect ¥o the use of polyisoprenekmembranes jn spacecraft
water systems. ' _ ‘ ' _

' The trends of the best-fit lines Of'Figures tV-7 To’]H,IndIcafe
that, during and éubseqdenT to the initial-phase sorption of ipdineron

polyisoprene, the 12 form is undergoing a first-order conversion Toifhe
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iodide form. Reaction constants were calculated using Equations V-3
and 4. for this conversion at each concentration and are summarized in
Table IV=2. The mean reaction constants are as. follows:

(1) Unit area of membrane basis:
KE_4 = 202 x 107 cm/hr

(2) UniT volume of membrane hasis:

Koy = 1.14 x 107 he”!
These conversion reacflon constants for pqiyisoprene are over {00-fold

greater than those determined for silastic, as reported in Table 1v-2.
Additionally, the reaction constants for conversion show little variation
over a wide range of Jodine concentrations.

Resufts of Diffusion Experiments

An evaluation of the rate of diffusion of lodine fhrbugh pelyiso-
prene was qonduc+ed at an Initial 12 concentration of 30.0 mg/?. As shown
‘in Figure :1V-9, the qep!efion curves for 12 in the diffusion experiment
were virtually Tdentical to those developed for the uptake studies, and
it is apparenT that the primary modes of l2 depletion in mass transfer
‘festing were the sorption and the first order reaction of iodine with
potyisoprene described above. | '

Data fof Total Todine indicated fﬁaf'some mass fransfer occurred,
but the data do not permit reliable determination of a diffusion constant,
An estimate ﬁaS‘made of the diffusfon constant by assuming that sorption
was complfete after 38.5 hours (per Flgure {V- 9) and that the losses whlch
folkowed were attributable solely fo diffu5|on For this case the dlf—
fusion constant was estimated to be 4.5 x 10 sq cm/hr, or about half
the magnifudgrof the diffusion constant determined for silastic.

Bufyl Rubber and Nordel i .

Butyl rubber and Nordel were subjected to InITlal screentng tests

(as descrlped previously) in which both materials exhibited extremely
high uptake rates, and imparted highly unpleasant tastes to the solutions.
For these reasons, buty! rubber and Nordel| were Judged unacceptable for
use in potable water systems con+a|n|ng 1od:ne, and no further testing
was carried out.

Viton

The initial screening assessment showed that the exposure of Yiton
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to an icdine solution resulTed in no detectable uptake but did resulT in
the generaflon of a rubbery taste in the fodine test solutions.
Upfake and mass transfer tests were conducted for VlTon, using an

initial I, concentration of 32 mg/1. The results of these tests are

shown in éraphical form in Figurés V=13 and IV—J4 Tor uptake and mass
transfer respectively. As evidenced by the horizontal trends of data
shown in Figures 1V-13 and 14 over the l4-day test period, no significant
jiodine depletion was observed relative to blanks for !2 or Tl in either
the uptake or diffusion testing. No significant tastes were imparted to
the test solutions. Of the six materials tested (including polyurethane,
to be discussed subsequentiy), VITOH showed The IeasT tendency to interact
with fodine solutions in any way. ' '

Po[yurefhane-

The iniTiaI screening test with polyurethane for taste and odors
indicated Thaf a very slight taste was imparted to the iodinated test
_ soluTion :n contact with the membrane. o e
On the basis of this initial feasibility, uptaeke and dlfoSIon sTudles
were conducted with the po!yurefhane membrane using iodinated solutions
with initisl 1., concentrations of 28 mg/l.

2
Results of Uptake Experiments

Thé'resutfs of the iodine uptake experiments are shown in Figure
1V-15. The besf4fiT curves through the data sets indicate the following
“trends: ' ' , a '

..(i). AD initial phase in which the Ti and 12

at a decreasing rate with respect to time to a time of about 30

concentrations decreased

hours exposure.
(2) A second phase In which both the T and I2 concentrations de-
" creased according to first order rates, the rate of decrease
for 12 exceeding that for TI. | '
The implications of the above trends are as follows:
{1} The occurrence of a sorption of jodine by the polyurefhane
membrane in the initial phase.
(2} The conversion of 12 to the fodide form, as'evidgnced by The
greater first-order rate of decrease of 12 relafiye to that
for T1.

(3) The substitution of fodine, as evidenced by the first-order
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rate of decrease of T1 after termination of the initial phase.
{nasmuch as the upfake tests -for polyurethane were conducted at one
initial -1,

" ‘fype of, or isotherm constants appropriate for, this sorptlon. On the

concentration (28 mg/1), it was not possible to define the

assumption that the Tl concentration at the end of 30 hours of exposure
(18 mg/ 1) repfesen?ed a pseudoequilibrium |iquid concentration, the con-
centration of sorbed iodine in the membrane can be computed as equal to
0.563 mg/sq(cm, and the iodine uptake (X, - X, islequal to 28-18, or

10 mg/1. ‘ .

The reléfionship of this sole data point for polyurethane sorption

to the prédicfed isotherm relationships for polyisoprene and si%asTicA

is evfdenf from the information shown in Figure IV-12. AT a [iquid-
equilfbrium iodine conceﬁfraTion of 18 mg/1, the sorbed concentration
(XS) forrpo1yufe+hane (0.56 mg/sq cm) is equal fo about 40 percent of
the predicted concentration for polyisoprene and is six-fold greater than
predicfed concentration -for polyurethane. éased on the preceding obser-
* vations, as wei!‘as:visuai observation of the trend lines in Figure/lV»lS,
_ it is apparent that sorpticn is a significant factor In the consideration

of polyurethane as a candidate membrane for spacecratt water systems.
| The first-~order reaction constants for Subs+ifu+ioﬁ of iodine in the
po1ydreTﬁane'Tes? cells were calculated using Equations V-5 and 6 and
are'reborfed in Table lV—Zgand as follows: |

A(I) Unit area of membrane basis:

_ t - ~7
L  Ke_a 1.05 x 10 cm/hr
(2) Unit volume of membrane basis:
u -6, -1.
KS-V = 1.22 x 1¢ "hr

"The above reaction constants for_subsTdeTién are about eight-fold greater
than those reported in Table V-2 for the teflon {(control experimants),
The first-order reaction constants for conversion of iodine by poly-
urethane were determined using Equations IV-3 and 4 and are'reporTed in
Table V-2 and below. | -
(1Y Unit area of membrane basis:

Kg_A = 2.66 x 10 cm/hr
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(2) Unit volume of membrane basis:

e Ry =309 x 10707
The reactlion cénsfanfs for fodihe conversion on polyurethane are about
seven-times greater than those observed for silastic and elghT ~-times less
than those observed for polyisoprene. '

SUMMARY AND CONCLUSIONS

Six membfane types (silastic, polylisoprene, butyl fubber, Nordel,

Vifon, and polyurethane) were examined in the test program to-assess the
Teactivity of the membranes with lodinated sclutions in terms of taste
and odor observations as an initial screening test, and in terms of sorp-

tion, conversidn‘and substitution~type dep!efiohs‘of'! résulTing,from

iodine~-membrane interaction. Teflon was used as a conirot membrane in
the experiments. The results of the experlmenTs, summarized. in Table
W-2, indicate the foi!ow:ng
. (1) Unacceptable faste and odor conditions develcped upon exposure
| of bufyl'rhbber, nordel, and viton to the iodinated solu+ipns.
A'For This reason these membranes‘were not subjecfed to furTheF
testing. I |
{2) Substitution occurred at insignificant levels.fn'?he teflon
- control experimén+.and also with the polyurethane; the conver-
sion reaction constants for polyurethane were about eight- ~times
_greaTer than those reported for sifastic.
{3) Sorption uptake occurred with silastic, polyisoprene; and poly-
- urethane, and equilibrium sorption could be described by the
Freundich [sotherm for pelyisoprene and by the Langmiur |sotherm
for_si]asf(c. A sorption isotherm could not be developed for
‘the polyurethane due to insufficiehf'observafions ‘ On a re!aTtve
scafe, sorpfton was the l[easT significant with the su!asfic
and mos+ 5|gn1f:canT with polyisoprene; sorpfuon was The major
factor causing iodine depletions both quh the polyisoprene and
polyurethane membranes. ' |
(4) Conversion reactions were observed with silaéfic; polylsoprene,
A and polyurethane, the relative ratios of the conversion reaction
constants being 1:7.3:55 respectively. :

The conciu5|ons of the membrane sfud|es are as foliows
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(1

{2

(3)

Buty! rubber, Nordel, and Viton membrane materials are totally

unacCepTabIe on the basis of taste and odor development.

Silastic is The most acceptable membrane material in times of
- minimum |od|ne depletions over time as a resulf of sorption,

“conversion, and substitution phenomena.

Pof?isoprene and polyurethane are the least acceptable membrane

materials, primarily because of iodine depletions due o sorp-

‘fioh, and secondarily because of iodine depletions due to con-

. version,
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Iy-1
|V=2
[y-3

V-4

-5
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CHAPTER V
CORROSION STUDIES

THEORY

Theoretical Considerations

I+ can be stated that corrosion Is a natural process tending toward
“the conversion of a refined metal to its natural state. When the corrosion
system is aquéous +the process may be slectrochemical as opposed fo being
purely chemical. Electrochemical corrosion occurs by anodic and cathodic
-.processes-af'spafially separate areas because of electron mobility in the
metal and ion mobility in the aquéous phase. -The processes must be spa-
tially (and temporally) discrete; with the reaction proceeding simul-
taneously on the same metal atom, the process becomes chemical cerrosion,
(Reference V-1). This separateness of the two ﬁrocesées allows anodic and
cathodic reécfions to take place where solufion and metallic condifions”
are approprﬁaTe. Typ|cal reaCTIOnS can be conceptualized as: |

(1) Anodic: MeTaI — Mefal o o .

(2) Cathodic: Solu+10n + e — Soluflon ' . /

'Wi+ﬁ two reactions occurring at two separafe areas and assuming com-
plete elécTron mobility, a potential difference Is created; %he related
E. M F. is an 1ndtca+|on of the driving force of the reactions. For this
reason much of the +heory of electrochemical corros:on is based upon the
laws of galvanic corrosion cells. ' '

Estimates of the rate and magnitude of The corrosion process may be
easily determined from polarization curve characteristics of any electro-
chemical sy;?em. The corrosion parameters may be easily obtalned from the
slope of the current-voltage plof. This methodology is based upon the
Butler equation of elecftrochemical kinetics and the empirical Tafel re--
'IaTibnship. * ' o

The Bufler'équafion can be Qri++en as: _ A ‘
_ a Fnl_ . f U-0) F -1y
ip = 'O{QXP[RT ] exp[ T n}} (v-1)

where: .
| polarization current density

It

sumg
I

exchange current densifty
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1]

charge transfer coefficient

It

olarization overvoltage, E~E
p age, E-E___

Faraday constant

W Mmis e
]

'Un!versaL gas constant

on

T= Temperafure (absolute) .

In the Butler equation, the exchahge current density, io’ repreéenfs
the simultaneous cathodic and ancdic reactions.

In the determination of corrosion rates from galvanostatic polari- .
iafion curvés, smarl‘varues of ip are appriéd so as to produce small changes
in io’ i.g., minimal corrosion surface perturbations. Njfh this .approach,
the polarization overvoltage, n, can be kept smali.

With -small n values, Equation V-1 becomes:

‘ i F -
. . F (1-q) F 'o
b= [1 + & -1 ##ﬂh___n]:z L . (V=23
p = o RT T RT ) RT. 2 6

By differentiation:

dn_ RD L
d; Feig (v=3)
pj] n~>0Q
A simllar format is obtained if the empirical Tafel relafionshlp
is used. The equation derived is:’
en | T b T G
d. Teor | 2- 3(b +b2} ,

'p]l n=o
where: b1 and b2 are the ancdic and cathodic exponential constants de-
fined in the Tafel equations.  The quantity g%?] is termed the cor-
rosion resistance in ohms per square cenflmefe; whgs: Sec1procal is dir-
ectly proportional to the corrosion current 'cor' -Corrosion curren+ is
usually expressed as currenT density per mitlivolt per un|+ area.

By rearrangemenf of Equation V-4:

A'cor - f////,gﬂ)
o 7 NG s

or: _ dn ke ' - . L S
. ‘ a‘ ’ ='i E o S (V-G)
: ifn—=>20 cor -

where:

(V-5)
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Application , _

Thaﬂapp[icaTToh ofpofenfiome+ric+eéhniques through use of the Mancy
Corrosidﬁ Meter in obfaining'corrosion‘measuremen+s is based upon Equation
V-5. In systems for which a value Qf-fhe empirical constant, kc, is known,
t+he corrosion current can be computed directly. Unfortunately, a value for
' k applicable +o either the stainless steel or aluminum electrodes used in -
Thls study is not available from the |iterature and its approximation is .
beyond the scope of this prOJecf. However,. in the appilcaflon of the
Mancy potentiometric techniques, the change in potential is measured fol-
Iowiﬁg induction of low current flow to the system. The slope of the po-
tentiometric curve Is linear as values approach zero and is dirécfly pro¥
portional to the corrosion current Tcor' These raTe'es+imaTes have been
determined and used as comparative data in the.present sfudy

In fhe ‘above derivations, it should be noted that: | - the exchange
rcﬁrrenf, is replaced by 'cor’ the corfosion current {(a currenT proquced _
by the differenfial between the cathodic and anodic.processes). The cor--
EEElgE_EEEEQﬂI_lé.EQUaJ to the net flux of material going into solution
~and directly proportional fo the welght loss of the metal which is the
éT;;;TEgT—?;TThough less sensitive) method for determining corrosigngziEEi

EXPERiMENTAL PROGRAM

Thé Mancy Corrosion Meter (Reference V-1) was employed. in all corrosion
experfmenfs for the measurement of potential changes following the appli-
cation of low current flows across the cells. Thé current was applied by
a low amperage, high voltage Heathkit Model EUW-15 Universal Power Supply
(Schlumbergér Producfs Corporation, Sf; Joseph, Michigan}, Al potential-
measurements were obtained with a Beckman Model 76007 Expandomatic 55~2
pH meter. ' '

Cell Cohsfruéfion

The apparatus fpr obtaining relative corrosion rates by the electro-

. chemical methods employed in-this study is shown in'Figure V-1. Six of
these cells were run simuitaneousiy in a sTlrred thermostatical ly con-
trolled (25.0 + 2°C) water bath consTrucTed above six adJusTabIe, motor
driven magnetic stirrers. _ ' !

The electrodes in the test cells consisted of either aluminum (A16061)
or stainless steel (CRES 316L) materials obtained from commérciaI'SUpplies.

The electrode assémbly pictured in Figure V-1 {(ltems G, H, | and J} was

L
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constructed by soldering (in the case of aluminum) or brazing (in fhe
case of stainless steel) Rod G to Sample H. Residual flux was remcved
from the assembly region and the exposed area of Sample (J) was carefully
polished using ex%ra fine flint paper. This abrasive was chosen to avoid
the iron contamination produced by emery abrasives. Affer po!ishfng, the
electrodes were fhoroughly washed 1n reagent acetone. Several coats of
the protective coating (!) were then applied by dipping. A Carboline
ﬁseries k" self-priming vinyl coating was found fo be the coating least
reactive and permeable to iodine. Other available producfs tested were:
tnsl-X Products Corporation (Yonkers, N.Y.) (insulating tool dTp)-
*.+ Silicone adhesive backed Teflon (TFE) film - 0.005 in. thick
Commercial epoxy paint ' -
- Silicone coating _
Inasmuch as the air-dried Carboline coafing demonstrated a‘s!ighfriodine
prake, efforts were directed at minimizing this effect. It was found
that. the éover}ng material could belrendered comp!efefy inert by baking
at 103°C for 12 hours. _ o j -
All corrosion cell solutions were prepared from double deionized dis-
Tilled water having a conductivity less than 0.8 Megohm/bm and free of color
- and odor. Some celis required minimal oxygen concenfrafiéné} oxygen was
dispIaCed'from solution (to levels measured at <1.0 mg/1) by perfusion
with pﬁrified nitrogen gas. | |

Cell Operation

- After #he cells were establ ished as described above, éﬁpEOpriaTe
t+est solutions were added. Samples were periodically removed by pipet
via F (Figure V~1) -and analyzed for iodine and chlorine residual. On
the days of @éasyremenf, stopper (F) was removed and replaced by the
“electrode assembly illustrated in Figure V-2. This combined normal Ag-
AgC1 reference and platinum counter electrode was designed for minimum
~ chemical perturbation of the cell'solu+ion; the micro-porous Vicor plug
provided a conductive bridge without leaking salfs into the cellular
solution. The stability of this reference electrode was monitored by
comparing 1t with a standard "feaky" saturated calomei efectrode before
each measurement. . '
After the combination electrode was inserted, the four metal samples

In each cell were examined individually with a Beckman 76007 Expandomatic
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5$5-2 pH meter uSing the millivolt scale. The existing corrosion potential
-waé first measured ahd The'hefér was then adjusted so that this potential
read center-zero. Then a small positive current was applied through '
the counterelectrode to the test piece and the five minute equilibrium

) was reéorded. The polarity of

anodic
the applied current was then reversed and a similar five minute equilibrium

positive voltage perturbation (n

negative volfage perturbation (n ) was‘fecorded. This perturba-

_ cathodic _
tion procedure with measurement of resulfant over-voltages was repeated
for higher current densities to give a sufficient number of points for
accurate graphical interprefation of the corrosion rate. After all four
’e!ecfrodes were so measured, the combination electrode was removed and
replaced with the glass stopper. j

ThrqugﬁouT all experiments, the disinfectant residuais were monitored
in order fo track the anticipated reactant losses. Such losses were veri-
fied and measured. In order fo maintain the proper experimental concen-

'fra+jons it was necessary o occasionally add apprOpriéfe amounts of;fhe
concentrated stock solutions (250-300 mg/1 |
NaOC1). - |
Analytical MeThods _

The: pertinent chemical methods applied in Thig study were those used

2 and approximately 420 mg/1

o defermlne the concentrations of those disinfectant halogens of Interest
(1, and 1,).

lodine: The thiosul fate titration of free iodine is a primary
analytical fethod and, because of its universal acceptance, was the refer-
ence used for evaluating all other possibie procedures. Because 6f voiume
considerations, the titration with thiosulfate to a starch endpoint could
not be used W these studies. In order to obtain significant titration
data, the thiosulfate TiTranT'uséﬁ in low level lodine titrations must’

be at dilute concenftrations. Because of the ‘inherent instabillty of sodium
thiosul fate solutions, a lower concentration |imit of around 0.0025 Normal
exists for the proddcfion of adequate starch endpoints: a correction
requiring rather large volumes (>50 mg/1) of sample to titrate the low
levels of iedine with which we are concerned in the present studies. Most
of the experimental volumes were 1.5 |iters or less, necessitating the

employment of a more sensitive colorimetric method. To satisfy these



requirements, analyses were conducted using the method developed by A. P.
Black and 6. P. Whittle (Reference IV=4). The use of this method demon-~
strated good reproducibility of the standard cal ibration curve, However,‘
at low iodine levels a marked non-linearity was demonstrated for low iodine
concentrations; such irregularity was related to impuriffes in the N,N-
dimethyl aniline color reagent, which is egasily purified by recrystali-
zation. |Irregularities in the calibration curve are believed to i ntroduce
errors not exéeeding three percent in analytical results. ‘

Chlorine: Difficulfy in achieving reproducible color development
obviated the use of the methodology of Black and Whittle (Reference V-1}.
For this reason It was necessary to. utilize the iodomefric'mefhod of A
analysis usihg 0.0025 N NaZSZOB (Reference V-5).for chlcrine-de+erminafion.i
RESULTS ' ' ‘ 4

Two data sets have been accumulated in these corrosion rate studies.
‘These data have included: '

. : ' : S
(1) An evaiuation of potentiometric curves; and

y
(2) Estimates of the rate of iodine loss from the aqueous metal
- systems.

Evaluation of Potentiometric Curves

All date in this phase of investigations were obtsined from the
potentiometric plots produced from the results of electrochemical cell
per+urbations. The cathodic curves derived from the data are illustrated
in Appendix D and the complete data are recorded .in Appendix E. The cor-
. rosion current values were obtained from the exponential porfiohs of the
curves approaching zero in accordance with THe previously discussed theo-
retical formulations. ' ' ' |

in all qfecfrochemicaf measurements fhere.eXESTed a general decline
in corrosion current generation with time. Because of this increased
electrode stability with time, the measurements obtained after six to
eight daysvyere those utilized in all compariéons. |

Comparison of Aluminum Corrosion with lodine and:Chlorine

The first considerations in this initiatl phase consisted of an ex-
perimental desigh aimed at comparing the corrosive effects of ifodine and
chlorine on an aquecus aluminum system, In order to approximate the
solution used in the NASA chlorination procedures, the chiorine was pro-

vided'by the dissolution of sodium hypochlorite in.a buffered solution,

V-6



A phosphate buffer (120 mg/1 NazHPO4 2 pH6.5) was utilized in the chiorine
system and no buffer was used in the iodine test cells; a buffer blank

was inéluded. The data for the solutions in these experimental cells,
which were séfuraTed with dissolved oxygen (8.4 mg/! at 25°C), are.
summarized in Table V-1.' In general, the data demonstrated a significantly
. higher corrosion rate for the aluminum~chlorine system than for the alu-
minum=-iodine system. The mean corrosion current for the aluminum-chtorine
system was 17.5 nanno- amperes/cm /m¥.  Even aftfer consideration of the meah
corrosion currenT values for the buffer blank of 3.15 nanno-amperes/cm /m¥,
the average rate for the aluminum-iodine system (1.48 nanno- amperes/cm /mV)
is negligible in comparison with the alumtnum—chlor:ne system.

