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ABSTRACT 

Th I s investigation was undertaken t o  6etermi ne the effectiveness 

and merit of hydrazine for use as a spray additive for  washing methyl 

aodide from containment atmospheres followina a reactor accident. Two 
principal areas were studied -- tiie physiochemical aspects of the hydra- 
zine-water-methyl iodide system and the washout of methyl iodide with 

hydrazine solution sprays. The parti t ion coefficient of methyl iodide 

in water was measured and found to be related to  tenperature by the 

follow~ng relation: log H = - 4.82 + - 1597 for  a terperature range T 
of 5°C to 90°C. In the expression H i s  the parti t ion coefficient 

( 1  iqui d concentration f gas concentration) and T i s  the absol ute tem- 

perature in "K,  Methods and apparatus were developed for  measurina 

the reaction rate of methyl iodide and aqueous solutions of hyerazine. 

Rate constants were measured for  temperatures from 24.6'6 to  64.7"C 

a n d  for  various hydrazine concentrations. The reaction rate was de- 

termined to be second order, The activation energy was calculated 

to be 20.2 Kcal /mole Reaction rates wi t h  1 , l  -di methyl hydrazi ne mono- 

methyl hydrazine, and some sulfur  based compounds were determined for  

comparative purposes, The reaction rate with hydrazine was found to  

be essentially independent of OH- concentration. Various correlating 

indices were investigated. The nucleophilic character of the reactant 

and ths relative reaction rates in solvents other than water can be 

used t o  help predict re lat ive reaction rates .  

Theory of stagnant droplet and flowing film removal of an a i r -  

borne gas such as methyl iodide was developed with computer solutions 

o f  the droplet removal equations, I n p u t  data are par t i t ion coeffic- 
i en t ,  reaction ra te ,  droplet diameter, and exposure time. Experiments 

i n  two spray chambers gave washout half-times of methyl iodide which 

varied with spray ra te ,  concentration of hydrazine, and temperature, 

The observed washout rate  in the vessels used and reactive spray drop- 

l e t  removal theory permitted extrapolation to  fu l l  -size containment 

vessels. Five percent hydrazine should show a half-time of removal of 

about 60 minutes for  nominal 550 p droplets and spray flow rate  of 

0,0068 cm3/cm2 sec with wall flow rate  of 8.1 cm3/cm sec for  a cylin- 

drical vessel 80 f t .  in height and 32 f t .  in diameter. 



R a d i a t i o n  s t a b i  1 i ty  o f  h y d r a z i  ne determined i n  r e c e n t  exper iments  

show t h a t  5% h y d r a z i n e  would  be decomposed t o  t h e  e x t e n t  o f  abou t  50% 

f o r  an absorbed dose o f  l o 8  Rad, One o f  t h e  p r o d u c t s  i s  hydrogen, 

The c o n c l u s i o n  i s  reached t h a t  t h e  r a d i a t i o n  s e n s i t i v i t y  o f  h y d r a z i n e  

outweighs t h e  d e s i r a b l e  q u a l i t i e s  as a  s p r a y  a d d i t i v e .  
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THE WASHOUT OF METHYL I O D I D E  BY H Y D R A Z I M E  SPRAYS 
--FINAL REPORT -- 

INTRODUCTION 

The work described in th is  report represents an e f fo r t  t o  arrive a t  a 
quantitative understanding of the absorption of airborne methyl iodide by re- 
active sprays within nuclear reactor containment systems. Although aqueous 
hydrazine solutions were used chiefly,  the resul ts  can be applied to  other 
reactive solutions i f  the reaction rate  with methyl iodide i s  known ,  An 

earl i e r  report1' described the results of th is  research through September, 
1967. The present report will be devoted primarily to work completed since 
the progress report was issued. Work reported ea r l i e r  will be repeated only 
where necesssry for  continuity or reference. 