Interaction of lodine and Dissolved Oxyagen

A factorial comparison was used to evaluate the effects of iodine
and Oxygen as Wél! as any effects produced by the interaction between the
two on the magnitude of the corrosion currenf.' The results of these
éxperimenfs are presented in Table V»?. An'examinafidn of these results
indicates extreme differences in corrosion currents between Those alaminum-
- fodine systems with differing oxygen !evels The mean corrOSIOn currents
var:ed from about 1.45 nanno—amperes/cm /mV for The systems conTainlng
8.4 mg/1 dissolved oxygen fo 3.84 panno-~amperes/cm /mV for the Al - 12
_ system (6 mg/| 1,0 and 14,17 nanno-amperes?cmz/mv for the Al - I sfsfem
(12 mg/1 !2)5 each of the latter systems containing less than one mg/!
dissoived oxygen.  Thus, the magnltude of The corrosion current in The
alum;num (AL 606!1) system was essentially 1ndependenf of the ifodine
concentration at a dissolved oxygen concentration of 8.4 mg/i, but
was fpund to increase (as the dissolved oxygen concentration was decreased
to less Than‘one-mg/l) approximately three-fold at test 12 concentrations
of 6 mg/l, and 10-fold at test Ié concentrations of 12 mg/l.

In the experiments with the stainless steel (CRES 3t6L) - iodine
sstem, cogducTed at a saturation dissolved oxygen concentration of 8.4
mg/t, The'mean corrosion current decreased from.0.47 to 0.39 nanno-amperes/

cmz/mv as the iodine concentration increased from 6 +o 12 mg/| (or about
‘17 percent). Thus, as was the case with the aluminum sysfems at a dis-
solved'oxygen concentration of 8.4 mg/), the iodine concentration in the
stainless steal sysfems‘was not @ significant variable affééfing the

corrosion current at the above dissolved oxygen concentrations.
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TABLE V 1

COMPARISON oF CORROSIVE EFFECTS OF CHLDRINE AND IODINE
ON ALUMINUM 6061

. Corroslon Current

Composi+ion oanXperimenTaI'Cell , o klec?rode my -{nanno) amperes/cm”/mV
NaHZPOA.Buffer (120 ppm) o B é A 2.5
| C 3.48
D 350
_ Mean Observation | g | - 3.15
AI*C[z‘(ﬁ ppm), Dz(saTuraTed),'and NaH2P04-Buffer (120 ppmf | A | 16.66 |
o | | - B 20.00
c 16.66
b | . 16.66
Mean ObservaTion‘ o ’ 3 Z , _’: _  17.56
Al-=1, (6 ppm), and 0, (saturated) | R S o 1.56
| | | § B 140
Mean Observation | | 1.48

Note: Temperature @ 25-2°C
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TABLE ¥-2 |
COMPARISON OF CORROSIVE EFFECTS OF ALUMINUM

-AND STAINLESS STEEL IODINATION -

!

B ™

Composition of Experimental Cel {Electrode

.. Corrosion Current ..

mp (nanno) amperes/cm‘my

Indivfdual
Observations

Mean of

|

Observations

o

{

Aluminum 'lqdine {6 mg/1) dissolved oxygen at saturatlon

1.56

—

.40

1.48

sAluminum - lodine (12 ﬁg/}); dissoived oxygen at saturation

.75
.50
.00

Atuminum - lodine (6 mg/i); dissolved oxygen (</mg/ 1}

.00
.45
.07

3.84

Aluminum - lodine {12 mg/1}; dissolved oxygen (</mg/!)

.50
.Q0
.00

14.17

Stainless Steel — leodine (6 mg/1); dissolved oxygen at saturation

.48
.46
.49
.46

oo oo wmhewm bl o o

0.47

D POCQUITPO G |0OO@Om> (I

Stainless Steel - lodine (12 mg/1); dissolved oxygen at saturation

*_

O

.43
34

.40

0.39

Notes: 1. Tehperafure_@ 25529¢ : -
‘ 2. Saturation dissolved oxygen concentration = 8.4 mg/{ @ 25°C
3, Metal fypes: Al 6061 and Stainless Steel CRES™316L




The rela+iVe differences of iodinafiqn on staintess steel (CRES 316L)7
‘and aluminum (Al 6061) at a dissolved oxygen concentration of 8.4 mg/|l
are also evidenced by the magnitudes of the corrosion current for these
systems reported in Table V-2. 'The current data for The'sfainlesé steel
tests were developed at two iodine concentrations (6 and JZ mg/!}, and the
mean- corrosion currents observed for these two systems {¢OL4 nanno-amperes/
sz/mV) are abdu? one-third those observed for the aluminum-iodine systems
under saTuraTéd dissolved oxygen conditions. On this basis, it is ap-
parent that stainless steel is approximately three times more.resisfahf
fo cotrrosion than s aluhinum in lodinated solutions at satfuration dis-
solved oxygen concentrations of 8.4 mg/!. o - '

iodine Depletion Kinetics

Graphical analysis was emp loyed to evaluate the rates of 12 depletion
upon exposure of aluminum and_stainless steel surfaces in jodinated
solutions., . Evidence presented subsequently indicates that the deplefion
process is due to the conversion of jodine to iodide rather than To'sorp—-
+lon or sdbsfifufion. The abproach Td evaluation of the iodine deb!éfion
kinetics across a metallic Surface confined within a small, well-mixed
resekvoiﬁ consisTed of estimating Ké—A’ the rate of‘con§ersion of iodine
- fo-iodide, expressed as the total flux, N per unit of exposed surface
g area of the corroding metal, A. This relationship can be represented by:'
= g—;(-l = Ko XA - (v-7)

Thermogf rational approach to a solution of the above relationship is

AN

gréﬁhical. However, this approach is impaired by the volume changes in

+he test solution incurred in the sampling and adding of I2 to the test

cells during the experimenf. Corrections for such changes have been com-

- puted based Jpon the mathematical considerations presented in Appendix F

and graphical analysis has béen applied to the depletion data tabulated in

Tables V-3 and 4 for the aluminum and stainless steel samples, respectively.
The défa Tnctuded in Tables V-3 and 4 were obtained from two cbmplefely-

mixed experimental corrosion cells over a period of 14 days; the cells were

- constructed similarly to expose 16.0 sg cm of either éluminum or. staintess

steel o the disinfectant solutions in the absence of fighf. The test cells
were mainfafned at dissolved oxygen levels of less than one‘mg/I and in the

: + .
temperature range of 25-2°C. The depletion data, incorporating the cor-
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TABLE V-3

ALUMINUM - TODINE SYSTEM Ié‘DEPLETIDN DATA (WITH GRAPHICAL'CORRECTIONS)
Fime From Start ‘ Time folioﬁ[qg; Volume (V)_ f? Concentration o v Graphical
of Experiment Each fodine Addition Beforg Sampling 'X‘(mg/l) X Carrection
(days) (days) (liters) . = Leg Cycles
' 0.00 " .00 1.19 12.4 19.5 -
1.00 1.00 1.18 8.5- 12,7
1.77 1.77 1.17 7.3 0.2 0.0187
2.05 0.00 1.198 16.5 27.9 |
2.77 0.72 1.188 13,1 21.2
5.75 . 3,70 1.178 7.3 ' 10.4 0.0112
672 4.67 1143 6.5 8.5 0.0198.
6.88- ‘ 1 0.00 1.108 130 16.7 |
777 0.89 1.098 11.4 14,5 B
9.75 2.87 1.088 7.4 8.8 | 0.0106.
" 9.81 0.00 1.104 1.8 15.0 i
12.71 . 2.90 1.094 6.8" 8.1
12.81 0.00 1,112 12.0 5.5
' 0.94 1,102, 10.4

13.75

13,2
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TABLE V-4

ALUMINUM - 1ODINE SYSTEM 1, DEPLETION DATA (WITH GRAPHICAL CORRECT [ONS)

1.01

1.082 -

Time From Start Time Following - Volume (V) l'2 Concentration | Graphical
of Experiment Eash lodine Add[flon _Beforg Sampling | -VXI(mg/i) X Correction
{days) o (days) (liters) s ‘Log Cycles
0.00 - ' 0.00 1.190 | 2.4 19.5
1.00 1.00 1.180 | 11,2‘ 17.3
1.77 177 1,17 ﬁi;o_' 16.5 0.0105
2.03 0.00 1.184 16.3 27.5
2.77 L 0.74 1.174 16.5 27.0
5.75 3.72 1.164 R 23,1 10.0218
6,75 4,72 1.129 . 12,8 17.7 0.0410
6.83 0.00 1.126 13.4 18.0 |
7.80 0.97 1,116 5.2 17.8
9.75 2.92 - 1,106, 12.9 16.9 0.0112
9.80 2.97 1,101 12,7 16.5 0.0167
12,71 5.88 1.091 10.8 3.4 0.0279
12.79 0.00 1.102 13.0 16.0
13.80 - 12.6 5.5




rections for feéf cell volume changes, are presented graphically in _
Figure ¥~3 for the aluminum-iodine system and in Figure V-4 for the stain-
- less sTéeI-Iodine system. Each TiMe interval between sampiing/volume
chaﬁge has beeh treated as a dis;re#e data set in the figures, the first-
order conversibn reaction constants for each time interval being a func~
tion of The slopes of the lines for each time interval . ‘

As shown in Figure V-3, the rate of depletion of 12 in the atuminum
system was greater during the initial 2.8 days of the experiment (dashed
lineéj than subsequent to 2.8 days (sollid Iineé), after which +he reaction
constant appfoacﬁed a stable value for the time I[ntervais to 6.72 days,
6.88 to 9.75 days, and 9.81 to |2.7! days as evidenced by the parallelism
of the best-fit lines for the data of these time intervals. The average
conversion reaction constant for 12 depletion during the fime period of

- 2.80 To 12.71 days was:

KS*A = 1.33 x ]O”ZI/SQ cm - day; equivalent to 13.3 cm/day.

_ The rate of depletion of I in fﬁe stainless steel system (Figure V-4) °
was greater durlng the initial day of the experiment (dashed line), after
' wh|ch (as indicated by the parai!ellsm of the best-fit lines for The data
of the subsequen+ time intervals) the reaction constant approached a sTable'

Vaiue ' The average ccnversron reaction during the Tlme intervais after one
SS

C-A
‘magnifude of the conversion reaction constant for stainless steel is about

day was: = 2.4 x 107 i/sq cm - day; or 2.4 cm/day: “on this basis the
one~fifth that of the aluminum for the exper:menfal conditions used in the
deTermlnaTlons ' _

‘ in bofh the atuminum and stainliess steel systems, the conversion rates
were greater during ini?ial periods of the experiments (2.80 days for
aluminum and“one- day for stainless steel) Than during second phases in
which sfable first-order reaction constants were observed in each system.
The facTors associated with these observations could not be documented
within the scope of ~study, and may have arisen as a result of icdine in-
Teracflon with the apparatus, passivation reachons, or oTher factors.
SUMMARY_AND CONCLUS TONS :

Potentiometric methods were ufliszed in a comparative sTudy of the

relative corrosion potential of aluminum (Al 6061) and stainless sfee!

{(CRES 216L}) under environmental éonditions comparable o those associated
3



with spacecraft operation.  The potentiometfric methods empioyed were
inferpre%ed in terms of the corrosion current (a current produced by the
dlfferenT:al between the cathodic and ancdic processes and analogous 1o

a corrosion rate measurement). This corrosion current, icor’ is directly
proportional to The class:cal but less sensitive me+hodology of monitoring
metal weight loss. ' _

Although the principal emphasis in these studies was directed fo
measurement of corrosion currents in diuanum—rodlne, aluminum-chlorine,
and 5+ainless STQeI—jodine test systems, reaction constanfs for l2 de-
pietion in aluminum and stainless steel systems were also determined under

ompleTely—mlxed conditions. ‘
- The resu!fs 'of the experlmen+at effort In each of the above areas
are summarnzed as foliows:
(1) Under conditions of dlssolved oxygen safurafion at 25°C, a
12- fold greater relative corrosion rafe {corrosion current)
:was observed in the aluminum—chlorine system (6 mg/| Clz) than
‘In the aluminum-iodine system (6'mg[i PR
{2) In aluminum-iodine systems at 25°C, the relative corrosion rate
- was found to be essentially independent of the iddine‘concenfra-
t+ton at a dissolved oxygen saturaticn concentration of 8.4 mg/i,
but was found to increase {as the dissolved oxygen concentration
was decreased to less fthan one mg/1) spproximately three-fold-
af test I2 concentrations of 6 mg/i, and 10-fold at test I
_concentrations of 12 mg/t.
(3) Under conditions of dissolved oxygen saturation at 25°C, stain-
less stesl -was found to have a refative corrosion rate of abou+.
“oné~third that observed for aluminum. _
(4) The first-order conversion reaction constant for jodine depletion
in aluminum sysfems Is abouTrfive—fo!d greater than the constant
. For ?odine deplefion in stainless steel systems.
Based on the preceding observaTiohs, I+ is concluded that: )
(1) For any given set of disinfectant concentrations aluminum is
less subject to corrosion in’IodinaTed than in chlorinated
solutions. ' '
(2) Corrosion in aluminum-iodine sysTems can be minimized by haiq—

faining the dissolved oxygen concentration in the iodinated

v-14 .



solution at or near saturation levels.
(B}itS?ainléss‘sTeel'is much more desirable than aluminum for use

in.iodinaféd spacecraft water systems in terms of jower cor-

,rosivﬁfy,'and, as a result of this, in ferms of lower first-

order rate constants for iodine conversion to lodide.

V-15
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CHAPTER V
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FIGURE ¥-|

SCHEMATIC OF TEST CELL CONSTRUCTION
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0.5" Plexiglas fop )
0.5" Plexiglas bottom (counterbored for bolts)
3/8" x 6" steel bolts |
I716" Teflon sheet glued fo (A)

1.5 liter glass jar with ground glass rim’

£ 19 gtaés stopper fiftted in reamed cpening‘in (A} and.(D)

3/32" brass support-conductive wire (brazed or soldered to (H)

1.5" x 1" x [.25" Test metal coupon

Carboline Series "K" self-priming vinyl coating
Exposed area of metal sample for active corrosion

1.5" o 0.25" Teflon coated_magnetic stir bar



FIGURE Y-2
SCHEMATIC OF REFERENCE. ELECTRODE

- SILVER WIRE

| | ELECTRODEPOSITED

/r | WITH AgCl FILM
w

S | RUBBER CAP
L ‘ |

o Z—-\_/ N I
- == __kci R
" ELECTROLYTE

IR IR - SOLUTION
140 MM ? N -
T | —RUBBER STOPPER
- | L

TEFLON PROTECTOR

8OMM

PLATINUM WIRE
LEAD

PLATINUM FOIL.

TYGON

\ MICROPOROUS

VICOR PLUG




FIGURE M-0

~ ALUMINUM (AL6061)-
~ * |ODINE DEPLETION CURVES

- TIME INTERVALS
0O-0.00 TO 177 DAYS

40t O-2.05 TO 672 DAYS

(xh)Y

I, CONCENTRATION (MG/L) AT

301

TEST GELL VOLUME V,

.. $-6.88 TO 9.75 DAYS
! - A-981 TO 271 DAYS

10 - o L  | I

o 10 20 30 40 80 60

TIME DURING INTERVAL,
DAYS



FIGURE -4

'STAINLESS STEEL (CRES 3I6L)
"~ IODINE DEPLETION CURVES
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CHAPTER VI
DISINFECTANT EVALUATION STUDIES

[NTRODUCT 10N

Significantly high counts of bacteria have been obtained pefiodically
in analyses df the drinking'waTer supply of the CM spacecraft {(Reference -
Vi-1). Consequently, the possibility that bacterial concentrations may
exceed U. S. Public Health Service Standards (Reference V|-2)‘has existed.
These health (énd aesthetic) conslderations in the spacecraft water supply.'

sysTemé have prompted this study of disinfectant concentrations and con- -

tact times required to produce acceptable drinking water quality within

the spacecraft. _ |
Severaf considerations are pertinent in the laboratory elucidation of

disinfectant-microbial interactions. Of primary concern are the nature of

disinfetTanT; +he microbial characfefiéfics, the ambient femperaTure_and

the pH of the system in question. For the purposes of this study, the

halogen disinfectants i{odine and chlorine were'éhosen;‘oTher disinfegTing

'agenfs were omitted from further consideréfion after the following qgalifies

“became evident: | | ' |

(1) —AnTubnoTlcs may be re[afed to The producf:on of strain reSISTanT
" microbial species and Thelr continued use in drtnklng water
supplies may produce gastrointestinal flora changes with afTen—
.denT'sympTomafic results. _ '
'(i) Metallic additives possess qualities incompatible for use within
a metallic distribution system susceptibie to correosive activity
~or for continued human consumption.

(3)'_0rgan4cs, such as phenol quaternary amines, ‘etc. possess the
unsuitable characteristics of instability and reactivity within
an saqueous-metatiic- membrane system, ' |

- The bactericidal effects of chlorine and iodine are unrversaf (Refer;
ence V1-3}, One of the most striking features of disinfecting halogens is
that the cancentration necessary-fo disinfect does noT'Vary.greaTiy with
different species of microorganisms. A number of theories.regarding the
mechanism whereby these halogens produce the death 6f.cells‘have been ad-
vanced (Reference Vi-4). It is'genefa!!y agreed that the bacfericidalr
effect of chlorine is due to its oxidative characteristics and its abilitfy

to Inhibit certain enzyme systems. There is also some evidence that exposure

Vi~l



of cells To low leveis of chiorine resuifs-?n the destruction of the cell
wall permeability. The abili+y of iodine to actually penetrate the cell
wall seems to account for its effectiveness as a disinfectant. This evi--
dence for the relationship of the universality of the disinfection powers
of halpgehs o' a disruption of cellular processes and/or constituents
rather than enzymatic blockage (from which resistant species may develop),
allows the use of.genekaf indicator organisms rather than specific species.
The Unjféd States Food and Drug Administration and the Public Health
Department of the State of California have established disinfection stand-
ards defining an effective disinfectant as one which produces a 99.999 per-
cent bacterial imactivation within 15 seconds of contact time. “This stand-
ard will be used in the interpretation of the results obtained in this study
in tight of . the levels of sterility as perceived by NASA; such a standard
approach is the theoretical limit of absolute sterility.
EXPERIMENTAL PROGRAM

“In this s+udy the water disinfectants, fodine and chlorine, weré

evaluated’ under SImuIaTed spacecraft conditions; bacferia of sanifary

. and spacecrafT signiflcance were utilized as test organisms at an ambient
Temperafure of 25°% (TTOF), and solutions at pH 6 and pH 8 were employed
in-most. experiments. The combinatlons of conditions investigated are
Iisted in Table Vi-1. | | o

Test Organisms B

~.The choice of organisms for investigation was based upoﬁ'fhe specific
nature of the spacecraft disinfection problems as well as the comparative
disinfection effectiveness of iodine and chiorine for indicator organisms.,
The "universal™ disinfection powers of iodine and chlorine justify concen-

tration on tyo indicator organisms.. The choice of Escherichia coli was

‘made on the basis of its classical use as an Indicator of fecal pollution.

A}TernaTively, Flavobacter sn. was chosen because of its ubiquitous dis-

tribution in nature and its prior association with the spacecraft water

supply. Follow-up studies have employed the use of the pathogen Staphvic-
coccus aureus (a spacecraf+ con+aminan+ organism), and the spore-former

Bacillus subtilus as well as Pseudomonas aeruginosa which has previously

exhibited a high degree of resistance to iodine (Reference Vi-4).

Methodology
Organism cultures were maintained under the éohdITipns described in

Vi-2



TABLE Vi-1

ORGANISMS AND DISINFECTANTS USED IN DISINFECTION TESTS

1 : ! ﬁisinfecfanf
‘ Concentration
Organism . pH - Disinfectant ppm
Escherichia coli ATCC 1103 6 None ' _ -
" " _ S " lodine ©0.25
"w " . . o 1" " : 0..8
n T o . B " oo . 1.0
L - o Chlorine | 0.6
: :. n " . " o l ’ 1.6
e 8 | None -
Flavobagter breve A 6 " None o ‘ -
" "o ' " | lodine 4 ‘_0.23
" " ‘ " " - 0.77
mooTn ] v | chiorine . 0.26
0t on | 8_ None N . -
‘Staphylococcus aureus P209 ‘ 6 lodine : 0.6
Pseudomonas aefoqinosa o 6 lodine ‘ 0.96
Bacilius subtilis var niger 6 | lodine | 0.6
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Table VI-2. With The excepflons of Flavobacfer breve and Pesudomonas

aeroginosa the organisms were grown in a nufrlenf medium used in disin-

fection 3tudies by the Association of Official Agricultura! Chemists modi-
fied with 100 pbm sodium Thiosul fate for‘iodfne and chlorine inactivation
("Standard Methods", Reference IV-5). The specific growfh requ1remen+s of

Flavobacter breve and Pseudomonas aeroglnosa necessitated the use of. two

percent Bacto-Casitone (Trypticase Soy Broth) as nutrient substrate. In
all insTances,'24-hour cultures were used; such cultures presenT the least
inherent variation in resistance (Reference VI-6). All the disinfection

. tests were performed é+ 25°C in a laminar flow work bench under isolated
clean room conditions désigned for esasy deconTamfnaTion. |

Celis froh a 24-hour cul+u}e were centrifuged and washed in defenized
water before. introduction into the disinfectant solution to be tested. Cell
concentrations were estimated on the basis of tube dilutions and plate
counts. '

- Al d|5|nfechon TesTs were inlfiaTed by the |nTroducT10n of a known
number of washed cells into an Erlenmeyer flask con+a|n|ng 200 ml of dIS-
infectant solution. The flask was placed on a Mag-Mix and aliquots were ‘

| TABLE VI-2 o

CULTURE CONDITIONS OF THE MICROCRGANISMS
USED_IN DISINFECTION TESTS

. : o : Incubatjon

Organism : Growth Medium : "Temp.OC‘
Escherichia coli ATCC 1103 A.O0AC. Nutrient Medium 35
_ Flavobacter breve | - Bacto-Casitone 30
- Staphylococcus _aureus P209 © A.C.A.C. Nutrient Medium 35
Pseudomonas zeroginosa Nutrient Medium 35
Baciltius subtilis var niger ~ A.0.A.C. Nutrient Medium . 35

removed at .15, 30, 60, 120, 300 and 600 seconds for tube dilutions and sub—-
sequent pléTe inovulations. Residual chiorine and iodine analysis were run
immediately before and affer fest performance The maJorlfy of the tubes
and plates were incubated for 24 hours and then observed for organism

presence or count; the excethon, Fiavebacter breve, required 48 hours of

. incubation.

Vi-4



~ RESULTS |
bafg ob+aihed from the disinfection tests described above are presented
in Table V1-3. ‘The data contained in Table VI-3 have been converted fo per-
cent survival units and plotted égainsT Timeron a log-log scale. This form
of data analysis is an established approach for such disinfection data. The
[ines of best ij were established for the data points and plotted in Figure
Vi-1 fhrough‘VJ—Br As a genéral rule the origins of these plots were at
about 100 percent survival at one second; an expected observation inasmuch
as the precision of such 1eé+s would defecf.[iffle difference between 0
+ime and one second survival values. The siopes of these logarithmic die-
away_cufvés, (designated km, bacterial inacTivéTion constant) represent an
empirical relationship between organism survival and contact time and can
be utilized to compare the relative efficacy of disinfectants at the pH and
disinfecTan% levels as rébresenTed in Table VI-4. The km values presented
in Table VI-4 can be used specifically to compare the organism inactivation
: Afafes on both inter-halogen and intra-haicgen bases, As a reference_fnacfi-
vation, rate, a line on the logarithmic plots utilized herein with a;slope
~of -4.25 would represent a 99.999 percent bacterial inaé+ivation after a
15-second contact time. The disinfectant concentrations reqﬁired to produce
such an inactivation rate for the test organisms are givén in Table VI-5.
These inactivation data are summarized in Figure VI-9 where the respec#?ve‘
km valﬁes are plotted against the chiorine and iodine concentrations in con-
tact with the test organisms used.
D1 SCUSS ION | | | |
o In alf-insfances, the 99.999 percent die-away rate has been producéd
within 15 seconds contact time with halogen levels considerabiy lower than
the residuals anticipated in spacecraft water systems., Therefore the dis-
infecting hatogens employed, chlorine and iodine, have been found o be ef-
fective agents for bacterial inactivation according to the criteria pre--
scribed by the United States Food and Drug'ﬁdminisTraTion and the Public
Health Department of the State of California. In this sel of studies, these

effective disinfecting conditions have been def Ined by a baéferial inacti-

vation constant, k = -4.25: ‘the slope of the log-log plots of the die-away
resul¥s.
Die-away curves obtained for Escherichia coli indicate: that 1.7 ppm

iodine at pH & would produce a km of -4.25; 1.2 ppm chlorine under similar
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JABLE ¥1-3

" CELL CONCENTRATION VS TIME_OF EXPOSURE TO_IODINE AND CHLORINE

L

e g;i::jﬁ;?r;‘;n Cel | Concentration {per mi} @ Time of Exposure (Seconds) |
Drganism Disinfectant {mg/ 1) pH 4] 15 30 60 120 300 600
Escherichia coll Nona - 6 1o’ 10t ] . - 107 10! 107 10
"o o - 8| sx107 10° - 108 108 108 107
noo fod!ne 0.25 6 | 4.5x10" - - - i0? - 10°
oo L 0.8 6 | 4.5x107 | 4.5x10 - 102 - - -
wow " 1.0 &6 | 1.5x10" | 1.5%10° - - 1 - -
oo Chiorlne 0.6 6 | 1.3x10° - - 10° 104 20 - -
BEE L 1.0 6| dx107 - 102 - - - -
Flavcbacter breve None - 6 3><IC>.JT - - - - 106 -
R " - 8 | 2.8x10° 108 108 10 - i0® 108 .
woow lodine 0.25 6| 2ad - w0 | Lax1o® | oxto? | z.exi0t | z.0x10°
v n 0.77 6 | sx10® | 210" | 5.2x10%° | 2.3w10% {70502 | - -
nooow Chlorine 0.26 6 | 4.500° - 10° - sx10% | 4.2x10° -
noow " 0.78 6 | 1.5x10° - sxiot | axi0t - o | 190107
Staph. aureus ledine 0.6 . 6 l.i’»ﬂ(}—'r 3x103 : 6x102 50 ~ - -
Pseudomonas aeroqlnosa " 0.96 6 2.2x107 9x104 7.5):103 |.4x103 - - -
Racillus subtiltls " 0.6 6 | 8.2x10° | 6.1x10% - - - - .
var _niger s
“Notes: a) 8 = 25 seconds
b) 8 = 40 seconds




TABLE VI-4

SUMMARY OF BACTERIAL INACT VAT ION CONSTANTS FOR DIE-AWAY STUDIES

Disinfectant

var niger

Organism pH Disinfectant Concentration K

: {ppm) m
Escherichia coll 8 None - -0.268
o " 6 i - ‘ _0.268

“ n " | Chlorine 0.6 -2.84

" . 1 i1 1 .O _3.89

" " " lodine 0.25 -1.43

" " " M .0-.8 -3.74

"’ n " fr 1.0 -3.,44
Flavobacter breve 8 None - -0.268
W 6 o - ~0.268

meo " Chlorine 0.26 -1.00

" ' Tt " " 0-78 _-| 97
T, " lodine 0.23 -0.698

" - - n " n 0‘7? _2.30

" Staphylocogcus aureus " " 0.6 -2.38

Pseudomonas aeroginosa " " - .0.96 -2.10

Bacillus subftilis " " 0.6 =2.71




condlfnons would produce a comparable die-off rate for £. coli.

FlavobacTer breve demonstrated a slightly greaTer resistance to bofh

chlorlne and iodine than did the strain of Escherichia coli tested. The -

Flavobacter breve die-awa§ curves indicate that 3.3 ppm chlorine or 3.4 ppm

iodine at pH 6 will produce a km value of -4.25.

Staphylococcus aureus, another indicator organism as well as a poten-

tial pathogen within the spacecraft water supply sysfem; is less resistant

to either chlorination or iocdination than is the strain of FlavobacTér breve

TABLE V|-5.
EFFECTIYE IODINE AND CHLORINE
- CONCENTRATIONS FOR DISINFECTION

_ ‘ , Disinfectant Concentration (mg/i}
Organtsm - ~|Disinfectant | at pH 6 Required to Produca a k
- of -4.25
Escherichia coli Chiorine 1.2
St ' lodine . S Y o
flavobacter breve ‘ Chiorine o 3.3
" " lodine o 3.4
Staphyiococcus aureus. " N 2.3
Pseudomonas aeroginosa " ‘ 4.8
Bacillus subtilis - ¢ . - ™" : ' 1.7
var niger ‘

'Tesféd; S. aureus is, however, more resistant fo jodination than E. coli
Projec+ed‘v5|ues for 5. aureus would Indicate that a 2.3 ppm icodine solu-
Tion at pH 6 would produce an acceptable k .

Vegefa+|ve cells of Bacillus sub+|lus var niger démonstrated the same

resistance 1® jodine at pH 6 as did the strain of Escherichia coll tested.

In the same |light, predicted die-off for vegetative cells of B. subtilus
indicate ThaT a 1.7 ppm iodine solution at pH 6 would be needed to produce
an acceptable k_ of -4.25. '

As expec?ed Pseudomonas 2eroqinosa demonsfrafed a hlgher re5|sfance

to jodine and chlorine than did ~any other of the test’ organrsms. Projec—
tions from the die-off curves indicate that an fodine level of 4.8 ppm
would be required to effécfiveiy inactivate this organism if it shoutd be‘

‘found to be present in the spaceérafT. Since Pseudomonas aeroginosa Is
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known for its high level of resistance to ‘iodine, it can probably be'
assumed _that a level of 4.8 ppm iodine would be more than sufficient to
inactivate the bacterial flora that may/find their way into the drinking .
water supply of the spacecraft. '
SUMMARY _ _ . |

The inactivation of five genera of bacteria upon exposure to defined
concentrations of chlorine and iodine at defined pH's and temperatures were
studied. The organisms were chosen on the basis of their classical sani-
tary significance, representation of the organisms actually found in The
spacecraft, and, in one case, on the basis of a known high degree of re-
sistance 1o icdine. In all cases, the inactivation dynamics were defined
in terms of die-off rates and contact times. The data were summarized so
as To determine fherdisinfecfanf levels needed to pﬁoduce a bacteriologi-
- cally safe drinking watTer supbly in the spacecraft.
CRITIQUE OF PRIOR STUDIES

- A critique of several reports summarizing evaluation data on microbial

contamination of spacecraft water systems is presented in Appendix G.
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CHAPTER V11
] ENGINFERING EVALUATION OF SPACECRAFT HATER SYSTEMS
| NTRODU"T ] ON '

The.foregoing studies on membrane sorption, conversion, substitution

and diffusion phenomena, relative corrosivity, and disinfection kinetics
have provided a knowledge of some of the basic inferactions governing the
behavior of components of the spacecraft water systems. There is a need
to present in this report not only a pérspecfive of how these defined in-
feracTions explain operational problems-as described sympfoméfically else~
where, but also to exemplify the pfedicfive capabiiify that can be deve[¥
oped from such fundamental information. In preparaTibn of this chapter

It has been necessary occasionally to draw upon information developed out-
side this s+udy; information develcped in other studies is acknowledged
wherever used. _' |

This chapter serves The followihg DUrposes:

(1) DOcumenTaTion,of the physical, dimensional, and dynamic charac-

: Terisfibs of water systems in the Command Module, Lunar Module,
and Orbital Workshop (the latter es burrenle planned}.

(2)  ldertification of real or potential prob}eﬁ situa+ioné‘in The

 water systems and of the limitations of current uhdersfanding
- about these problems. ‘ ' - '

(3) Prediction of septum behavior in the water sysfems as infor-

mation permits.

AT the onaef of the study, the work pianntng effort was directed
primarlly To the water management systems of the Apollo Command and Ser=-
vice Module (CSM) and the Lunar Module (LM). As the study developed, it
beécame expedient fo include consideration in the study of the sanitary
engineering é%pecfs of plahning for the Saturn V Orbital Workshop Progfam,_
(OWS). For this reason, descfipfion aﬁd discussion in the following sec-
tions are directed to the CSM, LM, and OWS spacecraft water systems.
COMMAND AND' SERVICE MODULE WATZR SYSTEMS .

Descripfion
The components of the Apolio spacecraff tnfer+ac:ng wrfh the water

system are the Command and Service Modules (CM and SM, reSpec+|vel}}. Tha
CM, the contraol center of the spacecraft houses the three crewmen on the

flight to and from the mocn. The CM consists of & surrounding outer heat
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shield and an inner crew compartment. The outer heat shield is composed
of stainless~steel honeycomb- between s+a?n|esé~s+eei sheets and is covered.
on the 6ﬁ+side-wifh an ablative material (that is, a material which is
burned auay durlng reentry to dissipate the generated heaT) The'inner
crew compartment is a pressure chamber constructed of aluminum honeycamb
between aluminum-alioy sheets. This construction is designed to be as
_light as possibie but strong enough to withstand the environment of space.

The cylindrical-shaped SM, which'is approximately 13 feet in diameter
and 22 feet in height, is constructed primarily of aluminum alloy. The
SM contains the restartable propulsion engine and the propeflant tanks used
for transiunar and transearth midcourse corrections and the systems re-
quired to suppér? the CM and the crewmen. These systems include THe,eléc-'
trical sysfém (fuel cells}, the reaction cohfrol system, and that part of
the environmental control system not required during reentry.

Tﬁreé basic functions occur in the water-supply system in the CM énd
SM: generéfion and storage of supply; transport of water to points of use
for drinkfng and food-preparation purposes’as well as for cabin coorﬁng;
'andrfransporT of humidity cdndensa+es to a WBéfe—wafer,sTorage and dis~’
posal facility for spacecraft cooling. The water supply of the CSM is by
prgducf_wafér‘genera+ed from operéTion of the fuel cell for power geﬁer~
ation.. Provisions are made for heating and cooiing of the water subp!y,
and the water supply can be used for supplemen+a| or secondary cooling
under emergency cond:flons

A schematic drawing of the CM-SM water sysfem is shown in Figure
Vil=1. The fuel cell is located Tn the SM (SM sector), and water enfers-
the CM (CM sector) through a single line. After passing through z water-
valve (control) panel, potable water in routed preferentially to the pot-
able-water tank and then to. the food preparation unit. |f the pbfable—
-water tank is full, water is routed to the waste-water tank. Waste water
from the humidity condensate is routed either to the waste-water tank or’
to an overboard dump.

Service Module Fuel Cell Assembly

The fuel cells are the only cbmponenfs,inferre!é%ed with the water
system which are located in the SM. Fuel cells consist of two chambers
separated by porous nickel electrodes containing concentrated potassium

hydroxide (KOH) liquid electrolyte. One of the chambers is filled with
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oxygen (caThodej, and the other is filled with hydrogen (anode); both
- chambers. are held at a pressure of 60 psi. Oxygen is diffused through the
elec#rodé intfo the hydrogen¥filled chamber where the two gases are combined
to form waTer.: This chemical reaction pfoduces the electrical current used
+o meet the electrical-power requirements of the CSM. The fuel celis'op-
erate at a temperature of approximately 410° F and 60 psi and prbduce water
at a nominal rate of 1.2 pounds per hour. The water production rate depends
on the power Hraﬁn from the cells and may increase from the nominal rate
to as.much as 2.0 pounds per hour for shor+ time periods. Before fuel- .|
cell water is transferred Torfhe CM, the water is cocled to 76° F and. the
system pressure is reduced tfo 25 psl. o

Typical chemical analysis of water samples from three fuel cells are
shown in Table VII-1. The chemical composition of fuel-cell by-product
water is essentiatly that of distilled water and 1s saturated with hydrbgén
gas. The total dissolved solids of three samples described in Table VIi-|
averaged 0;73 mg/ 1 and the average pH was 5.6. ’ : R

Command Module Water Systems : /

The water supply of “the CM, adjusted fo 25 psi and 76° F, is conveyed
to a hydrogen separator and +hen to the water control panel (Figure VIii=-1},
The sepgrafor consists of palladium-siliver tubes through which hydrogen is
.. diffused from the water and subsequeﬁ+ly is vented to spacé. The main
conrtrols on TherwaTer panel are ftwo water-shutoff valves, 6ne each for the
potable-water and waste-water systems; a shutoff valve which permits access
to the waste-water system; the chlorine-injection assembly; a confrol valve
to +the overboard dump; and two pressuré—ré!fef controis. The system design
permits both the potable-water tank and the waste~-water tanks to be supp]ied
" with fuel-cell water and excess fuel-cell water to be dumped overboard if'
these tanks are filled. The potable-water system [ine (Line 1b, Figure Vil-1)
leads to the chlorine-injection assembly, fo a check valve, and to the po-
table-water tank. Water flows out of the ﬁofable—wa+eﬁ tank through .a bypass
fine which has another check valve and can be fransferred fo the chiller,
heater, waste-water fank, or overboard dump. The function of the chiller
is to reduce the water temperature of 76° F to approximafeyy 50° F. The
food-preparation unit consisis of a heater and two faucefs; one for hot

‘water and the other for chilled water. Thé heater can raiéé the water
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TABLE VII-1

"ANMALYSIS OF FUEL CEEL VATER SAMPLES

Fuel Cell |Fuel Cell | Fuel Cell
Characteristics ~ A B . C
pH, 7.0-7.5° | |
Specific conductivity,
umho/cm (77° F)’ .59 .59 .86
Total dissolved solids, mg/|i .69 .75 .76
Total suspended sol ids, mg/ 1 <.l <.b .2
Total sollds, mg/!- <.79 <.85 .96
Total Organics, mg/| .07 .06 .05
~ Nonvolatile solids, mg/l <.62 <.79 91
Taste and Odor © None None None
Turbidity, JTU° .8 .8 7
Color, true, color units F{ I I.
lonic sp9cies{ mg/I _ ;.
Cadmium ' <.0l <,0I <.0l
Chromium <.0l <.0! .02
Copper .20 .23 21
Iron .04 .05 .05
Lead “<.0l <.0l <.0l
Ménganese '<.05 <.05 <,05
Mercury '<,005 <.005 <.005
 Nickel™ .03 .04 .04
Silver <.Gl <.0t <.01
Zinc .15 .18 .26
Calciume 4 4 W3
Magnes fum < <.| <. |
Sodium .25 .29 .82
Potassium o N g
Selenium <,0l <.0l <.01
Aluminum .9 bl .8

aTypicaI ranges of fuel cell water pH

bJackson Turbidity unit

Source: - Reference Vlf—l
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Tempeféfpre to _150o F. A pressure of 25 psi is maintained in the poTabIe-
water system by oxygen'app!ied +o an expansion bladder In the potable-water
tank. ' ' |

Command Module Waste-Water System

~ The supply of fuel-cell water to the waste-water system can take
place-on!y it the potable-water tank is filled. Water can be transferred
from the waste-water tank through a service line (Line 4, Figure VIi-1)
+o the overboard dump or to two evaporators (Line. 9), which are secondary
heat exchangers for fhé glycol cooling system of the CSM. Evaporated
~water is discharged to space through a steam duct. The service line also
receives humidity condensate from the asffonaufs' suits and from the
,breafhingjbxygen of the CM. The condensate serves as a secorid source.
of water To'#he waste-water system. -

Command Modute Functional Components

The following key functional components are used .in the CM water
managemenf sysTeﬁ; | - ; 7 /
" (1) Potable-water tank: The potable~water tank (PWT) serves as
' 3 storage con+afﬁer in case of fuel-cell failure and as an
equallzation ftank to satisfy sudden demands at low continuous

.supply. The cylindrical vessel holds a maximum of 39 pounds
of water, and the shell is fabricated of 6061 T6 aluminum alloy.

An oxygen-filled polyisoprene (EMS-382) bladder maintains a

'pfessure of 25 psi in the tank and throughout the system. The

| o;ygen that keeps the bladder inflated is obtained from a commen
supply in the SM that also provides oxygen for breaThing ang-
power generation. Because free'hydrogen I&-The water diffuses

 thRough the bladder material, a low-rate gas bleedoff is provided
to prevent the buildup of diffused hydrogen ahd formation of an
explosive hydrogen/oxygen mixture in the oxygen plenum.

The physTcaI dimensions of The PWT are as follows: volume,
17,700 cu cm; surface area of aiuminu$ walls, 4}700 5Q Cm; sur-
face area of polyisoprene membrane, 1,550 sq cm;lresidence +ime
of one flow-through volume in tank at water proddcTion rate of
1.2 1b/hr, 32.7 hr. (The PWT is tThe subject of analysis subse-
quentlyl.

. (2) Waste-water tank: The waste-water tank provides storage of water
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to supply water evaporaters in case of faiiure of the primary
cocling-system radiators. This Tank_hclds a maximum of 56 v
pounds of water and is similar In design and operation to the
potable-water tank. |
‘(3) Water-chiller: The chiller, which has a s?drage capacity of
| 0.5 pound of water, reduces the temperature of the water for
- the drinking gun and foOd«prepéraTion unit from 76° F to 50° F.
The tubes of the heat exchénger in the chiller are fabricated
of stainless steel Type 347, and the material of all other com-
ponents is stainless steei CRES Type 316L. Cthling.is pro-
vidéd by the spacecraft water-glycol cooling system.
(4) - Food-preparation unit: The food-preparation unit transfers
hot or cold'wafer in 1-ounce deliveries into dehydrated fbod
packages. This unit includes a heater and de metering faucets.
The heater holds 2.5 poundé of water and produces water at a
temperature of 1500 F. The hea?er consists-mainly of a stainfess
;s+eel CRES Type 347 reservoir shell with copper (ASTM B 152-58)
baffles and tubes!. o ,
(5) Drinking-water gun: A drinking—wafer gun is connected to the
| waTerrsysfem by 70 inches of viton hose;
(6) Service Lines: All service lines in the system are fabkica+ed
. from 1/4-inch or 3/16-inch diameter Type 6061 aluminum +tubing.
The physical characteristics of The service lines compirising
The entire water system between the PWT, chlorine anec+ton
pornf, and hot and cold water ports, are as follows: IenQTh
960 ¢m @ 1/4-inch diameter and 300 cm @ 3/16-1nch diameter
' (Reference Vil-2); volume, 341 cm; surface area, 2,160 sg cm.
(7) DiSinfectant: Sodium hypochlorite (NaOCT) has been used as
' disinfectant for the water-supply system of the CSM.

System Disinfection

EoTh-preflighf and inflight sysfem‘disinfecfioﬁ procedures are used
with the CM waTer‘syéTem. Approximateiy five déys before l|ift-off, Tﬁe
water system of the CM is filled with deionized water contalning 12 mg/ |
ot sodium hypochlorite as chlorine. After an exposure Timé_of iour hours,
the system is drained and flushed with water which has been deionized

- through a Millipore Super Q Unit. After the flushing, the system is
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. £illed with deionized water. Three hours before |ift-off, 20-cubic-
centimeter ampules of sodium hypochIoriTe-(S 000 mg/! as chlorine) and

sod um dlhydrogen phosphate (NaH2P04) buffer (0.7 molar) are injected

into the spacecraft system. These dosages are equivalent to the |nJecT|on
of 105 mg NaOC1 and 1,095 mg NaH2P04, or, in terms of the daily average
water production of approximately 13 liters, equivalent fo a salt Incre-
ment of approx1ma+e!y 140 mg/1. . B

tn-ftlghf disinfection of the potable-water system of the CM is per-

formed in the following steps.