The use of sprays in a reactor containment vessel represents an engineered 
safeguard for  controlling fission products released following postulated loss- 
of-cool ant me1 tdown accidents. The spray system wi l l be employed to suppress 
pressure build-up and to remove fission product aerosols and gases released 

from overheated fule.  Iodine-131 i s  the isotope expected to constitute the 
greatest radiological hazard i f  released to man's environment, Radioiodine 

released from nuclear fuels has been found to ex is t  in several chemical forms 
including elemental and organic forms. Of the organic fcrms, methyl iodide 
appears to be the most abundant. Methyl iodide i s  much more iner t  than 
elemental iodine, and  hence i s  removed niuch more slowly by water sprays than 
elemental iodine, 

The purpose of th is  study was to  determine the rate of removal of methyl 

iodide by sprays of water solutions of reactive additives. Hydrazine solu- 

tions were the subject of most of th is  e f fo r t ,  b u t  the resul ts  would be ex- 
pected to apply to solutions of other reactive additives such as sodium thio- 

sulfate ,  The goal of the e f fo r t  was to  provide information suff ic ient  t o  per 
mit prediction of methyl iodide absorption rate in large scale reactor con- 
ta i  nment vessel s .  



A detailed investigation of a reactive additive for  removing methyl iodide 

must embrace many facets of the rather complex process of renioval with reac- 

t ive sprays. Much of the work to  date leading to an understandina of the spray 

removal process has been focused on iodine removal. The relatively hiah sol u- 

b i l i t y  of elemental iodine in water and i t s  high chemical reactivity enhance 

the liquid phase mass transfer to a point where transfer of iodir[e to the sur- 

face of the drop limits the removal rate.  Models have been developed for  th is  

case which account for  experimental results reasonably we1 1 .  

For methyl iodide, which i s  much less soluble and more iner t  clierical ly 

than elemental iodine, the rate  control 1 ing process for  reactions considered 

to date i s  the reaction rate  within the liquid. Although investigators have 

studied these cases, few experimental data are avai 1 able to substanti a te  the 

models developed. When reaction rates control the absorption process, i t  i s  

necessary to know the rates and mechanisms of the reactions throughout the 

range of temperatures and pressures of interest .  The parti  tion coefficient 

between the gas phase and the liquid must also be known since the parti t ion 

coefficient wi 11 establish the driving force for  the transfer process. 

Chemical properties other than the primary reaction must also be investi- 

gated. For example the effect  of boron additives, reactions with the solvent 

(hydrolysis), and consumption of the reactive additive by oxygen or  other con- 

s t i  tuents in the atmosphere are potentially important. Radiation stabi 1 i ty ,  

s tabi 1 i ty during storage, thermal s tabi 1 i ty , and toxicity are factors which 

must be considered in making judgments of the merit of a spray additive. 

The demonstration of spray removal efficiency should account for  droplet 

s ize,  1 iquid flow rate ,  wall film absorption, and temperature e f fec ts ,  along 

with the chemical properties of the additive solution considered. 

This e f fo r t  was carried out in two parallel studies. One was a study of 

physical solubi l i ty  and reaction kinetics within the l iquid,  and the other 

was a small engineering-scale demonstration of absorption within spray cham- 

bers. These two aspects of the study will be described separately. 



PtiYSIOCHEMICAL STUDIES OF PIETHYL InUIDE AND f!YGRAZIPJE 

I n  a d d i t i o n  t o  t he  r i~echanica l  aspects o f  i n t e r f a c i a l  exposure, t he  r a t e  

o f  abso rp t i on  o f  methyl  i o d i d e  by aqueous s o l u t i o n s  o f  hydraz ine i s  i n f l uenced  

by t he  p h y s i c a l  s o l u b i l i t y  o f  methyl  i o d i d e  i n  t h e  s o l u t i o n ,  by t h e  d i f f u s i v -  

i t y  o f  methyl  i o d i d e  i n  t h e  l i q u i d ,  and by t h e  k i n e t i c s  o f  chemical r e a c t i o n s  

which occur ,  The purpose o f  t h i s  p a r t  o f  t h e  s tudy  was t o  p rov i de  numerical  

values o f  s o l u b i l i t y  and r e a c t i o n  r a t e s  f o r  t h e  s o l u t i o n s  o f  i n t e r e s t  here, 