1) If the potable-water tank 1f completely full, u!lage is created
in the potable-water tank by withdrawing water through the
1drink}ng gun or food-preparation unit. This step is required
“to permit a flow of fuel-ée![ water past The'djsinfec+an+ in=-
jécfion point and into the potable-water %ank.

(2) A 20-cubic centimeter capsule of sodium hypochloride buffer
ﬁoiufion éonTaining 5000 mg/| sodium hypochlorite as chlorine
is ThjécTed.‘ ' : : ; | o o

'(3)- A 20-cubic~ centimeter capsule of sodium dihydrogen phosphate
| buffer soiution 0.7 molar ss injected, |

(4) .During a 10-minute contact Tlme, the injected solu+|ons are

o flpshed in the flow of fuei—ce!l water past the point where the
service |ine (Line 2, Figure VI1-1) branches off the line to the
potable-water tank (line 1b). Most of the disinfectant and buf-

- fer passes the branching poinT'and is carried into the storage
“+ank, However, @ small fraction may remain in the injection tee
or may diffuse into the service line. In a study by North Amer-
ican Rockwel | Corporation (Reference VII 2) 1t was estimated

.Thaf peak chlorine concentrations in excess of 80 mg/1 could oc-
cur during the chlorine injection cyctle.

(5) After the 10-minute contact time, a capsule of water is with-
‘drawn through the injection point. This withdrawal pulls any
chlorine slugs in the service Iine baék info Thé main |ine where
the chlorine can be transferred into the sTorage tank by the fuel-
cell water. | e

(6) An additional 20-minute period is allowed to elapse before any

water is used from the system to aflow the disinfectant and buffer
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to disperse in the potable-water tank.
(7); The disinfected water is withdrawn for consumption through the

drtnklng gun and food- preparaf:on service outlets.

Problem Areas

~ The key problem areas exderienced in the water systems of the CSM
and LM have been related to (1) the transport of dissolved gases into,
-through, and out of the water system to points of use, and {2) the at-
trition of disinfectant levels caused by interaction with the system com-
ponents. | '

Gas Transport

© The physical design and operafidhal characteristics of the CSM per-
.mits Two gases to be transported Through the system: hydrogen and oxygen.

Fuel-cell byproduc% water is saturated with hydrogen gas at 410° F and 60

psi as It !eaves the cell. When byproduct water is adjusted to 76° ~F and
25 psi pressure, significant quan+|fles of hydrogen gas are released from
solution. In Iafer Apotlo flights, a palladlum—snlver hydrogen separator
has been used to prevenT gaseous hydrogen from reaching the PWT. in/earlier

Apollo flights, it was believed that hydrogen_gas was transported to the
PWT wheré upon dissolution it passed through tThe polyiéoprene membrane into
the oxygen- filled balancing plenum of the PWT. For this reason, the bal-
ancing plenum is purged constantly at a slow rate fo orevent the develop-
ment of an exp5051ve hydrogen-oxygen gas mixture. Evidence developed by
AlResearch Manufacturing Division (Reference VII -3) indicates that hydrogen
can permea*e through the polyisoprene membrane;  a discussion of +hese data
is presented in Appendix H.

Oxygen is transported into the water sysiem by diffusion from the
balancing plendm:of the PWT (preésurized to 25 psi oxygen) into the Qafer_
sfored in the PWT and thence to the use ports. It is believed that This
source of oxygen is the cause of degassing éf +the use ports as the water
is transferred from the supply system at 25 psi to the cabin atmosphere
at five psi. Degassing of water af the use porTs has created problems
during flight |nasmuch as the amount of gas released in fhe water has
formed bubbles of sufficient stze to inhibit its direct use for drinking
or food preparafion. Techniques. to effect gas~liquid separa+1ck under
zero-gravity conditicns, such as bagging and centrifugation, have not been

effective. The hydrophobic-hydrophilic water-gas- separator performed sat-
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isfacforily on Apol!d 11 mission and its use will continue. In additfion,
Apollo 12 and subséquen+ missions will use the silver-palladium hydrogen
separator. '
‘ Evidence developed by the A;Research Manufacturing DIVIS!OU (Ref-
erence VI1-3) has shown that the polyisoprene membrane is highly per-.
meable To oxygen. The raw data presented in the AiResearch §+udy are
analyzed in Apgpendix H. To date, no sfudfes other than the AiResearch
effort have been done to evaluate the dissolved oxygen level at various
points in the aluminum service lines of the CM. This lack of information
on dissolved oxygen levels becomes of immediate concern when considered
relative to the findings of the corresion experiments in this sTudy,viz.;
-Thaf dissolved oxygen tension is a foremost factor in the relative cor-
rosion rate.of aluminum-halogen systems. .
| A third source of dissolved gases is water from the ground support |
equipment which is not Tofally degassed prior fo loading into the CM. No
information Is ava:lable to quantitate how much dlsso!ved gas is suppl|ed'
to the CM" from 1h|s source.
Corrosicn
The initial occurrence of corrosion was found at fﬁree.poin+s in the
CM: The inlet tube to the heater; the fube Immediately in front of the
connection fo the hose of the drinking gun; and in.the section of Tubing
betwsen the chlorine-injection point and the potable-water tank. The '
~continuing invesfigafion ravealed that a pitting-type corrosion was oc-
curhing throughout the system. These pits were found to occur at points
of surface imperfections in the 6061 aluminum‘+ubing; The corrosion has
‘ resulTed in the presence of nickel, cadmium, and manganese In the water
supply in Ievels in excess of the NASA Potable Water Specification.
I+ is belleved ThaT The corrosion is affrlbutable primarily to the
following: _ . ‘ S
(1) The incompatibility of the biocide with -the system (for example,
.The capability of chloride ion to penetrate the passuva+lng
oxlde layer formed on a!umnnum Tubingl. .
{2) The selection of materials for system fabricaTioﬁ.
a. Dissimitar metals ele;+ricaiiy connected (for exam:le, the
incompatibility of aluminum and c§pper based gn.?he elec-

trode potential difference of ~2 volts beétween these elements).
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b. Su}face imperfections in tubing used for system constructien
s  which provides sites for active localized corrosion.
Numerous studies have been carried out by NASA and NASA subcontrac-
Tbrs to éscer?ain +he interactions of aluminum corrosion rates and one or
more of the following variables: ionic concentration, additives (including
additives sucﬁ as nitrate at concentrations less than 10 mg/l NO3—N);rdig—
" infectant concentrations, electrochemically incompatible metals, etc.
These studies have shown that fuel-cel! water contalning sodium hypo-
cﬁ!orife, sodium dihydrogen phosﬁhafe; and copper at. concentration levels
predicted or observed In the spacecraft produced considerable corrosive
action on aluminum. As a result of corrosive activity and the deterior-
~ation of nTckel:cOpper brazing and the a[um[num—alloy tubing, there is a
release of nickél, cadmium, manganese, and to a lesser extent, other metals,
into the CM water supply. In addition to the problems that corrosion im-
poses on maintaining system in+egri+y, corrosion also is a sink for disin-
fectant (chlor:ne) in The CM resulting in a loss of residual disinfectant.
Whlle the above s?udies have produced large amounts of rnformafﬂon,
-.There is little evidence either that these efforts have produced knowledge
of.The fUndamen%al relafionships on how chlorine or its degradation product
cayses aluminum To corrode, or that the findings of these studies have gen-
erated a subsfanfuve engineering analysis of the corrosion prebtem. Data
are not yet available to describe systematically: |
(1) Effects df varying of chlorine concentrations, ionic concentra-
fions, and qissolved oxygen concentrations on the kinefics of
aluminum corrosion in an aqueous chlorine solution.
' (2) Rates of conversion of chlorine to chloride associated with
| a!uminhm corrosicn. |
(3) Rates of diffusion of chlorine in water at 76° F.
(4) Engineering analysis of which of the above factors, diffusion
| of chlorine o an aluminum wall,.conversion of chlorine in the
“tmmediate wall area, and lonic concentration, or dissolved oxygen
tension, have the rate limiting rote in Thé COrrosion process.
Effort was made in This sfudy to aséer?ain the rélafive rate of alum-
S inum corrosion in a chlorine system relative to aluminum corrozsan in an .
fodine system (at similar levels of dissolved oxygen). No work was done

on the effect of oxygen concentration on the relative rate éf-a]uminum

vil-10



corrosion In the chlorine sysfem however the corrosion studies with
iodine-aluminum systems were done over a range of dissolved oxygen con-
centration and did point out the significance of oxygen as a variable
in aluminum corroston.: | _ :

Disinfectant Interaction With Membrane Material

The degree of interaction of chlorine with the poiyisopnene membrang

in the PWT, whether due to sorption, substitution, or diffusion/permeafion‘
process, is undocumenTGd The primary reason for the iack of information in
this area is ThaT depletion of chlorine residuals in the CM (the rate of
which is unknown) has been offset by the daily procedure of slug injection
of NaOC1 solution. There is interaction between chlorine and the poly-
.isopnene membrane, as evidenced by the defection of metal carbamate in

the CM wafen sysfems which was found to be a curing agent used in the poly=-
isoprene membrane. - An eartier problem of interaction between the-chlorine
and the neoprene hose originally used To connsct the drinking- -water gun fo
the water system (resuiflng in generation of taste and odor problems) has

' been obviated by The substitution of Viton for neoprene in later Apollo
spacecrafis.

Micnobiai Contamination

Tne problem of microbial contamination in the water system of the
CM has;been related almost totally +o the preflight detection of aerchbic
organisms in the hot-water port and the drinking gun. Bacterial growth -
“has been detected prefiight dufing the interval prior to a final chlor-
ination befdre 1iff-off. | | | |

'Several‘fypes of organisms have been identified in_cul+unes from

the use ports: Flavobacterium sp., Staphylococcus epidemidis, Sarcinia

sp., and Corgnebacterium sp. Thnglavobac?efium_gg. has been observed

the most frequently and in the highest numbers. These organisms have

been detected preflight prior to the preflight chlorine injection. Post-
flight samples have consisfenfly had negative bacterial counts at the
~drinking gun and elther negafive or nomina! counts (< 20/100 ml) at the
hof-wafer pdrT. Test for coliforms, anaercbic bacteria, yeasts, and molds
have been negative at all sample porfs both in preflight and postflight
monitoring.  This has been anribufed to the 24-hour inflight clikorination

schedule.
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A criTique.bf the various repbr+s summarizing +he bacTeriological
sfudies from which the above observations were obtained in presented in
Append1x G.

Summary of Problem Areas

. The above review of problem areas and eof Information on hand to
ana[yze and resolve these prcblem areas indicates the |imited amount of
fundamenta! information that is availazble to describe disinfection and
. corrosion phenomena taking pléce in the CM. The principal areas where
information is available relateé fo corrosion and to gas fransfer phenomena.
An ahalysis of basié information on oxygen transfer in the CM, with the
objective of predicfing'fhe oxygen concentrations in the delivered CM
water supply, is presented below. '

Oxygen Concentrations in Delivered Command Medule Water Supply: The

level of dlssoived oxygen in the delivered water supply of The CM can be
estimated with the foltowing assumptions: |
(1) The mass inflow of oxygen through the polyisoprene membrane
:equals the mass outflow of dissolved oxygen from the potabie-
water tank. . 1{
{2)  The water is supplied to the potable-water fank from the
fuel-cell at an average rate of 1.2 ib/hr (540 cc/hr) and is
_ free of oxygen. | |
(3) The contents of the potable-water Tank are mixed compiefely
(4) The diffusion constant of 0.0557 cm’ /hr (oxygen) determined
wiTh Airesearch data {Appendix H Reference V11-3}) is appllcable.
Based on These assumptiens, the mass inflow and outflow of oxygen can be

de+erm:ned by The follownng equation:

I | S wn-n
where: N = Oxygen flux raTe,_mg)Hr |
D = 0.0557 cmz/hr .
| A.# 1,550 sq cm J(area ofrponFSOprene membrane}.
.t =10.178 cm (thickness of-poiyisoprenefmembrane)
Q = 540 cc/hr ' ' ;
Xg = 70 mg/1, saturation concentration of dissolvédioxygen at 25
‘psia 0, and 76° F. ' ‘
XE = Dissolved oxygen concentration in outfiow from potable-water
tank.
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By subs?ifufion;

= xE = 69 mg/1

TherresuITs of the abeve analysis indicate that The dissolved
oxygen concentration in the delivered water supply is almost at satu-
ration, i.e., at equilibrium with the oxygen pressure of 25 psia in the
| balancing plenum. The equilibrium dissolved oxygen concenfration in the
deliveredrsupply Is hearly an order of magnitude greater than attained
in terrestrial waters, and is particularly noteworthy in that degasifi-~
cation of delivered water at the use port has been identified as a fore-.
~most problem area In both the CM and LM. The degasificéTion cf a water
containing 69 mg/1 oxygen at 76° F in an atmosphere of 5 psi oxygen would
resuit in the release of 0. 11 liferlof«oxygen per liter water. Hydrogen
is the only other gas which can occur In the Command Module water system.
I¥ it is assumed that the palladium-silver.hydrﬁgen separéfor effectively
removes fuel-cell hydrogen from the water supply, then oxygen is the, pri-
mary, if ﬁoT the éoie cause, of the deéasificafion probiem in fThe Apollo
Command Module. ' ' B '

The foregoing analysis, while accomplished under a .number of assump-
tions, pfovideé substantive evidence that oxygen Transféf through the
po]yfsoprene rmembrane ‘is a significent factor in the water quality of the
= delivafed supply. From a mechanistic viewpoint, evidence exists to indi-
cate that the degree of corrosion of aluminum by hzlogens would bhe ex-
pected to decrease with increasing oxygen tension. On this basis it is
probable that the high dissolved oxygen concentrations in the delivered
water provided a measure of passivation against the corrosive environment
‘resulting from chlorination. ' '

lodine DisinYaction

The use of iodine in lieu of chlorine as a disinfectant in fthe CM
water system would appear to be desirable from the sTéndpoinT that the
relative cérrosion‘rafes in iodine-aluminum-high dissolved oxygen systems
were found to be muﬁh less than in chlorine—aiuﬁinum systems. However,
‘ThIs advantage would also have to be considered relative to the inter-
action observed in fhe experimental program between iodine and polyisoprene
membrane material. The study results indicate that iodine is sorbed info

polyisoprene and reacted chemically with the membrane resulting in the
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conversion of iodine to iodide. It was'also observed that iodine diffused
through polyisoprene although depletion by dilution was not observed to be
as Sign?ficanf as by conveﬁsioﬁ. As discussed below, the loss of ifodine . .
by diffusion through the silastic membrané used in the LM water tank is

a foremost problem area in the LM spacecraft water system. For the above
reason iodine should not be used as disinfectant in The'CM without care-
ful evaluation at Tﬁe prototype scale of the iodine uptake in, and dif-
fusion losses through, polyisoprene.

LUNAR MODULE '

Description -
| The water management system of the LM, which is shown in Figure V1|-2

differs in several aspects from the CM system. The LM system is designed
to provide for de_sources of demand: drinking-water supply and sublimation
cooling."Tﬁe drinking gun provides water for drinking and food preparation
for the astronauts. However, no provisioné are made for either chilling
or heating aboard the LM. The sublimation unit serves as a heat exchangcr_
to chill The cooling fluid for various electrical componen+s of the LM.

All water demands are supplied from three 5forage tanks that are
filled with deionized water before lift-off. The large‘sforage tank
(Tank 15, which holds 400 poﬁnds of water, is located in the descent
sfége of the LM. The descent tank supplies all water needs of the LM
durinQ +he phase of descent from the orbifing CSM to the lunar surface
-and during the surface-sxploration phase During “the ascent phase and
" the LM/CM rendezvous and linkup phases, ali water requlremen+5 are met
-wnTh the two 40-pournd water-storage tanks (Tanks 2 and 3) in the ascent
stage. The descent stage of the LM is separafed before |ift-off and left
on the lunar surface. Storage Tank 2 is used exclusively to supply water
to the sublitation uni+.' A check valve prevents the conveyance of water
from Tank 2 to the drinking gun. Tank 3 provides drinking water, and if .
required, supplies water tc the sublimation units. The water management
system is -essentially all alodine-treated aluminum; 1/4-inch-diameter
tubing is used throughout the system. o -

The following key functional componenTS are used 'in The LM water
system. ‘

(1) Water-storage tanks: The Three water tanks of thé LM are made:

of aluminum. The LM water supply in these tanks is stored 'in
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silasTIE bladders. The space befween the bladders and the

tank shell is pressurized with nitrogen at 45 psi. The physical

dimeﬁsion of one of the 40-pound water fanks are as follows: -

volume, 18,000 cu cm; surface area of membrane, 4,000 sq cm;
and surface area of aluminum in tanks, nitl. _

(2) Service lines: 1t is believed that the service lines In the

| LM are fabricated from 1/4-inch or 3/16-inch diameter Type 6061
* aluminum tubing. The physical characteristics of the service
lines used to move iodinated water are unknown; for discussion
: purposes it is assumed that the service Iines for one PWI have
a surface area of 1,000 sq cm.
{(3) Sublimaftion units: ‘The sublimation units are heat exchangers
which chill the water-glycol fluid for the various components
" of the LM. The units consist basically of sintered nickel
" plates which form a barrier between a water-ice phase at one
side and a2 space ¢n tThe other side. At the inner side of'jhe
'pIaTes a thin ice film develops which sublimates and passes
~through the plates to space. | "_

{4) Disinfectants: lodine was selected as diéinféﬁfanf for the

- water management system of +he LM because chlorine was found
to cause operating problems with the sublimafion'uni+s used
in the system. The potable-water specification of NASA calls
for a minimum residua]liodine concentration of 0.5 milligram
par liter.

Only pref{ighf disinfection procedures are used with the LM. Approxi~
mately seven dayé before |ift-off, the water management system of the LM
is filled with a 30 mg/| iodine solution. After 1 hour, the system is
drained and refilled with dejoniied water (Millipore Super Q Unit) to
which 10 mg/i iodine solution has been added. This final fill is leftf in
the LM tanks and is used to supply water requireménfs during the lunar
mission. ' ' ' '

Problem Areas

The key problem areas found in the LM waTef system have been related
to (1) attrition of fodine levels due primarily fo the permeation of iodine
through the silastic membrane and fo a lesser extent, due to the interacfion

of iodine with the metallic compenents of the system, and (2) due fo the-
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transport of dissolved gases info, through, and out of the system fo
.points Qf.use. * The above problems, whi!e'similar to those in the CM,
assume different priorifiés of importance in that the depletion of iodine’
by diffusion is the most significant identified problem in the LM whereas
corrosion is the most éerious identified probfém in the CM,

Disinfectant Interaction With Membrane Ma*eriall

The principal problem of disinfecTanT intferaction with the silastic
_mémbrane in The LM has been identified as loss of iodine from the storage
tanks by diffusion through the membrane, Evidence developed in the ex-
perimental program of this study indicates that the permeability of silastic
varied randomly with an increasing iime-concentration exposure history of
the membranerfo fodinated water. Other interactions of the silastic with
fodine as defined in this study were: sorption of icdine info the membrane;
- and conversion of iodine fo iodide on membrane surfaces and possibly else-

where.
-
The Interaction of iodine with aluminum has caused corrosion in the

" Corrosion

LM water system as evidenced by the presence of nickel in samples taken
from the ascent tank use-port and of badmium in samples from the descent-
tank use port. Evidence presented in Chapter IV of this study substanti-
ates the degres of corrosion which can occur in aluminum-iodine systems.
The reaction constant for conversion of iodfne to lodide on aluminum sur-
faces in mixed éysTems was found to be 1.33'x 10-2 liter/sq cm-day (Chapter
V), or five-times greater than the converéion reaction censtant for stain-
less steel.

Aside from information developed in the present study as well as
several obsegvafions presented in a NASA report (Reference Vil-4) there
are no additional scurces of infdrmafion on iodine-aluminum interaction.
Particularly lackiﬁg.are data on rates of diffusion of lodine in water at
76° F; and deta on the circulation and mixing (or non-mixing) regimes ex-
isting In the LM, |

Microbial Contaminatian

Samples of the LM water supplies can be Taken only duﬁing the pre-
flight period inasmuch as the components of the LM are leff on the lunar
surface or in lunar orbit, Tests for coliforms, anaerobic bacteria, yeasts,

and molds have been made. The aerdobic organism Flavobacterium has been

Vil-16



found in a water supply prepared for transfer to the LM; after iodination,
no qréanisms of any kind were found in this water supply prior to fransfer
or in the LM after transfer. In all instances, after iodination proce-
dures have been_compIeTed preflight, no bacterial growth has been obtained
from any samples.

Gas Transport

Similar problems of degassing have occurred at the use ports of the
LM as have occurred In the CM. In the LM it is believed that the gases
were nitrcgen diffusing into the water supply from the balancing plenum
of the potabie-water tanks or dissolved air in the water supply added to
the LM spacecraff

Summary of Problem Areas

"The foregoing review of the problem areas and information on hand
indicates that the following problem areas can be evaluated:
(1) Dep[e+|on rates of iodine from a storage Tank due to diffusicn
& through the silastic membrane. _ ' ‘ ‘ T
(2) 'Magnitude of iodine depleticn by diffusion as compared wifg
. depletion by sorption to the silastic membrane. ' 7
(3) An estimation of the iodine depletion due to ébnversion on the
~aluminum service lines.
(45 An estimation of the amount of'nifrogen disselution (degassing
- at The use-ports). )

liodlne Depletion

- Depletion by Diffusion

The depletion of iodine from aone of the 40-1b LM water sforage Tanks

(Tank No. 3) can be estimated us&ng The following equation:
b

.o 1 _ DA i} -
ln = = .3 (8, -0 - (v11-2)
: X2 ,

where: X

= jnitial fodine cOncenTraTioh, mg/t, at time T1

— —

S X, = final iodine concentration, mg/1, at time s

D =10 x 1072 sq em/hr {average diffusion constant for com-
" pletely mixsd system from Chapter V).