C o r r e l a t i o n s  a re  a v a i l a b l e  f o r  p r e d i c t i n g  1  i q u i d  phase d i f f u s i v i  t i e s  and t h e  

physioci iemical  e f f o r t  was 1  i m i  t e d  t o  measurement o f  t h e  p a r t i  t i o n  c o e f f i c i e n t  

and r e a c t i o n  r a tes ,  

B E x p l o r a t o r y  s t ud ies  demonstrated C11C21 t h a t  f o r  a i r b o r n e   ethyl i o d i d e  i n  

c o n t a c t  w i t h  aqueous hydraz ine  s o l u t i o n s  t h e  removal f rom t h e  aas phase was 
. a iven  by 

wherc C = gas phase concen t ra t i on  o f  methyl  i o d i d e  

k = a  cons tan t  

U = mole f r a c t i o n  o f  hydraz ine  hyd ra te  i n  l i q u i d  

A = area o f  g a s - l i q u i d  i n t e r f a c e  

\I = volume o f  t he  gas phase. 

Th i s  r a t e  law leads  t o  t h e  conc lus ion  t h a t  t he  removal i s  by abso rp t i on  

i n t o  t he  l i q u i d ,  and t h a t  t he  gas phase r e a c t i o n  between hydraz ine  vapor and 

methyl  i o d i e e  i s  slow. D i r e c t  measurement o f  t h e  concen t ra t i on  decay i n  tile 

absence o f  a  l i q u i d  phase b u t  where hydraz ine  vapor was p resen t  a l s o  showed 

t h a t  t h e  horogenous gas phase r e a c t i o n  was very  s low and cou ld  be ianored ,  1 
Thus, e f f o r t  was concen t ra ted  on measurement o f  t k e  homogenous s o l u t i o n  r e -  

a c t i o n  r a t e ,  and on tile so1 u b i l  i ty  o f  methyl  i o d i d e  l"n water,  

THE PARTITION OF METHYL IODIDE BETWEEN VAPOR AND WATER 
* 

The p a r t i t i o n  c o e f f i c i e n t  i s  d e f i n e d  as t h e  r a t i o  o f  t he  concen t ra t i on  o f  

a  s o l u t e  gas i n  t he  l i q u i d  phase t o  t h e  concen t ra t i on  i n  t he  gas phase a t  

equi  1 i b r i  UP, I t  i s  a  c o n t r o l  1  i ng parameter because i t  determines t h e  i n t e r -  . 
facial composi t ions,  which i n  t u r n  determines t h e  ~ a g n i t u d e  o f  concen t ra t i on  

d r i v i n g  f o r c e  i n  t h e  l i q u i d  phase, As used here, t h e  concen t ra t i ons  a re  f o r  



unreacted species. The parti tion coefficient thus i s  the equilibrium constant 

for the reaction: 

Avai 1 able Data 

Experimental measurements of methyl iodide parti  tion coefficient avai 1 - 
able up to  September, 1967 have been described ea r l i e r .  Based on l i t e r -  

ature values, and on data obtained e a r l i e r  in this  work, the parti t ion co- 

e f f ic ien t  was found to be nearly independent of methyl iodide concentration, 

in accordance with Henry? law, For a temperature range of 5°C to 70°C, the 

parti t ion coefficient could be represented by the following equation, 

where log ( H )  i s  the logarithm t o  the base 10 of the parti t ion coefficient 

and T i s  the absolute temperature in O K ,  

Proper interpretation of absorption measurements performed in this  study 

requi res know;edge of the parti tion coefficient a t  temperatures up  to 125°C. 

Hence extension of data to  higher temperatures i s  needed, Measurements a t  
higher temperatures are complicated by the need for  a pressurized system, and 

by the reaction of dissolved methyl iodide with water. For example, the hydrol- 

ysis rate of methyl iodide in pure water i s  e s t i ~ a t e d  from reported data [41 

. t o  be 0,5%/min a t  85°C and 19%/min a t  120°C, Based on analysis of tliese com- 

p l  i catf ng  factors ,  i t  was determined that  extension of the parti tion coeffi c- 

ient t o  85°C would be feasible with existing apparatus. A new method would be 

requi red for  measurements beyond this  temperature. 

Experimental Nethods Used 

a,  Single Phase Analysis 

This method was used ea r l i e r  to  obtain measurenients u p  t o  70°C, and 

i s  more ful ly  described in references [ I ]  and [3], In th is  technique, the gas 

phase concentration of methyl iodide i s  compared for two vessels, only one of . wiii ch contains water, Identical a1 iquots of methyl iodide are introduced into 

b o t h  vessel s . From a materi a1 balance, neglecting chemical reaction, the par- 
t i  tion coefficient may be related to  the gas phase concentrations in the two 



vessels  : 

I n  equa t ion  (4 )  CO i s  t he  methyl  i o d i d e  concen t ra t i on  i n  t he  vapor when 

no l i q u i d  i s  present ,  C i s  t h e  concen t ra t i on  i n  t h e  vapor when l i q u i d  i s  pres-  

en t ,  and V and VL a re  t h e  volumes o f  t h e  gas and 1  i q u i d  phases r e s p e c t i v e l y .  
9  

The concen t ra t i on  was measured as a  f u n c t i o n  o f  t ime  by w i thd raw ing  smal l  
v samples which were analyzed chromatograph ica l l y .  

b. Ana lys is  o f  Both Phases 

An a l t e r n a t i v e  method was used t o  p rov i de  comparat ive values o f  pa r -  

t i t i o n  c o e f f i c i e n t s  a t  8 5 O C .  I n  t h i s  method, samples of known volume were w i t h -  

drawn from bo th  t h e  gas and l i q u i d  phases and analyzed f o r  unreacted methy l  

i od i de .  Ana l ys i s  was by means o f  a  system assembled f o r  measurement o f  t h e  

s o l u t i o n  r e a c t i o n  r a t e .  The samples wi thdrawn f r om an equi  1  i br ium c o n t a c t i n g  

vessel  were i n j e c t e d  i n t o  wa te r  con ta ined  i n  a  sparge vessel .  The methyl  i o -  

d i de  p resen t  i n  an unreacted fo rm was s t r i p p e d  f rom t h i s  vessel  by a  stream 

o f  pure n i t r ogen .  Samples o f  t he  e x i t i n g  gas were analyzed chromatograph ica l l y  

which p e r m i t t e d  c a l c u l a t i o n  o f  t he  i n t e g r a t e d  amount o f  methyl  i o d i d e  swept 

f rom t h e  sparge vessel .  The d i l u t i o n s  o f  t h e  sample by t h e  n i t r o g e n  f l o w  r e -  

q u i r e d  t h e  use o f  methyl  i o d i d e  concen t ra t ions  100 t o  1000 t imes g r e a t e r  than  

employed i n  method a. The sparge vessel  i s  shown schema t i ca l l y  i n  F i au re  1. 

The p a r t i  t i o n  c o e f f i c i e n t  may be c a l c u l a t e d  d i r e c t l y  as t h e  r a t i o  between 

t he  aniounts swept f rom t h e  sparge c e l l ,  f o r  l i q u i d  anc! gas samples o f  t h e  

same volume. 

Resul ts  o f  P a r t i  ti on C o e f f i c i e n t  Measurement 

The r e s u l t s  o f  t he  measurement a t  85°C us i ng  t h e  method i n  which samples 

were wi thdrawn f rom t h e  gas phase o n l y  a re  l i s t e d  i n  Table  I. 