= 4,000 59 cm, area of silastic membrane
= 18,000 cu cm, volume of tank.
‘+ = 0.080 cm, silastic thickness !
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By substitution,

>

.an

= 0.278 (T2~T1) (Vi1-3}

>
N

Equafion Vil-3 has been used to develop the curve in Figure V!i-3, which is
a relationship between X /X and Time. .

The relaf:onshnp in Flgure VI1-3 indicates that, for an initial iodine
concentration of 12 mg/1, less than 0.5 mg/1 of iodine would remain after
12 hours. This rate of depletion is far in excess of the depletion rates -
observed by NASA (Reference VII|-4) for the same initia! concentration, viz.,
6 mg/1 after three days, and 2.5 mg/1 after five days. These differences
are sufficiently signéficanf to indicate that iodine depletion by dilufion
through The'silaSTic membrane is not the rate-limiting step in The deple-
Tion; ra?her, this analy5|s is strong evidence that fodine dlfoSlOﬂ
Through the bulk fluid to the membrazne is rate-limiting.

.rThe NASA observaT|on of an jodine COHCGHTFETIOD of 2.5 mg/1 at five
dayé (following an initial iodine concentration of 12 mg/1 at time zero)
was used to estimate an effec+ive.diffﬁsion constant ¥or the prototype.

" The effective diffusion constant was found to be 0.005 sq cm/hr observed
in the laborafory studies. A curve has been plotted in Figure VII-3 using
the effécTive diffusion constant. ' |

-‘_The above aﬁalysis points to the sensitive relationship between the
iodine residual in the LM and the mixing regime of the bulk fluid. 11 is
unknown what effective degree of mixing of tank contents is effected by
Jauhch, maneuvéring in space, lunar [ahdihg, etc., and consequently a
pfedicTion-of the ifodine depletion could be made only between the boundary
condltions defined by The depletion curves in Figure VI1-3. Another pro-
blem exists relative to the unmixed system, viz., that If the bulk dif- '
fusion of iodine is rate~-timiting, then it is uncertain what concentration
~gradients exist in the tank and what iodine residuals may result in per-

ipheral séctors of the tank as a result of these gradienfs. Thus, with
_{he level of information currently available, it is apparent that both
‘mixed and unmixed systems offefAserious disadvanfages'¥rom;+he viewpoint
of maintaining iodine residuals deemed adequate for disinfection.

Depletion by Sorption

The sofpfion isatherm for silastic was presented in Chapter |V
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- (Tabte 1V-2) is as bé!ow (unit area basis):

0.130 X
T Xy = et - - ~
‘ s 7.6+ XL o : (V11-4)
where: XS = sorbed concentration of iodine on silastic, mg/sq cm
XL‘= liquid equilibrium ifodine concentration, mg/1

Equation VIi-4 can be used to estimafe the initial fodine uptake by The
membrane, using the follewing assumptions: |

(1) Initial iodine concentration: 12 mg/1

{(2) Membrane area: 4,000 sgq cm

{3) Tank volume: 18,000 cu cm “
The Initial ifodine demand equals (0.130) (12) (4,000)/(7.6 + 12), or
319 my iodihe The total mass of fodine in the tank, at an equnflbrlum
concentration of 12 mg/1 and a tank volume of 18 [iters, is 216 mg, or
less than the initial demand. From this analysis i+ can be reasoned The
membrane has an extremely significant demand for iodine, that the pre-
scak procédure used by NASA may satisfy some portion of the above dehand
and that some level of eduilibrium is set up between tha bulk fluid and
the membrane to which the initial }lene level adjusts. .

Conversion on Aluminum Service Lines

- The steady state rate of conversion of iodine fo iodide on the alumi-
num service lines can be estimated for any residua! iodine concentration

Ievet‘using The equation:

_ P |
- _ C= KC—A AX ‘ : (VII-S)
where C = flux rate or conversion rate of iodine |
x(': = 1.33 x 10”2 | 1ter/sq cm - day
A% 1,000 sq cm (assumed surface area of service lines for

one PWT)
By 5ubs+|1u+:on, at XI equais say 3 mg/1
_ C = 40 mg/day _ _
The .above calcuiafibn implies that Thé conditions exist in the system which
permit steady-state conversion.. Needless to say, such is not the case.
" However, the above calculafion indicaTes that conversion cdn be a sig-
nificant sink for iodine, even under conditions. of declining rate con-

version such as would occur in the LM water delivery éysfem. The facts
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t+hat conversion does occur and that the water delivery system presents a
significant surface area for conversion is strong evidence that liftle

or no residual fodine exists in the water dellvered to the use poris.

"~ Summary , _

 The implications of the above estimates of iodine depletion by dif-

fusicn, membrane sorption, and conversion on service lines are sufficient
and weighty evidence to conclude that, over the extent of a lunar mission,
the disinfection procedures used in the LM do net provide ‘an iodine resid-
“ual sufficient for protection agains? microbial contamination. The totally
undefined, ahd perhaps unanswerable question, of what type of mixing re-
~gime exists in the water storage tanks, alone is sufficienf guestion tfo
raise serious doubts as to the efficacy of the current pre-flight disin-
fection procedure. The above concern over tThe currenle unidentifiable
. adequacy of the disinfection approach is ampiified by the fact that there
is no way To monitor, at the end of a mission, the residual iodine con-

centration or the microbial population present in the delivered water.
;

 Nitrogen Concentration in Delivered Lunar Moduie Water Supply
The level of dissclved nitrogen in the deiiveredisuppky of the LM

cah be estimated by assuming that, over the duration of ‘a mission, the

stored water supply achicves a dissolved nitfrogen concentration .in

equxllbrlum wlth the nitrogen (45 ps:) in the balancing plenum. The

solulity of anrogen in water at 76° F is 0.0144 liter NZ at STP/liter

water-atm NZ' The cabin of the LM is pressurized at 5 psi oxygen; thus

all +he dissolved nitrogen will be released eventually. At 76° F (24.400},

?hesvolume of nitrogen gas released pef liter of water delivered o the

cabin will be: 0.0144 x ?2 7 % 2?3, or 0.048 Iiter N/liter water. Thus
it Is estimated 48 mf of nitfrogen gas will be released per |iter of de-

[ivered water in the LM.
ORBITAL WORKSHOP

Description
The Saturn V Orbital Workshop (OWS) water system consists basically

of a eeries of 10 water storage tanks which will be used to supply seqﬁen—
“tially and separately the water demands of a wa}drodm; head, and a portable
sysfem. The OWS total spacecraft concept is now in The.deeign gaview stage,
and the concerns, from a sanitary-engineering perspective, relate primarily

+o malntenance of a residual iodine level in the 10 water storage tanks
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over a one-year period between launch and initial usage of the supply
Each of the 10 water storage contalners (as well as the remainder

of the system) will be fabricated from series 300 stainiess steel and will

consist of a cylindrical shell into which an expandible stainless steel
bellows is fitted. When the fank is filled the bellows will be in a coi-

lapsed position and the capacity of the tank will be 315 liters (19,310 cu in}
(Reference VI1-5). The surface area of the fTank and bellows will be 79,000
sq cm (Reference Vii-5). Each container will have a water quantity indi-
cator; bleed, use and service ports; an iodine injection port that provides
access to the water for iodine injec+ion (configuration unknown); a heater.
blanket to prevent the water from freezing during orbital storage; and
.other fiTTingé (Reference VIl-6). It is dnknown what level of recircula-
tion or mixing regime will be imposed on the contents of the 10 water
storage containers. - ) _ '

The mode of operations currently planned for the OWS water sysfem
is that dégassed'waTér (specifications undefined) will be used to fill
the water system prior to launch. It is planned that an fodine soiution
be added cduring ground servicing To provide an ini+iai'iodiné level of
12-mg/1. S |

Potential Problem Areas

Af~The current level of design development the foremost questions
of concern can be identified as: : '
{1) What is the rate of corrosion of stainless steel in contact _
| with iodinated water and what is the possibility of differential
corrosion occurring on the continually flexing edges of the metal
bellows? - _ 7 |
- (2) A sorollary question To Item (1) is what is the teast corrosive
type of stainless steel that can be selected? ‘
(3) Will iodine depletion occur due 1o conversion of iodine +o
dodide in conjunction with corrcsionlof the stainless steel,
Cand will %he extent of depletion precfude adeguate disinfection?
(4) What effect will a reduced level of dissolved oxygen associated
with degassed water have on the corrosion rate, particularly
as relative to finding of the presenf study? X T
{(5) What degree of mixing, or stratification, will be achieved in

the OWS water system during launch, orbital maneuvering, etc.?
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Present !nforma?ion Level

Other than the present study, the only source of information to even
begin Iéoking éf the -above problem areas is availabie in the raw dafta de-
veloped by McDonnell-Douglas Astronautics Laborafory (Reference VI1-7).
These studies were directed to an evaluation of iodine depletion over

15-day periods in four reduced-scale models of OWS water storage containers.
Each containrer was made of a different ftype of series 300 stainiess steel,
viz. Types 3041, 316~13, 321, and 34? initial ilodine lfevels of 7.3 0 7.6
mg/l were used. ,

An ana1y51s and :nferpreTaTlon of the McDonnell~Douglas are presented
in Append;x [. Several key pointe can be reiterated from discussion (in
Appendix |) of the findings of Reference Vi|-7. First, no information was
publiéhed in Referencé VIT-7 to indica+e the level of desolved oxygen in
the test solutions,.and the temperature of +he fest solutions during the
depletion studies was not reported. Both of these variableS'have-funda-
_menTa] reles in the diffusion and corr05|on process purporfediy of concern.

- Second, no definition was made of the mixing regime. The above information

- gaps render the value of the McDonnet | -Douglas data as mintmal without

many qualifications; it was necessary in using the deta to make the following
assump?iénS' Zero m:xrng in fhe butk fluid; and temperature at Thaf tevel
(unknown) to be maintained in the OWS.

With the above qualifications, and with the édded uncertainty in
Reference VI1-7 as to the validity of the anaiytical techniques, an analysis
“of the iodine depletion data (Appendix 1)} showed that the lowest reac%ion o
cdnﬁfanf for the iodine conversion (1.98 x 10_5 lifen/sq cm-day) was in the
Type 304 stainless steel tank. The highest reaction constant, (3.19 x 10-5‘
liter/sq cm-day) .was observed in the Type 347 stainless. steel tank. ET is
noteworthy ihat the above depletion constants, assumed to be obtainad in
unmixed systems, are about Two orders of magnitude less than the iodine-
stainless steel constant of 2 40 x 10 =3 liter/sq cm-day obfa;ned in the
comp letely-mixed cerrosion experiments in this sTudy

A graphical comparison of iodine depletion by conversuon using the
McDonnelI Doug!as constant and the constant developed in Tha present study
is given In Figure VII-4. The relationships were deve[oped usirg the fol-

lowing equaticns:
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. X . S
tn — = SA . (5 -8 - V1i-5)
_ 2
where: A = 79,000 sq cm
V = 315 liters

I+ is apparent from the curves in Figure VIl-4 that the degree of mixing
has a profound effect on the jodine depletion. In a completely stirred
system at 76° F, the iodine leve! would equal fess than 0.5 mg/| ih‘less
than five days. In the assumedly unmixed system, the residual iodine

level is estimated to be 1.6 mg/1'affer one year, a level which meets the
current NASA specification of 0.5 mg/1 as a minimum level for disinfection.
‘This analysis as well as That presented previously for the LM are weighty
evidence that, unless the mixing regime is deflned, +hére is no certainty
that a residual Eodjne level associafed with adequate disinfection can be
maintained in fhe OWS water system over a one-year periocd. Moreover, there
also_exisfs.fhé unéérTaInTy_in the unmixed system that iodfne concenfréfion
,gfadTénTSan the unmixed system wiil result in zones in the tankage wherein
residuai fodine concentration do not meet specifications for disinfection.
FurThermore, because of the lack of fundamental informétion on bulk lodine
diffusioh coefficients, |ittle can be said as to what levels will be main-~
tained in the unmixed sysTem; or what degree of mixing is necessary Yo
effecf:a safiéfacfory tradeoff between maintaining adequa+e,iodiné levels
for diéinfecTion and minimizing The concentration-driven rate of conversion.

. Another facet of the problem areas identified atove relafes to the

decfsion to~degas the water supply o be used in the OWS. The resuits of
the corrosion éTudy indicated that the relative rate of metal corrosion in
iodinéTed waferé‘incréased as The dissolved oxygen level is decreased. Thus
+here is sersous concern, from the standpoint of minimizing corrosion, that
degasification of the supply. is not appropriate. There is also concern,
from a palatability sfandpoin+, that degasification will not improve the
qual ity of.the water.

The above information answers but a few of the aspects in the five
questions outlined above. To dafe, no information exists in several pro-
‘blem areas, the most overwhelming gaés being lack of definffiqn{wf: the
mixing regime; the effect of dissolved oxygen levels on the rate of cor-

rosion; and the bulk diffusion constant of iodine. As has been demonstrated
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in the calculations presented herein, each of the above areas is so
fundamental to the process controlling the rate of iodine depletion
that if?ﬁs diffinult fo recommend consideration of other aspects of the
problem without first defining these areas. '
© SUMMARY |

The flndlngs of the englneerlng evalua+|on presenfed in this chapTer-
can be summarlzed as follows: .

(1) There exists no substantive data with which fo describe sys-

~tematically the following: - _ _

' a. Effects of varying leveis of ionic, disinfectant, and dis-
solved oxygen concentrations on the kinetics of afuminum
corrosion by iodine.

b. Bulk diffusion constants for jodine and_for chlorine in'
| aqueous systems at 76° F.
c. Definiticn of The degree of m:xlng effecfed by The dynam:cc
‘ of spacecraft movemsnt and throughput raTes on water stored
7 . Tn:SpacecréfT water systems. . : ' A / |
() Degasification is predicted to occur in both the LM and CM due
. to the significant solutions of gases which fs permitted by.The
-water system configuration.. '
a. In the CM, it is estimated that in excess of 100 m! of dis-
so[§edjoxygen.are released per |iter of delivered water.
There is evidence from the corrosion experimentation In the
- present report fhat the high dissolved oxygen concentrations
in.The CM water sysfem effecT & degree of passnva+1on in the
~ water sysTem
b. . In-the LM, iT is estimated that about 50 ml of d:ssolved
* nitrogen are released per |iter of delivered water.
(3) From a corrosion sTandpoznT, icdine is a less corresive cheﬁioa]

' than chlorine yet possesses a similar level of disinfective capac—

ity. If the use of iodine as a d|s:nrec+anT in The CM were belng
considered, a detailed evaluation of The |nanacT|on between (odine
and the polyisoprene membrane s needed before +he eff;cacy of The
use of icdine in the CM can be established. % ,

(4) In both the LM and OWS water systems bulk jfodine diffusion rafhef

than diffusion through a membrane (LM) or conversion at metal
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(5}

curface (OWS) was implicated as the rate-limiting step in the

depletion of iodine from these systems.

The mfxing regime is the most significant undefined mechanism’

in spacecraft water systems, in ?haf ' | ‘

a.  In the completely mixed system the rate of lodune dep!eflon

;IS several orders of magnitude greater than in the unmixed
“system; calculations presented in this chapter indicate that

it is impossible to maintain an acceptable residual icdine
concentration in the LM after a few hours and Tn the OWS after
a few days. . ‘

b. It is assumed in the unmixed system that the bulk diffusion
of {odine is rate-limiting in the fodine depletfion process;
the concentration gradient of iodine ésfablished under this
condition may resuit in jodine concentraticns fn peripheral
sectors of the +tankage which are below minimum levels spec-

|f|ed for dlSinfeCTIOH

“¢. For the above reasons both mixed and unmixed sysfems offer

serious dlsadvanjdges from the viewpoint.of mainfaining

iodine residuals adequate to effect disinfection.
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- | CHAPTER VIII
= OBJECTIVES IN WATER SYSTEM MANAGEMENT

The basicgdwiving forces in water system managemenf\are the objectives

of the program, which, in turn, evelve from broader based policy sTaTémenTs.
The successful operation of a.water management system depends on the trans-
lation of the objectives into procedures which can be implemented. The
success or fallure of the implementation process, in Turn, will evénfually
tead fo a revfew of the polictes guiding the program and, as necessary, a
revision of policy to meet emerging needs in the program.

The common 1inkage between péiicy, objectives, and implementation is
information, the overall impact of which on a water system management pro-
~gram is shbwn‘fn Figure Vill=1..  information is reguired to provide a ra-
tional basis for development ot policy such that all nesds are recognized,
ahd for devslonment of objectives that are compatible with current tech-
nology as well as for documenfing implemenTaTion As @ managemen® progrem’
develops, there will exist a body of knowledge which defines and/or reIaTes
to various aspects of the characteristics,  uses, and implications of the
uses of the water system.. The available information will have a strong
effect oh the dé!ineafion of objectives and esfablishmeﬁf of procedureé
for a management progfam. This effect is indicated by the arrows indlica-
ting that "available !nformaflon" has an effect on "objectives of water
sysfem management program" and "implemantation procedures for program' as
- shown in Figure Vili-1. ' |

- The effects of information on the designers of a water system manzge-
meﬁT program will be maﬁifgsTed in terms of defining those objecTiVeé and
procedures which are possible or feasible based on the totality of Infor-
mation availgble in water-related fields as ‘well as that which pertalns
specifically to a problem of,immédia%e concern in the system. For example,
at present an objective could be to adjust the concentration of dissolved
~oxygen in ground suppert water to reduce corrosion. Such an bbjecfive
would not have been established a year ago becatse there wés insufficient:
evidence to indicate the nead for it. _

The implementation procedures define the Eevel of responsibility
for decisions in a wafer-sysfem management program by detimiting the courses

of action that can be faken and what is neseded for an efficacicus soluticn.
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~ The availabte information is the factor defining the decision capaéify which
fs residgnf in +he agency. The sequence of elements, or feedback locop,
leading from objectives through level of responsibiltify for decisions and
ultimately, back To objectives. Another feedback loop exisTé from avail-
able nformation, through decision capacity, information collection and
information, available information, and ulfima?ely Ieadjng back to modifi-
cation of objectives. If it is assumed that decision capacity is based

on infoermaticn and that other level of information are requiréd for dealing
with decision responsibilities, then the difference between the decision
responsibilifies and decision capacity can be used To-define the additional
information required to permit a water system management program to assume
its decision responsiblilities. Subsequent to the definition of information
requirements Thé information can be acquired eiTher +hfough.fhe in-house .
efforts of the pregram or through information and data acqﬁisifion pro-
grams resident in outside facitities. Depending onthe size-and scope -
of the program It méy be desirable for the agency to expand a méjor portion
of its etfort in the evaluation of information relative to its own neesds.
The coltection, completion, and evaluation of Tnformafibn Increases The'
level of information available which, as shown in Figure VI11-1, permits
modifications of the objectives and implementation procedures of the
progrém; It is this cyclic process, driven off avéi!able information

and resulting in continuous modifications of objectives and procedures,,
whiéh‘is vital to a program if its decisions and actions are to be re-
spoméive anJ germane to the problems of water system management over fime.
Exogenous inpufs, which are not part of the feedback Ioops;,rela‘i'e “i;o
information generated by other programs, bolicies, and research and de- ‘
- velopment efforts relative to similar or different aspects of water system
management . ' .

The sysTem in Figure VIIl-1 shows that information should be ob-
tained only when there is a defined need and the required information hés
been defined specifically. The acquisition of information because it is
easily obtained cannot, be justified by any program. An accbunTabiliTy
shouid-exfsT between what is obtained and what its utifity is.

The cyclic processes defined in the decision responsibtlity, and
design-capaci+y loops in Figure VIII-1 can function indepandent of each

other, a process which occurs when perception does not exist of the dif-
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ference befweenifhe decision responsibiliiies and decision capacify. This
sifuafidﬁ giveélrise to the circumstance in which the information required
to permit a program fo operata at a level germane fo its problems remains
undefined, with the net effect that the decision capacity of the program

is driven by available information ra%her-?han from defined information
needs. Such a situation can be self~perpefua+ing‘in the sense that as

The availab!efinformafion increases, and, because of the feedback loop in
Figure VIilI-1, it is possible To.con+inﬁe increasing decision capability
without any required reference to objectives. However, because this process
can‘proceeﬂ without a recognition of a growing gap in Information needs for
deéision responsibility relative to decision capacity, it is totally
fortuitous ThaT +he increase in decision capacity is relevanT to that
required to meeT deczs:on responsibility. | . )

The above discussion is closely related to whaf'appears to be the
current situation in the water system mon?gemenf program at NASA. Chapfer
‘VI! of this s+udy is an evaluation of avalilable information relative to
defined data needs required to make fundamental decisions about how fo
accormplish disinfection and corrosion control. It is épparenT in Chapter
Vil that thers fs a significant gap of information beTwéén what Is now
kndwn about the spacecraft water systems in which disinfection and cor-
rosioh‘bonfrol must be implemented and what information is needed. The
inforhaTion.gap exists in spite of significant information inputs from:
outside organizatlions and from other programs jnvolved in water system
managemenT,‘as well as from da?a coltection and evaluation process at
NASA. i -

in order to eliminate the information gep that hasrarisen in the
current mznagsment program at NASA a positive rédefinifion of objectives
and implementation procedures is needed If such a redéfini+fon is con-
sidered, 1t is recommended that the following be integrated info program
- policy at NASA. '

(1) Policy
. a. No water system, the management of which is vested in one
" responsible divisfon, should be approved for 'use in a space-
craft without the approval of the responsible.division.
b. All objectives and policy developed_wi+ﬁin the divisicn at

NASA responsible for water system management should be re-

VIHt-3



vfewed and approved by the entire NASA organization before

: Becoming par+ of the body of poiicy of the responsible '

division. Planned actions on the part of any division

'_impingfng on water system management should bé reviewed

 by the responsible division before being carried out.
{(2) General Objectives
a. ;All water-oriented Jpacecraff systems- should be planned
.deS)gned, and operated fo maximize preservaflqn of com-
pdnenf integrity. .
b. The health of the crewman should be proTecTed,agains+ in=-
| fecfioh or toxicatlon to the extent that is accepted in the
. terrestriagl environment, _
¢. The aesthetic quality of the water supply should be pro~
tected at levels commensurate with the duration and type of
mxssuop ‘ . )

(3 SpeC|f|c ObJec+|vef ' : j) 7

a. A water system concept submitted to NASA for approval should

 be accompanied by the folICW|ng documen+a+|on

|. Documentation of mass transfer and conversion processes

o operafivé in Thé system, including descfipTiOn of -mech-

énisms of concern, ré[affonships to be used in predicting
system behavior, and calculations indicating that system
performance is commensurate with water system standards
of the responslible division.

2. Documentation of the operating and moniforihg req&ire—
ments .to achieve performance levels in the system com=

« .. mensurate with water system standards. | |

3. }denfificafion“of areas where inadequate technology exists
to define the mechanisms and relationships governing ex-
pected process behavior,

b. A set of water system standards should be develcped to ensure
tThe protection of system infegri+y; health of asfronaufs, and
aeéTheTic gual ity of the supply. The rationadle and enginearing,
medical, toxicological, and other criTeEia for esgh standard

. should be documented; arcas where informaffon is inadequate

to define the rationale for a standard should be identified,
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c. A statement of research and development priorities should be
developed and updated as the cornerstone instrument for de~
" veloping, through internal or external effort, the Techhology

required fo develop objective statements and implementation

procedures for water system inanagement.
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| * APPENDIX A -
= . GLOSSARY OF TERMS

Symbol| SRR -:bescrip+ion and uniTs'(LendTh Mass, Time)

v Volume of solution containing reactant (L )
A Surface area of membrane or exposed metal (L )
X CpncenTraTion

(a) Subscripts

XI ~- Initial concenfraflon (M/I

 -X2 - final concentration (M/LS)
‘XS ~ sorbed éoncenfrafion per unfT areé of
' " membrane (M/L )
. XA - sorbed concenTraflon per unit volume of
- membrane (M/L )
_ XL - liquid equ;llbraum concenfraflon (M/L3)
(b) *Subperscrlpfs ';.
- XM'= max imum valle
XI = jodine (I ‘
'XV-= concenfraflon a? ?esf cell voluma V
7 XO = oxygen (O )
K ':‘ ' ~ Reaction Constant

(a) Subscripts

_ . Ké'A - Substitution reaction constant per - unit
- L o area of membrane (1/T)

 Ksv - substitution reaction constant per unit
volume of membrane (I/T) . :

LRI o -KC—A = Conversion reaction constant per un|T
area of membrane (L/T)

Kb-V - Conversion reaction constant per uhTT
" volume of membrane (1/T)

(b) 'Superécripfs
K> - silastic

K - bolyisoprene

=
|

polyurethane

o

aluminum

A~
1

stainless steel
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= . . APPENDIX A (Continued)
GLOSSARY OF TERMS

- Symbo! o 1 Dascription and Units (Length, Mass, Time)

0. ' o Tlmg (T)
' ' ‘(a) Subscripts
6, = initial time

| e; - final time ,

. D Diffusion Constant (L°/T)

.IS . Saturation Constant (M/L3)

-t Membrane Thickness (L)

RV " Freundlich Isotherm Constants
ip L ‘-' . Polarization current density
io' _ : Exchange current density
o ' Charge transfer coefficlent -~
n ; -”APojarizaTion gvérvoitage (E—E§0F1

- F . Faradéy:consfanf _

" R Univeréal}gés constant
T Temperature (absolute)

b - Anodlc Tefel constant

' b2 . Cathodic Tafel constant

' kc‘ Empjrlcal corrosion constant
'ECOE - Corrosion curr;nT
N Flux rate (M/L" - T)
km' Bac?ekta! inactivation constant
C N

Conversion rate (M/T)
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TABLE . B-1

UPTAKE DATA FOR BLANKS

Time

Date 8 Hrs I, mg/1 TI mg/1 Notes
4/12/69  1:30 BM  0.00 8.2 9.2
W12/69  6:45 M 5.25 8.3 9.0
4/12/69 li;OS-PM . 9.58 8.0 é.s
5/12/69 2:25 PM 24.92 7.5 8.5

8/12/69 10:30 AM 93.00 7.3 9.0

10/12/69 410 BM 147 7.7 8.3

,16/12/69 11:40 AM 286 7.30 -

18/12/69 11:20 AM 33 8.80
4/12/69 1:00 BM  0.00 14.8 15.0
4712/69 7:10PM  6.17  14.5 16.6
4/12/69 11:05 PM 10.08 14.6 16.0°

5/12/69  2:25 PM 14.8 15.6

- 8/12/69 10:30 AM 93.5 13.2 15.6

110/12/69  3:05 PM 146.0 14.8 1.0 .

| 16/12/69 11540 AM 286.0 11.6 -

18/12/69 11:15 AM 334.0 ' 1é.8_ 145

11/12/69  1:00 PM 0.0 33.5 36.5°

16/12/69 11:40 AM 119 33.4 -

'18/12/69 11:10 aM 166 31.4 32.0




SILASTIC MASS TRANSFER TEST DATA:

- TABLE B-2.

NO PRIQE IODINE CONTACT

‘Date Time § Hrs I, mg/1 Ti“mg/l Notes
-4/12/69 12:30 PM 0.00 34.0 “:3;;0 Mass'Transfer Bégun
4/12/69 6145 PM 6.25 26.7 28.3

4/12/69  10:30 PM 10.00 22,7 2520

5/12/69  2:25 PM 26.0 12.6 13.3

5/12/69  10:30 PM 34.0 8.6  12.0

6/12/69  6:45 PM  54.25 3.7 4.8
7/12/69  5:00 BM 76.5 145 -

8/12/69 11:00 AM 94.5 0.5 2.0 13
10/12/69 3:05 P 147 0.300 2.07 -




TABLE B-3

SILASTIC TEST DATA: FOUR DAYS

UPTAXE PLUS MASS TRANSFER

P

. 22.6°

Date "T;mé .8 Hrs L, mg/1 TI ng/l Notes .
4/12/69  1:i%0 P 0.00 8.2 9.2
8/12/69 12:10 M 94.67 . 5.8 6.8 ﬁgss Transfer Begun
8/12/69 50 PM  99.67 6.2 6.5 |
8/12/69-  9:10 PM 104 5.2 -
9/12/60 10140 MM 117 3.1 45
- 9/12/69 .:9:30 P 128 3.0 -
10/12/69  5:10 PM 148 1.4 2.1 ;
4/12/69  1:00 PM 0.00 14.8. 15.0
8/12/69 12:10 PM ‘95‘ 11.2 11.6 Mass Transfer Begun
§/12/69  5:10 PM 100 10.8 12,0
éf12/69_' 9:10 PM 104 8.9 -
9/12/69  10:40 AM 118 5.4 7.0
9}12/69 T9:30 PM 129 boh -
10/12/69 = 5:10 PM 148 2.6 '_'2.9
4/12/69 1230 BM  0.00. - 34.0 39.0
5/12/69 11:40 AM  23.17 32.0 36.5
8/12/69  10:30 AM 94,0 29.3 33.0
8/12/69 12:10 PM  95.67 34.5 40.0  Mass Transfer Begun
8/12/69  5:10 PM 101 27 28
8/12/69  9:10 105 -



. 'TABLE" B-3 (Continued)

STLASTIC TEST DATA: FOUR DAYS
" UPTAKE PLUS MASS TRANSFER

_‘ Time 9 Hrs I, mg/l = TI mg/l

‘Date Notes
1 9/12/69  10:40 A_ﬁ 118 - 13.4 15.6

o/12/69 9:30 P 129 9.9 -

1b/12)6§ ©s5:10 BN '_'149 R 6.3
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. ... TABLE B~4

SILASTIC TEST DATA: TWELVE DAYS

UPTAKE PLUS MASS TRANSFER

“Time -

5.8

.Date 9 Hrs . I, mg/l  TI mg/l Notgs'
4/12/69  1:30 BM  0.00 8.2 9.2
4/12/69  6:10 PM  4.67 7.8 - 8.3
4/12/69  10:30 M 9.00 7.5 " 8.4
5/12/69 145 PM 24.25 7.8 8.5
' 8/12/69 10:30 AM 93 6.2 6.8
10/12/69  4:10 PM 147 6.4 6.7
‘16/12[69"'11:55 AM 286 5.00 - | ,
16/12/69 445 PM 291 5.00 6.90  (291.25 Mass Transfer
_ 7 _ o Begins) makeup added
16/12/69° 10:15 PM 297 4.3 5.8 i
17/12/69  11:30 AM 310 2.15  3.25
18/12/69  11:20 AM 334 _0;93 2,07
4/12/69 1:06_PM 0.00 14.8 15.0
4/12/69  _7:10 PM  6.17 13.8 15.6
 4/12/69  11:05 PM  10.08 13.6 15.6
5/12/69  2:25 BM  25.25 13.0 14.8
6/12/69 6145 PM S3.75  -12.6 13.5
7/12/69  5:00 PM 76.00 12.6 -
. 8/12/69 -10:30 AM  93.5 11.6 _13;0
10/12/69  12:05 Pﬁ 143 12.5 14f6
16/12/69 11:35 AM 287 9,80 -
'16/12/69 . 4:45 PM 292 9.60 12.80 . (291.75 Mass Transfer
_ ‘ Begins) Makeup added.
16/12/6%  10:15 PM 297 4.3 o



. TABLE B—&I(Continued)

SILASTIC TEST DATA: TWELVE DAYS

UPTAKE PLUS MASS TRANSFER

©.18/12/69

11:10

‘Date Time ® Hrs I2 mg/l TI mg/1 . . Notes
1?/£2/69. 11:30 A4 311 4.0 4.5
18/12/69 11:15 AM 334 1.7 2.9
4/12/69 12:30 PM  0.00 34.0 39.0
4/12/69  6:45 M 6.25 31.3 32,7
4/12/69  10:30 B 10.00 30.7 35.0
§/12/69 . 1:45 PM  25.25 31.5 36.0
8/12/69 10:30 AM - 94.0 25{0 27.3 R
- 10/12/69 C12:05 PM 144.0 28.8 | 54'.6 ' _' _/" -
| 16/12/69  11:35 AM 287 25.00 - o
16/12/69 ~ 4:45 PM 202 25.00 33.40  292.25 Mass Transfer
- _— o : Begins
'16/12/69  10:15 PM 298 '20.6 23.4
17/12/69 11:30 A 311 10.8 10.8
AM 335 4.5 7.0
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. TABLE B-5

POLYISOPRENE UPTAKE TEST DATA

‘Date Time 8 Hrs I, mg/1 TI mg/l Notes
23/12/69  3:40PM 0O 7.4 7.9

23/12/69 10:15 PM 6.5 2.8 3.2

24/12/69 10:30 AM 19.0 - 0.21

19/12/69 12:00 PM 0O 6.8 ‘Co from 17/12/69 .
21/12/69 3:00 AM  39.0 4.5

21/12/69  1:30 AM  37.5 0.3

22/12/69  3:20 PM _ 75. 0 4.55 | %

. ‘ h !l‘

1 23/12/69  3:40 PM O T 16,2

23/12/69  10:15 PM 6.5 10.2

24/12/69  10:30 AM  19.0 5.1

25/12/69 - 7:00 PM. 57.0 0.59 6.8

19/12/69 12:00 PM 0 11.8 = Co for 17/12/69
21/12/69  1:30 AM  37.5 0.3 - |

21/12/69  %:00 &1 39.0 - 7.04

22/12/69 - 3:10 PM 75, 0.2 7.35

19/12/69 12:00PM O - 30.00 31.70

21/12/69  1:30 AM  37.5 4.0 13.0 ;
22/12/69  3:10 PM  75.0 .46 12.0

29/12/69  10:15 A 238 0 13.5

B-7



o ;TABLE. B-5 (Continued)

' POLYISOPRENE UPTAKE TEST DATA

Date  Time ] & Hrs I, mg/1 TI mg/1 Notes
30/12/69 11;007AM 0 28.0 - 35.0
30/12/69  5:20 BM 6.5 15,0  24.0

_ 3i/12/69 6:30 M 31.5 | 2.90 -

1/1/70 12:00 M 170 0 - 14.3

30/12/69 11:00 &% 0 67.0  73.0

' 30/12/69 ‘5:20 PM 6.5 8.2 sL.s
E 431/12/65 | | 31,5 126 22.4

6/1/70 12100 BM - 170 . '

6/1/70 170 - 14.3

| 30/12/69 11:00 &1 0O 9. . 95.0
30/12/69 5:2¢-PM 6.5- ~ 67.5 o 83}0
31/12/69  -6:30 PM  31.5 14.4 29.0
' 6/1/70  12:00 PM 170 0 19.0 .




" TABLE B-6

i

‘POLYISOPRENE MASS ‘TRANSFER TEST DATA

Time. - 8 Hrs I, mg/1 TI me/1

22712769

Date Notes
19/12/69 12:00 PM 0 30,00 - 31.70
21/12/69  2:30 AM  38.5 3,40 :

3:30 PM © 75.0 - 0.30 6.0

- B-9



__TABLE B-7

VITOH UPTAKE TEST DATA

Date Tim_é 8 Hrs 12 mg/l  TI mg/l .Notes
23/12/69  3:45 PM  0.00
23/12/69 10:15 PM 6.5 2.0 35.7
24/12/69 10:30.PM  18.75  27.8 .  32.65
25/12/69  7:00 BM 51,25  31.8 | -
26/12/69 - 4:00 M 72.5 323 34.3
20/12/69  10:15 AM 138.5 30.0 30.7
5/1/70 _11:30 AM 308 . 25175-, 34.75
6/1/70 11:00 AM 331 8.5 . 36.0
30/12/69  5:20 BM 169.5°  29.5 35.3
31/12/69 . 6:30 PM 194.75  30.6 37.4

B-10



VITON MASS TRANSFER TEST DATA

" TABLE B-8

r

194,75

. Date Time ' 9 Hrs I, mg/1 TI mg/1 Notgs |
23/12/69 ‘3:45 PM 0
23/12/69  10:15 PM- 6.5 32}0 | 33.3
24/12/69  10:30 AM ~ 18.75 '31.3 31.7
26/12/69  4:00 PM  72.25 32.7 35.3
24/12/69 10:15 AM 138.5 - 27.0 32.7
'5/1/70  11:30 AM 308 29.5 355
6/1/70° 11:00 AM 331 29.5 36.0
30/12/69  5:20 Pu 1169.5' 29.5 3.3
. 31/12/69  6:00 PM | 28.2 36.0

B~11 -



TABLE B-9

POLYURETHENE UPTAKE TEST DATA

"Date - Tim.e - 8 Hrs I, mg/i TI mg/1 | " Notes
30/12/69 11:00 &M 0 | 28.0 35.0

30/12/69  5:20 BM 6.5 20.5 223

31/12/69  6:30 PM - 31.5 . 12.5 17.4
5/1770  11:30 AM 145 0.3 10.8
6/1/70. 11:00 AM - 169 . . 3.8 1i.o - e

B-12



TABLE B-10

R 4

= ; 'POLYURETHANE MASS TRANSFER TEST DATA

Date . Time ¢ Hrs I, mg/l  TI mg/l Notes
30/12/69 - o 28.0 35.0
30/12/69  5:20 PM  6.5 718.7 - .20.0

31/12/69  6:30 PM - 31/5 . 12,6 '16.2

5/1/70 11:30 AM 145 4.3 10.4

6/1/70  11:00 aM 169 4.1 - 10.5

B-13



~ APPENDIX C

CALCULATIONS FOR MEMBRANE STUDIES



TABLE C-1

. IébTHERM CALCULATIONS FOR SILASTIC SORPTION OF TOTAL IODINE

From Figure C~1, for

the Langmuir |sotherm;

t: _XS = 35 = 0.130, mg/sq cm
and: $ = .130 x 58.5 = 7.6 mg/|
: S 0.130 XL :
- then: X, = 3— TR,

__x];xL : X, %_ X %_
(mg/ 1) {mg/sq em) S - {mg/1) L
TUTss Lo ©9.09 35 .0296
| 2.5 0785 12,7 'f 12.8 .0781
‘200 o628 5.9 6.8 147
Given: |
11+ S
i Xs = X4 X X,
Aéhd:
A =29.2 5q cm
veoo2L

Nofe; Défa éor.X] -

XL from Figure V-3



TABLE C-2

ISOTHERM CALCULATIONS FOR POLYISOPRENE SORPTION OF TOTAL IODINE

X X T X X = '%f
{mg/1) . A{mg/1) “{mg/sq em) L .S
43 36 . 013 0.233 '8.84
7.2 .0 0.282 043 . 353
132 185 0.582 0.0757 172
14,3 587 184 0.0700 0.542
19.0 76.0 2.38 . 0.0526  0.418
Glven: . o e
X = kex F
énd: .
A =29.2 sq cm
| V=0921L
From Figure C-3.
ng =175
ke'= 0.0089
x> = 0.0089 X, 1.75
.

- C-2
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~ SORPTION OF TOTAL IODINE
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. FIGURE C-2

LANGMUIR iSOTHERM FOR POLYISOPRENE
. SORPTION OF TOTAL IODINE

10 p——T—T— T T T T T T T T
9 -
8 h
7 - -
sk /_1
+  F -
w|©
2|c ~ -
- |lw
~_~ 4} -
| S| .
3 B ]
3 F | ]
— . NOTE: -
sk . - NEGATIVE 'Y-IN_TERCEPT |
I -
0 o S N N B ‘| N T
0 05 J_O J5 .20 25 30 |

% ('T)



-FIGURE C-3

’ F'REUNDLICH ISOTHERM FOR POLYISOPRENE
'SORPTION OF TOTAL IODINE
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~ APPENDIX D

CATHODIC POTENTIOMETRIC CURVES



- 1.00

APPLIED CATHODIC CURRENT
(MICROAMPERES / CM2)

0.751-

0.25 |~

ELECTRODE — —~ A

 BUFFER — — — — 120 MG/L NaHzPO } PHE5
' D.O.SATURATION= 25°C |

CATHODIC POLAR\ZATION CURVE - ALUMINUM/ BUFFER
" CELL NO.——=— 1 - |

OVERVOLTAGE- 72 CATHODIC (MILLIVOLTS)

ZERO TIME~, _ >
. —— ZONE DAY;I3 DAYS
R S - ol
| , . — 14 DAYS
5 10 5 20 25 30 35 40 45

50

A Tpinod




~ CELL NO.——~— — |

' ELECTRODE = —~=— C -
BUFFER — — — — 120 MG/L NaH,PO,s PH 65
D.O.SATURATION=' 25°C .

1.00[ 'CATHODIC POLARIZATION CURVE ALUMINUM

14 DAYS

APPLIED CATHODIC CURRENT
(MICROAMPERES // CM2 )

13 DAYS -

ONE DAY

..

5 10 5 20 25 30 35 40 45 - 50
OVERVOLTAGE - /7 CATHODIC (MILLIVOLTS)

| AR I SRR

2-0 380914



| 1.005- CATHODIC POLARIZATION cunvz ALUMINUM/BUFFEI? o
- CELL NO.— —— — | | -

~ ELECTRODE—=--— D S
- DO. SATURATION— 25°C S

075

CURRENT :

(MICROAMPERES /' CM%)

0.50

APPLIED CATHODIC

0.25]

ONE DAY

ol { R R & jh.! R .I L :
0 20 30 40 50 60 70 80 90 100
OVERVOLTAGE- % CATHODIC (MILLIVOLTS) |

e~q 3YNOI4



‘_ 1.005- |
" ZERO TIME

075§

050 §~

APPLIED CATHODIC CURRENT -
(MICROAMPERES / CM?)

0251

SIX DAYS

L ! | L 'w"',""‘l-‘

~ CELL NO,~—=——2
" ELECTRODE——— A

0 20 30 40 -5 o
OVERVOLTAGE~ 77 CATHODIC (MILLIVOLTS)

50

60 70 80 . 90 100

' CATHODIC POLARIZATION CURVE-—

ALUMINUM/CHLORINE /BUFFER

BUFFER — ——— — 120 MG/L NaH,PO4;
PH65 6mG/L cL, -
DO. SATURATION— 25°C - .

~FOUR DAYS -

b-a 3MN9I4




APPLIED CATHODIC CURRENT

150§~

(MICROAMPERES /" CM? )

200 i—

o
W
O

100~

_-ZERO TIME

| CATHODIC POLARIZATION CURVE ALUMINUM/CHLORINE/BUFFER
CELL NO,———— 2 . |

ELECTRODE———B

BUFFER —— — — 120 MG/L NaH2P04.PH 65 6MG/L CL2 3

D.C. SATURATION— 25°C

~ FOUR DAYS—

SIX DAYS

h el e g o1 ..'_.. e e --- -- '-'ru---"v'- L) 4 vad - o . R 5 -. - . . L
~ OVERVOLTAGE- 77 CATHODIC (MILLIVOLTS) .

G-Q 34nold .



APPLIED CATHODIC CURRENT

(MICROAMPERES /" CM? )

2.00
150

100

o
wm
O

CELL NO.=——— 2

.~ ELECTRODE ———-(C . | o
~  BUFFER —— — — 120 MG/L NaH2P04 ; PH 65 SMG/L CLz
D.O.SATURATION= 25°C |

 ZERO TIME-

FOUR DAYS -

~SIX DAYS

T T STy Y

0' .-.. urgremery IO "y _.“..._ i ... ,...-, - Ty .._‘..,..-....., ~ . Py H P ,.--.._‘ .. L ___ e —...,.. ....- 'y

OVERVOLTAGE=- 77 CATHODIC (MILLIVOLTS)

"  CATHODIC POLARIZATION CURVE ALUMINUM/CHLORINE/BUFFEF?

9~ 34N914



APPLIED CATHODIC CURRENT

(MICROAMPERES / CM? )

2._00!—

150 -

o

8y

&
T

ook

'CATHODIC POLARIZATION CURVE ALUM[NUM/CHLORINE/BUFFER
CELL NO.=-=—— 2 ,

ELECTRODE ——— D

'BUFFER —~— — — 120 MG/L NaH3P04,PH 65 6MG/L Ly
 D.O.SATURATION= 25°C

&
—FOUR DAYS

SIX DAYS

OVERVOLTAGE~- 77 CATHODIC (MILLIVOLTS)

/-G 330914



APPLIED CATHODIC CURRENT
(MICROAMPERES / CM2)

o
™o
-

o
o
o)

0.15 |

o
o

i

- CATHODIC POLARIZATION CURVE ~ ALUMINUM/IODlNE
- CELL NO.—-——~— 3 . .
ELECTRODE — —— A

- BUFFER — — —— 12MG/L I .

D.0.SATURATION= - 25°C

'FOUR DAYS~

 OVERVOLTAGE - 77 CATHODIC (MILLIVOLTS)

ZERO TIME

_EIGHT DAYS -

S0

e TN BT s

8-a.34N914



100 ¢

 APPLIED CATHODIC CURRENT -
(MICROAMPERES / CM? )

o
'\J

Q.so o

025}

CATHODIC POLARIZATION CURVE-— ALUMINUM/IOD]NE

CELL

NO.——=— 3

ELECTRODE——-- B . =~
BUFFER — — —— 12MG/L I,
DO.SATURATION—' 25°C

-ZERC

SO

P

g “EIGHT DAYS
TIME -

FOUR DAYS

T o T T e ey g Ty L R Ty L T I e T T e T P O LA

100 - 200 - o 300 i
© OVERVOLTAGE - /] CATHODIC (MILLIVOLTS)

400

6-0 34N9Id



100 § ' CATHODIC POLARIZA!ION CURVE— ALUMINUM 10DINE

CCELL NO.—=—~— 3
ELECTRODE— —— C )
BUFFER —— —— 12MG/L I,
DO.SATURATION= 25°C |

0.75¢

O
W
O

APPLIED CATHODIC CURRENT
(MICROAMPERES /' CM? )

025¢%- - . A
| i . ,ZERO TIME -~ 7
ONAL

| _FOUR DAYS

™ | | { ‘
O il Y- } e e T e P S N TR S  T T T N

400

e ey 1 v i b i DL b1 T A e i o pe e g e L r ke

0 o0 200 ~ 300"
| OVERVOLTAGE ~7] CATHODIC (MILLIVOLTS)

2 1, T CHE

t - "S_EIGHT DAYS

0l-a 3Y¥No



RES,/ CM?)

APPLIED CATHODIC CURRENT

(MICROANP

l.OO{ CATHODIC POLARIZATION CURVE ALUMINUM/IODINE - O-—=-651

0.75
0.50 i~

0.25%

CELL NO.———— 4
ELECTRODE — —~ A

BUFFER — — — — 12MG/L I,
D.O.SATURATION* < | MG/L~ 25°c

~NINE DAYS

OVERVOLTAGE - 72 CATHODIC (MILLIVOLTS)

- 38Nol4



APPLIED CATHODIC- CURRENT

0.75

(MICROAMPERES / CM?)

.00

0.50

0.25

'

]

TN e N T R T T, ORI,
|

—r

j.

i

~NINE DAYS

o ALUMINUM/ IODINE

. CELL NO.—— —— 4

- ~ ELECTRODE—— — A -
ZERO TIME - BUFFER———— — 12 MG/L Iz

FOUR DAYS

20 40 60 80 100 120 140 - 160 180 200
OVERVOLTAGE- ??CATHODIC (MILLlVOLTS) B

* CATHODIC POLARIZATION CURVE—.

- D.0. SATURATION — <IMG/L-25°C

I I N INUURN SN I N I !."_ljr'lg..»_l" | '-J-.

>1-g 33N914




CATHODIC POLARIZATION CURVE - ALUMINUM/ IODINE T -
CELL NO.—-——— 4 = _

ELECTRODE ~ —— D
BUFFER — — — — 12MG/L I, |
D.O. SATURATION= =1 MG/L 25°C

NINE DAYS —

FOUR DAYS

APPLIED CATHODIC CURRENT
(1ICROAMPERES /” CM?)

ZERO TIME -

bl 5
| O‘VERVOLTAGE 7 CATHODIC (MILLIVOLTS) |

oA nInont d



100

o
n‘J
>

[
3

MPERES /1 CM? )

APPLIED CATHODIC CURRENT . .
(MICROA

0.50 |-

CATHODIC POLAR!ZATION CURVE— ALUMINUM/ ODINE
CELL NO.—==—=— 5 -
ELECTRODE — —= D

BUFFER —— —— 6MG/L I, = =~ D—=591
' DO.SATURATION=" 25°C e T ? .

~ EIGHT DAYS

ZERO TIME

}

100 | 200 300 400

OVERVOLTAGE -~ 72CATHODIC (MILLIVOLTS)

P1-0 3HNNS



APPLIED CATHODIC CURRENT
(MICROAMPERES / CM?2)

o
o
O.‘

o
[3%)
W

Q.
N
o

0.5

0.0

0.0%

CATHODIC POLARIZATION CURVE ALUMINUM/ IODlNE
CELL NO.-=—=— 5§ <
ELECTRODE ~—— A -

BUFFER —— — — 6 MG/L I,

D.0.SATURATION= 25°C

FOUR DAYS~

'ZERO TIME

.,...‘-..p prywcx T ....-;..-.-. ...__.,.._ m-,...._,...u....—...u.,._.,.,..‘.-_..‘..A. Rl _. ..1. o .-_ A"
OVERVOLTAGE- 7 CATHODIC (MILLIVOLTS)

51-a 38N914



\ .l.OOg-

APPLIED CATHODIC CURRENT
(MICROAMPERES / CM®)

075 -

050

CATHOD]C POLARIZATION CURVE - ALUMINUM/IODINE

CELL NO.— ——— 6
‘ELECTROD_E——— c
BUFFER————— 6 MG/L" I,
D.0. SATURAT!ON—- 25°C

ZERO TIME

FIVE DAYS
N N T N N

. - -

T T

OVERVOLTAGE~ 70 CATHODIC (MILLIVOLTS)

ol-Q 3I4N9ld




100 CATHODIC POLARIZATION CURVE- ALUMINUM / IODINE
| . CELL NO.==—-=~— 6 . .
ELECTRODE—=—~- D . .
" BUFFER —— —— 6MG/L I,
DO.SATURATION= <IMG/L 25°C

|

0.75

P

O
: [8)]
. O ‘
R .

APPLIED CATHODIC CURRENT
(MICROAMPERES / CM? )

0.25

FIVE DAYS

D AR S T XTI X

OVERVOLTAGE - 7] CATHODIC (MILLIVOLTS)

Z1-a_ 39



APPLIED CATHODIC CURRENT"
(MICROAMPERES / CM2)

100

| 0.75

0,50

o
N
o

~ZERO TIME

CATHODIC POLAR!ZATION CURVE- ALUMINUM/ JODINE -
CELL NO.———— 6

ELECTRODE ~—— B R

"BUFFER —— — — 6 MG/L I, -

D.O.SATURATION= <I MG/L-25°C

FIVE DAYS

N T Ty o o
OVERVOLTAGE~ 72 CATHODIC (MILLIVOLTS)

. O—=139

‘Al A TMuAAL



: 0.4QE-' '

OEST'

o
ol
o

m

O
o
O

o

Ql5

0.0 E—

APPLIED CATHODIC CURREN
- (MICROAMPERES / CM? )
g |
M
O

- 0.05}

CATHODIC POLARIZATION CURVE— STAINLESS STEEL/IODINE

- CELL NO.——=—~— 7

ELECTRODE—~—-- A
BUFFER — — —— 12 MG/L I,
DO.SATWURATION— 25°C

FOUR DAYS~__ A D O

FIVE DAYS

ZERO TIME
- S N S S Fymmn" I —— IS —_m——s,s A.,‘. , _._. o _——
100 T 200 300

OVERVOLTAGE - 7] CATHODIC (MILLIVOLTS)

400

A= INAOI4




100

0.75

APPLIED CATHODIC CURREN
(MICROAMPERES // CM? )
| o
o
O

0.25

ELECTRODE — —— B

 BUFFER ~ — — — 12 MG/L 1,
- DO. SATUBAT!ON'— 25°C -

~ FIVE DAYS-

I e
OVERVOLTAGE - /] CATHODIC (MILLIVOLTS)

CATHODIC POLARIZATION CURVE- STAINLESS STEEL /IODINE
CELL NO.—~—=~— 7 .- o -

—_S—
400

02-0 3HNOI4



APPLIED CATHCDIC CURRENT

" (M

ICROALPERES / CM® )

B
O

|. ) .
'-‘J
- w
ERll w2 "i:hmiﬁu‘.

o
&)
O

" CATHODIC POLARIZATION CURVE—- STAINLESS STEEL/ IODINE
CCELL NO.—=—=—= 7 |

ELECTRODE — —— C

BUFFER — — —— 12 MG/L I, oo

DO.SATURATION=' 25°C

" FIVE DAYS—.

100 200 - 300 400
OVERVOLTAGE - 7] CATHODIC (MILLIVOLTS) |

ZERO TIME; FOUR DAYS .

12-0 F4Notd



.00

i

0.75

APPLIED CATHODIC CURRENT
(MICROAMPERES / CM? )
a
o
A

0.25

ELECTRODE——— A -
BUFFER — — —— 6 MG/L 1, .
DO.SATURATION-+ 25°C

-' ,.«w =y TR . | 200 .l . | e ot L .-._...m-.w men T AT A Tl
OVERVOLTAGE - 7] CATHODIC (MILLIVOLTS)

 CATHODIC. POLARIZATION CURVE~ STAINLESS STEEL/ IODINE
"CELL NO.==—~—~ 8 . | B .

22-0 38094



APPLIED CATHODIC CURRENT

-\l
_m' .i —

(MICROAIPERES /' CM2 )

025

CATHODIC POLARIZATION CURVE-— STAINLESS STEEL/ IODINE

CELL NO.—~=~—~— 8

- ELECTRODE——— B

BUFFER —— —— 6 MG/L I,
DO.SATURATION— 25°C -

- ZERO TIME~

OVERVOLTAGE - 7] CATHODIC (MILLIVOLTS)

400

c2-0 N9



100 CATHODIC POLARIZATION CURVE— STAINLESS STEEL/IODINE

| CELL NO.—~—— 8 . |
'ELECTRODE ~ —=— C- -
 .BUFFER —— —— 6MG/L I,
DO.SATURATION— 25°C |

075

1

T

 TEN DAYS

FIVE DAYS

APPLIED CATHODIC CURRENT.
(MICROAMPERES / CcM2)

0.25 -

'ZERO TIME-

0 100 . 200 | - 300 - . 400
B 'OVERVOLTAG.E— 72 CATHODIC (MlLUVOLTS) ‘ |



100 ¢

APPLIED CATHODIC CURREN
(micrRoAMPERES / CM2 )
1
O
i

025

CATHODIC POLARIZATION CURVE— STAINLESS STEEL/IODINE

CELL NO.—=-~—~ 8
ELECTRODE — —— D

BUFFER — — —— 6 MG/L 1,
DO.SATURATION= 25°C

TEN DAYS

FIVE DAYS~

IR T
OVERVOLTAGE ?ZCATHomc (MILLIVOLTS)

400

Gz-0 3IMNOI4



APPENDIX E

CORROSION ELECTROCHEMICAL RAW DATA



. TABLE E-1 -

" CORROSION ELECTROCHEMICAL RAW DATA

4;0

295.0

Experimental Sampling Corrosion Applied a c
Cell Date @ Electrode Potential (mV) (Current Ma) (mV) (mV)
1Al 9 Dec A -508 0.5 8.2 22
'gi??tr . 1.0 10.0 40
i 2.0 .. 25.1 =~
B -523 0.5 35.4  27.6
| o 1.0 69.9 46.6
c. 568 - 0.5  10.5 5.4
' .1.00 ' 21.6 10.3
| 2.0 39.2 18.5
S D -558 0.5 . 16.6 22.7
" 10 Dec. A =328 0.5 2153 41.5
B -320° 0.5 409 83.1
. c -318 . 0.5 - 17.7  35.5
| D ~362 0.5 32.4  56.7
22, Dec. ‘A -308 0.5 47.0  41.5
| B . -301 0.5  .33.0 35.0
c ~253 0.5 76.0 44.5
| D -308 - 0.5  55.4 34.6
© 23 Dee. A -271 0.5 50,0 49.0.
B - -330 . 0.5 25,0 22.0
| | 1.0 54.0 - 43.0
N 2.0 125.0 72.0
L 4.0  308.0 -
c -229 0.5 107.0 36.0
D -329 0.5 15.5  35.0
. 1.0 . 46.0 55.0
2.0 159.0 83.0

F-1



. TABLE E-2

" CORROSION ELECTROCHEMICAL RAW DATA

- Experimental "Sa'mpling : Corrosion Applied a c
- Cell Date _ Electrode Potential (mV) (Current Ma)} (mV)  {(mV)
22 Al ct, = 9 Jan. A =392 05 5 5
6.0 mg/1 T B 10
weoct N ¢ 14 17
ecy, - | | 4.0 23 . 40
0y =8.4mg/l A 396 0.6 6 6
ST =25°C . c - -388 0.6 4
SR - - 1.0 4 10
o | 3.0 20 26
. . 6.0 38 56
SRR .. 1.0 58 95
b -406 0.6 |
- 1.0 3 8
3.0 18 27
6.0 3% 53
© 10.0 52 91
| | _ 15.0 . 73 131
13 Jan. A . 460 1.0 10 12,
- e 3.0 32,5 41
| 6.0 53 72
R : . . w0 74 117
s R S 15,0 99 . 169
| . 200 120 . 213
B ~481 - . 1.0 17 15
| | 3.0 46 . 41
6.0 - 79 76

0.0, 112 119
15.0 @ 139 181
20.0 ... 13§ 236



TABLE E-2 (Con't)

CORROSION ELECTROCHEMICAL RAW DATA .

- Experimental Sampling Corrosion Applied a c

.- Cell  Date Electrode Potential {mV) (Current Ma) mv)  (mV)

AL/€L, ©  13Jan. G =469 10 1 12

Buffer = - S 2.0 | 30 26

8.0 mell | o ET 30 3939
@ ci, - : D. =~ -499 : 1.0 20 6.5

0, = 8.4 mg/L 2.0 3519

| - | . ‘3.0 54 31

T=25C  15Jan. A . -49% . L0 16 15

| ' - 3.0 43 4l

6.0 77 77

'10.0 110 121

R . 15.0 127 ‘178

B =540, 1.0 16 13

| | 3.0 47 43

6.0 100 85

10.0 155 136

o 15.0 186 209
¢ eslz . 10 15 15 -

- | 3.0 47 43

6.0 91 82

10,0 - 128 130

o 7 15.0 -

7 D - -.-530 10 © 1 15

R 3.0 47 46

6.0 9 . 86

10.0 137 137
15.0 170 205




TABLE E-3

CORROSTION ELECTROCHEMICAL RAW DATA

Experimental Sampling Corrosion Applied

e

Cell Date  Electrode Potential (mV) (Current Ma) (ms) (mV)-
Al/I, - 19 Dec. A =572 | 0.5 - -
12 ma/1 L, | - | |
B -538 0.5 92.0 .69.2
0y = 8.4 mg/ c ~558 0.5 ~ 125.0 95.0
T = 25°C D 571 0.5  48.5 40.0
| 23 Dec. A ~559 0.5 69.0  60.0
- B =568 . 0.5 108.0  71.0
¢ 571 0.5  142.0 109.0
i) - -577 0.5 62.0  39.0
| 1.0 - 80.0  72.0
| 2.0 199.0 156.0
27 Dec. . A ~619 0.5 76,0 69.0
| B -623 0.5 95.0  80.0
| 1.0 .225.0 141.0
2,00 478.0 . 247.0
- - 3.0 5810 339.0
c . -630 0.5 . 168.0 120.0
5 S | 1.0 360.0 180.0
R 2.0 511.0 300.0
- _ ' o 3.0 576.0 410.0
L D -687 0.5 43.0  37.0
T - 1.0 107.0  71.0
I _ | 2.0 248.0 131.0
" 3.0 390.0

170.0

E~4



 TABLE

E-4

CORROSION ELECTROCHEMICAL RAW DATA

Experimehtél Sampling

Corrosion Applied a c
“Cell Date Electrode Potential (mV) (Current Ma) (mV) (mv)
AL/T, 26 Dec. ~522 0.5 17 23
12 ngt L B ~514 0.5 17 19
0, </ng/1 ¢ 55;3 i 0.5 17 19
- 1.0 34 30
T =25% 2,0 76 71
N 4.0 158 152
_ D -540 0.5 18 = 21
30 Dec. A T «496 0.53 9 18
"B 2507 0.53 12
1.0 18 - .20
2.0 40 ;34
, 3.0 68 49
C. 448 0.53 . 14 8
D ~453 0.53° 13 10
| ' 1.0 25 18
2.0 49. 38
3.0 78 . 57
4 Jan. A -438 0.5 2 16
) 1.0 -3 29
2.0 -1 44
4.0 1% 70
B -540 0.5 6 4
| 1.0 13 13
2.0 18 27 -
o 4.0 40 46
c ~508 0.5 6 8
| 1.0 . 9 18
2.0 ' 16 31
4.0 42 54



—___TABLE E-4 (Con'd)

= * CORROSION ELECTROCHEMICAL RAW DATA

Experimental Sampling Corrosion Applied a e
Cell '~ Date Electrode Potential (mV) (Current Ma) (mV) (mV)
AL/, - 4 Jan. D =507 | 0.5 5 6
12 mg/1 12 - _ . Lo 12
' 4.0 40 . 44

T = 25°C




- TABLE E~5

CORROSION ELECTROCEEMICAL RAW DATA

Experime'ntalr -Sampling | Corrosion Applied a c .
~ Cell Date - Electrode Potential (mV) (Current Ma) (mwV)  (mV)
#5 AL/, 19 Dec. A 567 0.5 81 64
6.0mg/1 1, B -540 - 0.5 | 183 141 -
o, - 8.4 g/l c -458 0.5 39.7 745
T = 2500 | D =475 0.5 35.5 34
: 23 Dec. A ~549 0.5 84 70 -
B =511 0.5 180 146
c . -432 0.5 43 55
D -481 0.5 28 32
. 1.0 - 58 49
o | 2.0 119 101
.27 Dec. . A -529 o5 90 77
B o-3390 0 o5 112 84

1.0 192 153

2.0 279 331

: 3.0 368 591

e 403 0.5 34 33

| o 1.0 - 69 65

- - | 2.0 158 117
- I , | 3.0 216 167

D . -498 0.5 22 16

. | | 100 43 37

| 2.0 98 95

3.0 131 101




.TABLE E~-b

" CORROSION ELECTROCHEMICAL RAW DATA

Experimeﬁtal Sampling ' Corrosion Applied a - ¢

Cell Date. FElectrode Potential (mV) (Current Ma) (mV) -(mV)

#6 AL/I, 19 Dec. A’ =311 0.5 - 176 295
6.0.08/1 1, B ~222 0.5 89 7.0
0, <1 ng/1 c -311 05 5.0 7.0
e 25 D 290 0.5 5.0 12,0
. o . 1.0 15.0 27.0

24 Dec. A —481 0.5 59 46

B 531 6.5 31 38

c 551 0.5 29 30

D - ~522 0.5 38 51

EE ) 282 329

| 2.0 417 433

© 29 Dec. A =59 0.5, 98 70

IR 1.0 210 117

2.0 447 201

o o 3.0 585 143

B -606 0.5 43 30

| T 1.0 83 56

S | - ' - 2000 187 94

o o | 3.0 281 139

c  -609 0.5 28 22

| 1.0 64 38

T 2.0 140 75 .

. - 3,0 218 118

D -570 0.5 ~ 78 55

1.0 160 89
2.0 . 374 158
3,0 ., 489 213




* CORROSION ELECTRNCHEMICAL RAW DATA

' TABLE

E~7

Experimehtal Sampling

Corrosion

Applied

a

(mV)

" Cell Date - Electrode Potential (mV) (Current Ma) (mV)
5. Steel 22 Dec. A +481 0.5 352 302
12= 12 o B +548 0.5 349 377
0, = 8.4 mg/1 ¢ +502 0.5 311 303
T = 25%C - _ D +516 0.5 315 312
' : 26 Dec. A +HA77 0.5 343 272
B +524 0.5 364 368
c +501 0.5 319 299
. D - - - -
27 Dec. . A w451 0.5 362 283
B +498 0.5 371 7356
> h 1.0 432 397
- 2,0 512 436
R 3.0 570 454
c 473 0.5 324 - 298
| 1.0 383 367
2.0 449 405
- | 3.0 501 432
‘ D 4498 0.5 316 310
1.0 368 369
2.0 422 . 419
" 3.0 451 - 447

E~9



Z  CORROSION ELECTROCHEMICAL RAW DATA

" TABLE E-8

' ExPerimental;Sampling

Corrosion

Applied

a

- 'Cell Date -Electrode Potential (mV) (Current Ma) (m¥V) (V)

S. Steel/I, 19 Dec. = A .- +389 ‘0.5 333 222
6 g/l 1, B 1.0 405 258
0, = 8.4 ug/1 B +419 0.5 312 239
T g5 . K ¥362 0.5 32 205

- | ‘1. +402 0.5 325 -

24 Dec. A +499 0.5 301 257

' B +479 0.5 273 262
c - +438 0.5 293 253
' 1.0 348 291
o | 2.0 401 326
| D 44k2 0.5 288 260

.29 Dec. A +451. 0.5 321 255

| L | 1000 377 302 .

“2.0 419 - 332
. 3.0 447 353
B +462 0.5 299 264

S 1.0 344 302
) 2.0 394 337

| | . 3.0 . 417 353
. C 421 0.5 325 . 249
o | 1.0 373 286
¥ 2.0 419 320
- 3.0 441 341
D +442 0.5 305 263
| 1.0 - 359 317
2.0 400 341
3.0 431 369

¥

E-10
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APPENDIX F

“° MATHEMATICAL BASIS FOR THE GRAPHICAL ANALYSIS
EMPLOYCD IN EVALUATING THE TODINE LOSS RATE ON
ALUMINUM AND STAINLESS STEEL SURFACES

The dlsappearance of I upon reaction at The metal surface mey be
treated as though it represenfs a flux, N. (mg/cm /day) of 12 across The
surface. At 25°C and afmospherlc pressure, N is a function of:

(1 General_characfer[sflas of the barrier including:

ta) substance | '_

(b) gurface'preparaTion ' reactant surface area, A.

() previbus chemical exposure '
(2} The lz-concenfrafion, X1
(3) The cell volume, V. _
The cell volume is included in the above list since It is evident that

the bulk transport of 1, to the metal surface could be dependent; dependency

could be. reduced by Thezsmali velumes and stirring uTifized In these exper{—
menfé, The simplest function to evaluate irvolving the above conside}afions
‘include: o S o o ) _
o N=kxb | B A
where k is a rate constant embodying the Thermodynamic.acfivify coefficfenT
% fér I2 as wel!l as the ?arrier chéracferisTics described. above. |
ExperlmenTain, X' is a time dependent variable whereas V is a step
- function (because of Sample removal) over time.
Thus, from equation 1:

Sy L dxy
| T | |
Combining Equations F-1 and F-2 and integrating over the interval 9, = 0 Yo

(F-2)

eé, with VI censtant:
S I i _
kA _ 1910 %pmleg X e
2.303 6, - 8, , , o
. Thus, as long as V is consfanf, a semilog plot of Xl Qs g wift be
linear and the slope of this 1lne will determine k. Since Samplés are

perfodically removed from the test cells, volume is a step function of
time and a semilog plot of XV vs. 0 is as schematically repreéen%%d in
Figure F-1 where: Xivi denotes the test cell lodine concentration at a

tast cell volume of VI and at time Bi.



.Aléo presented in ngure F~1 are the correction factors for éach step
volume adjustment so that the best liné of £it 1s represented by line, L.

Theoretically, k could be defermined'over each segment separafély;
variations in analytical precisfon produce large differences In k values
de*ermined indiyiduatly._ Howaver, a plot of -the sequence:

v

g 1oy )

7::91? Iog10 (X1) O,
, _ v
62, Iog10 (Xz) T+ (VO—YI) log X.

A v ' -
93, loglo (X3) 2+ (VO—V]) log X1.+ (Vz—Vl) log %2 _

‘

will be preclsely'cofinéar. 1t should be noted that the correction terms

‘become smaller with time.



I

" |ODINE CONCENTRATION X AT

»

1066 (X2

- TEST CELL VOLUME V;

SCHEMATIC OF X' VARYING ON TIME WITH
V CHANGING  PREDICTABLY

- -
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APPENDIX 6

CRITIQUE OF BACTERIQLOGICAL REPGRTS
(Prepared by Dr. R. C. Cooper)

Titie: HAMILTON STANDARD (DIV. OF UNITED AIRCRAFT CORP.) - Report No.

' . . SUMSER 4741: Bactericidal Water Test of the Water Management
" Section of the Lunar Mcdule EnVIronmenfaI ConTroI System. Sep-
tember. 1, 1967 : . '

Brief Descrtpf:on

A A model of the Waste Water Management Section of the Lunar Module was
used in these tests. The test sysfeﬁ was initially filled with a solution
of 70% ethyl alcohol and allowed to stand for one hour. At the end of this
contact Timé_Thé system was flushed with SUP-114 water, a water simulating
water used in +hé Apollo sysfem; Water containing 4 mg/lliodine was added
and the system allowed to stand for 27 days (pre-launéh tTime)., After this
time the hardware was used for 50 hours, during which +ime a solution con-

taining Baciilus subtilis was gradually .infused into the waTer-separé%ion

parts in order fo simulate the jnpuT of suit condensate from the A§+Fonaufs.

This report indicates that the application of the 70% alcohol solu+ion;
fol lowed by the iodine treatment sterilized the system. "It was also con-~
cluded that bacteria did not migrate from the waste water sys+emr+o the. pot-
| able supply. lodine concentration changed from an Tnitial concenffafion of
- 2.6 mg/1 at the start of the 29 days to very low values by the end of the
test period.

‘Crlflgue . _ , ,

" The bacteriology used in Th;s series of tests was most eiemenTary 'Thel
methods used did not really clarlfy the problem as to whe?her or not bacteria
céuld migraTe;from the waste water section to the potable water sysfemﬁ No
controls were- run Té determine whether the potable water was bacteria free
because of the presence of iodine in the water or because no migration had
taken place. ' _ - - S

- The word sterilization is used rather Ioosely It was interesting to
note that these investigators tested the alcohol and fodine solutions di-
rectly for the presence of bécTeria. Apparently no attempt was made to
neufralize.fhe bactericidal properties of the disinfecTanT.E‘For‘example,
was sodium thiosulfate added to all samples containing fodine? In what

form was the iodine added?



Wﬁy:waslg. subtilis chosen for these tests? Irsuspecf because It is a
spore foﬁming organism and spéres are noted for their resistance. In this
répoff, however, it is obvious that no thought was given as fo whether or
not the Qfganisms used were sporulating, and if so how much of the popula-
tion.if any was in this state. ' _
fﬁ general, the baéTerioldgy employed in these fests wasfvery poor.
Title: HAMILTON STANDARD (DIV. OF UNITED AIRCRAFT CORP.} - Report No.
' SVHSER 4741 Supplement #1: Bactericidal Water Test of the Water
Managémenf Section of +the Lunar Module Environmental Control System.
December 8, 1967.

Brief Description

This reporT‘Ts a continuation of the one previously described (SUHSER
4741-Sept. 1967). The procedures used were basically the same as described

above.

It was conciuded from this work tThat under the conditions of the fest
an initial concentration of 4 mg/1 and never lower than 2.2 mg/1 of iodine
wIiIAmaInTain "bacteria free" water. |t will also reduce the number of
B. subtilis in the sublimator |ine but will not sterilize. No B. subfilis
. was found In the drinking water sysfém either bécause nbne migrated through
: The.sysfém or any Thafldid were killed by the reéidual iodine present.

Critigue - o
- The same criticism holds for this réporT as was stated cohcerning its
predecessor. | L ' o
Title: NORTQ AMERICAN ROCKWELL CORPORATION - Report No. SD68-364: BacTérié
Migration in the Apolio Potable Water Supply System. April 26, 1968.

Brief Descrintion

Tests wefe pérformed in a simulated Apollo water system to determine
if bacTeriai migration was possible from the waste water system. A silver
ion exchange unit was also tested for its efficacy as a sterilization
method. o | |

The test sysTem'ﬁas pretreated with exposure for six hours fo a solu-
tion of 70% ethyl alcohol. At the end of this period the system was drained
and purged with helium. : ' ‘ B

- A five gallon carboy'of water to which was added, déilj; enaigh

Escherichia coli fo maintain a concenfration of 1x106 to lx107 organism per

ml acted as a simulator of the suit heat exchanger and Wafer separator

G-2



source. In addition, 2 ounces of human urfﬁe were added daily. Samples of
this contaminated water were injecfed into the waste water system at regular
inTervalé. One saven-day run was éo conducted. The result was that no
E,'gglj_wéé detected at any site other than in the waste water supply; how-
ever, at the eﬁd of the second day there appeared a large number of bacteria

Tenfaxlve!y 1denf1fled as elither Pseudomonas or Alcaligenes species.

A second run of Three days duration was made in which the check valve
between the potable and waste supply was opened; however, a silver ifon unit

was placed in between. Escherichia coli was quickly found in the poteble

supply Indicating that the silver ion unit had failed. The failure was due
to channeling in the unit. When a similar unit was placed at the drinking
~gun outlet it worked quite satisfactorily.
Critique ' ' o
The results of these tests Indicated that migration of bacteria from
the waste system To the po+able water supply was a remofe p055|b|!tTy if
the check valves are functioning properly. The silver fon unit can be gf--
fective |n saniT|2ing the drlnklng wafer prevnded the resin bed Is proper!y
packed. This test run indicated that There is some risk of mechanical
~ failure when using-the silver lon device. B
This test also indicated that the pretreatment of the sysfem w;fh al-
© cohol and helium dld not seem to "sterilize" fthe system. The resulting
f_growTh:oflfhe‘ncn—cbliform gram negative organisms to levels of more than
5,000 per m! is not particularly unusual but would seeh to be far béyond
the NASA Water Quality Criferion that no virus, fungi or bacteria shouldlbe /
preéen+ fn the water system. (Stated in Eng. Science Report to NASA; Sept.
1969). ' o L .
This serjés of tests seems somewhaf more concluslve concerning mfgra—
tion of micréorgénisms in the test con%igurafion than the previous studies
and did indicate that certain microorganisms will flourish in the potable
system unle;s some continuous disinfecting process 1s-used.
Title: BRQWN AND ROOT-NORTHROP ~ Combined Test Plan and Test Report: Kill
of Microorganisms in Sodium Acetate and Chlorine: LRL/BRN Test No.
66-193. December 13, 1968. | -

Brief Description:

: , , _. L 3
The objective of the reported study was to determine the efiectiveness

of a combination of sodium acetate (40 mg/l) and chiorine (6 mg/i} ih inhi-

G-3



blflng the growfh of six different genera of bactferia. TheSeriabo#aTory
tests were conducted in a rafher sTralghfforward manner, by determining
The ablllfy of The test organlsm to grow affer exposure of 15 mlnuTes to
~ two hours. '
- Critique | : o ,
in one—ha]f of the cases the species of organism used were unknowh; I+
would be much more informative and repeatable by others [f the species used
were described. The report is not at all specific concerning the cultural
cpndiffons of growth of the test organishs. I+ is imporfant to know what
phase of growth fThe organisms are.in-when tested, whether, in the case of
spore farmers, ?hey.are sporulating, and how the organisms were washed be-
fore use in the test. It is a well established fact that the cultural cqﬁl'
ditions just prior to exposure‘fo adverse physECaI-or chemical conditions
have a significant effect on survival of bacteria. '
This test series was not very well controlled and did not reai[Y'eva[u-
ate the effect sodium_acefafe might haye upon the efficacy of chlorine dis-
infecfion.f No parallel tests were conducted with just chlorine and with just
acetate alone. [T was also‘nof apparénf whether any neutfratizing soiution
~ was used fo stop bactericidal action at the end of the various dfsinfecfion
time perlods - ' o ' '
, " Since the results were reported as either growTh or no grow?h it is
{.diffjcqlf to understand why the investigators did not use broth tubes rather
than "smear plates' with only 0.1 ml inocutum. Broth would have made the

growth of the Clostridium sp. particularly easy and more accurate.

. The whole test procedure would have produced more enl!ightening results
.1f it had been done on a quantitative basis using pour plates and much |
shorter initia! time intervals such as 15 seconds, 30 seconds, 45 seconds,

and 1 minufe.*

G-4
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| APPENDIX N

ANALYSIS OF PERMEABILITY OF POLYISOPRENE
TO HYDROGEN AND OXYGEN IN APOLLO
COMMAND MODULE POTABLE WATER TANK

INTRODUCTION

AlResearch Mdnufacfurlng DlViS|on has conducTed tests To determine the

permeabi |1ty of polyisoprene membrane to hydrogen and oxygen in the simula-
-ted environment of the pofable-wafer tank of the Apollo Command Module. The
- results of the tests are repérfed in the documenf_"Developmeﬁf Test Oata -
Potable Water Tank Bladder Oxygén.Permeabili+y Tests", NR/SD Project Apo]lo,l
DTD-22Z, AiResearch Manufacturing Division, dated 26 August 1969, This .
report was supplied to Engineering-Science, Inc. by the Project Officer;
the basic information presented below was obfTained from Figure 6 of the
above-~cited réporf. |
I+ is noted that the AiResearch tests were conducfed in batch systems
rather than continuous flow systems. |It.is not possible fo ascerTain;fﬁom'r_
-+he,AiRes¢arch report what degree of mixing was effected in their ftest sys-
tem of what effort was made to simulate in the laboratory the degree of
mixing achieved-under prototype operating conditions of semi-continuous flow,
1t.is also noteworthy that the AiResearch report does not indicate the
temperature at which ‘the permeabil ity experiments were conducted. Tempera-~
. ture is a foremost variable affecting both the diffusivity of dissolved gases
in water and the permeation or diffusion of-gases Thﬁough‘a membréne._ There
is no reference, in the absence of specific temperature data, for appiibafion
of the AiResearch data unless it is assumed that their experiments were per-
formed at a iaborafory Temperafure apprOX|maT|ng the temperature reallzed ‘
in the proToType ‘
- DATA ANALYSIS

Table H-1 summarizes four sets of concentration data each on the

curves for oxygen saturation and hydrogen depletion taken from Figure 6
of the above-cited report. These data were analyzed assuming that the dif-
fusion of oxygen and hydrogen can be modelled by the first qﬁder7equa+ion
used elsewhere in this report, i.e. S
X,
In —- = P& 1

AXZ tv
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- OXYGEN SATURATION AND HYDROGEN ﬁEPLETION DATA

- TABLE H-1

- .APOLLQ COMMAND MODULE SIMULATION

Dissolﬁed Gas Concentration

2.

AJ+V = 1,550/ (15,000 x 0.178) = 0.58% (cm) >

,Gradient {mg/1) 9 J 3§l ‘ g o Ave;agé D
Cas Initial (AC Y Final (AG,) (hours) 2 (em”/hr) . {em”/hr)
Oxygen | 62 34 25 0.600 0.0412 .
57.5- 26 25 0.790 0.0543
575 18 30 1.16 0.0664
62 18 35 1,26 0.0607 -
Hydrogen 3 0.4 60 2.02 | 0.0557
‘Hydrogén - 3 0:4 60 2.00 0.0579. |
1.5 0.4 35 1.322 0.0650 .
2. 0.3 55 1.895 £ 0.0593
3 0.3: 70 2.30° 0.0566
0.0597
Jotes:. 1. Equation: fn (Axl/mcz)" - .(DA/L‘?'L)AB\'




where: AX, = Initial concenfﬁa+Ion differential across membrane, mg/ |

= Final concenfraf:on dlfferenflai across membrane, mg/l

)

D = Diffusion constant, cm /hr

A = Polysoprene membrane area, 1,550 sq cm

V = Simulated po+ab|e water tank volume, 15 000 cu cm

(33 -1b H0) ‘

Membrane Thlckness, O 178 cm

+
The concentration gradient for the oxygen saturation experiment was :
calculated usfng'a saTuraTioﬁ cbncénTrafion of 70 mg/1 (oxygen saturation l
level at 25 psia O2 and at 76 F}. The concenfréTion gradieﬁT for the hydroli
~gen depletion curve was calculated usung a zero hydrogen concentration.
Diffusion bonsfanfs were calculated for each of fhe four sets of ponnTs for
~each gas, and an average dlfoSIOﬂ rate calculated for each gas from tThese
data. = ' ' ' o SR | - J

The average diffusion constant with pon:scprene as reported in Tabie
H-1 are as follows..(l) Oxygen: 0.0557 cm /hr, (2) Hydregen: 0.0597 cm /hr

H-3
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~ APPENDIX I

, ANALYSIS OF ICDINE DEPLETION DATA
FROM MC DOMHELL-DOUGLAS ASTROMAUTICS COMPANY
ORBITAL WORKSHOP REDUCED-SCALE
WATER STORAGE TANK

. INTRODUCT ON

A memorandum dated 9 January 1970 summarizing iodine depletion

studies performed at McDonnel |- Douglas Astronautics Company was transmit-
ted to Englneerlng Sc1ence, Inc. by the Project Officer on 14 January 1970
The studies descrlbed therin were carrled out in four fanks, each sized af
8-in diameter and 14-in length and each fabr:caTed from & different stain-
less steet élloy. The four a]loys used were stainless steel types 304L,
316-13, 321, and 347, and the tank dimensions were set to simulate fhé
u.surface area/volume ratios of the water storage tanks to be used in the |
QWS (Orbital Workshop Program). Tank contents were no+ stirred during the
fesfs and the temperature of the test soiufions was not reported. lodine
-depfeflon tests were conducTed .over 15-day periods with each of the tanks
using initial fodine concentrations of 7.3 to 7.6 mg/l. '
DATA_ANALYS!S

The raw data obtained in the depletion studies (from Figure 1~-1 of

the subject memorandum) are summarlzed in Table I—lf These data, consist-

ing of initial and final iodine concentrations, were'analyzed‘assuming that

the depletion of iodine can be modeled by the.first order equation used

previously in this report, viz.,

m;‘—:E%—A—iae - . (-1
where: Xt ='inifial cohéénfrafion,‘mgfi'
X2 = Final'concenTraTion, mg/ 1 o _ o
KC-A = Reaction constant, conversion of lodine, i{iter/sq cm-day
A = Surface area of vessel, sgq cm
' v = VoLume of Qessel, liters
A8 = Time,. days

‘The KC A values obtained for each of +he stainless steels i5 shown in
Table ~1. KC -A values varied from a minimum of 1 98 x 10 = I i1%1 per
sq cm-day for Type 304 to a maximum of 3,19 x 10 liter per sq cm-day

for Type 347. Thus, Type 304 stainless steel exhibited the lowest iodine
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TABLE I-1

IODINE DEPLETION DATA FOR

ORBITAL WORKSHOP REDUCED-SCALE WATER STORAGE TANK

Stainless Todine Concentrations (mg/1) 8 fn.flA KC A:
Steel Type.. Initial Final (days) Xz (1iter per sq
' cméday)
304 7.4 6.9 | - 14 0.0697 71.98 x 107
316 7.3 618 | . 13 0.0706 2,15 x 107°
321 7.6 | . 6.8 ST/ 0.1107 3.4 x 107
347 7.5 . 6.8 ‘ 13 0.1047 13,19 x 1077
Notes: 1. Equation: % K lA A6
Jn -k = —G=A
X, .V
2 ..
A_ 2915 sg em o4 sq cm
v T 11.6 liter T liter
2, Data from McDonnell-Douglas Astronautics Company
3. Tank coﬁtents unstirred
4, Oxygen coﬁcentration in tank contents‘noﬁ determined .
i '5. Temperature of test solutions not deterﬁined




depletion rate of the four Typeé which wefe tested. |t is noteworthy that
the above dep!efioh constants, obTéined in unmi%ed'sysfems; afe about two
orders of magnitude less than the depletion constants deTermaned for iodine
In stainless steel 'in the corrosson studies (2.40 x 10 lsfer/sq cm—day,
Chapter V). ; _ .
it is unknown whefhér McDénnelIﬂDoﬁélas'Company has deveEOped addition-
al data from their s+udies. Héwever, three points should be noted in in-
terpretation of the above and additicnal data obtained from this study.
\(I) The djssolved oxygen coﬁcenfrafion'of the tank contents, which
is befieved to be a major factor in corrosion processes, was not
deftermined. The statement that the stock sOluTion was degassed
has no meanlng in tThis context, particulariy when effort to ad-
' JusT the dissolved oxygen concenfra+}on of ?he dilution water is
- not ment ioned.
(2) 'Akcomparison of the depletion rates estimated with the McDonnel t-
Douglastdafa (unmixed systems) and the deple+icn rates obtained
- in mixed celis in conjunction with the corrosion studies pﬁésenfs
, weighTy evidence that mixing has a significant effect on depietion.
" The effect of mixing is to maintain a uniform concentration Thrqugh-
‘ouT'The_Tank contents. It is apparent from the comparison that a
factor other than fodine conversion at the metal surface Is limit-"
ing;‘viz., iodine diffusion Through the water mass. The fmplica—
tions of diffusion in the agueous phase as the rate Ifmifing step
in fodine depletion are discussed in Chapter VI{.
“{3) The temperature of the test solutions during the depleflon
,sTudles was unknown. Both the rate of iodine conversaon (cor-
rosgbn rate) and‘Thg diffusion constant of iodine in aqueous
solution are highly temperature dependent; thus, there is no.
reférence in which fhe McDonnelI—Douglas data can be used unless
|T is .assumed that the work was done at a.laboratory temperature

approxima+|ng the temperature To be realized in The profofype