The methyl  i o d i d e  concen t ra t i on  shown i s  t h e  e q u i l i b r i u m  va lue  measured 

i n  t he  gas phase, i n  terms o f  peak h e i g h t  f o r  a  30 ua a l i q u o t  and an a t t e n -  

u a t i o n  o f  4X. Fo r  these cond i t i ons ,  a  peak h e i g h t  o f  100 corresponds t o  a  . 
q u a n t i t y  o f  methy l  i o d i d e  o f  approx imate ly  grams. 
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TABLE I 

PARTITION CQEFFICIENT OBTPIIJEL! FROIVM PPLSE AP.JALYS1.S 

(Gas Volume = 30.3 m l  , L i q u i d  Volume - 25.0 r l l  , Temperature = 85°C) 

Determinat ion 

Methyl  I o d i d e  Dev ia t i on  
Concentrat ion P a r t i  ti on From 
(peak h e i g h t )  C o e f f i c i e n t  Average 

Avg. = 0.72 + 0.24 

The r e s u l t s  o f  measurements ob ta ined  i n  t he  method i n  which bo th  ?as and 

1 i q u i d  samples were analyzed a re  presented i n  Table 11. 

TABLE I 1  

PARTITIOtJ COEFFICIENT MEASUREMENTS FROM AKALYSIS OF BOTH PHASES 

(Temperature = 89.7OC) 

Determi n a t i o n  
P a r t i  t i o n  

C o e f f i  c i s n t  

To ta l  Methyl I o d i d e  
I n  E q u i l i b r i u m  Vessel 

( r e1  a t i  ve u n i t s )  

n o t  measured 
n o t  measured 

n o t  measured 

Time o f  Measurement 
From S t a r t  O f  

Exper iment 
(Hours) 

. 
The t o t a l  amount o f  methyl  i o d i d e  i n  t h e  e q u i l i b r i u m  vessel  decreased w i t h  

t ime due t o  h y d r o l y s i s .  The observed h y d r o l y s i s  r a t e  o f  0.5%/min i s  sma l l e r  * 



than the predicted rate of 1.2%/mi n for  the 1 iquid phase. This lower rate ob- 

served would be expected since an interphase transport i s  involved, and the 

flask was agitated only prior to  sampling. 

Discussion of Parti t ion Coefficient Measurements 

The r?su l t s  obtained by the two methods are not identical,  b u t  a t  the same 

time do over1 a p  i f  deviations are considered. The average parti tion coeffic- 

ient  measured a t  85°C i s  0.72 which i s  significantly higher than the value of 

0.44 predicted from s t ra ight  1 ine extrapol ation of lower temperature data . 
[equation (3)].  Hydrolysis within the liquid phase would increase the amount 

of methyl iodide taken up by the l iquid which would resul t  in a measured co- 

e f f ic ien t  higher than for  no reaction. Another cause of error  i s  the presence 

of a large amount of water in the vapor phase which interferes  with the chro- 

matographic analysis. 

The average parti t ion coefficient obtained from samplina and analysis of 

b o t h  phases i s  0.38 which i s  in good aureement with the value predicted using 

equation (3) .  This method must be considered as the more reliable of the two 

used here because the hydrolysis rate  and water interference are greately re- 

duced. Since the data obtained agree with s t raight  l ine  extrapolation of 

lower temperature measurements, i t  i s  concluded that  over the range 5°C t o  
90°C, the parti tion coefficient i s  represented by equation (3) .  

From a practical standpoint, washout i s  of greatest  concern a t  temperatures 

above 100°C. Hence, extension of solubi l i ty  measurements up t o  130°C i s  needed 

for  interpretation of washout resul ts .  The known reaction of methyl iodide 

with pure water a t  these temperatures requires development of a new experi- 

mental apparatus, permitting more rapid equilibration and measurement than i s  

possible with the static-type equipment used here. 

REACTION RATES OF METHYL IODIDE IN AQUEOUS SOLUTION 

Due t o  i t s  low s ~ l u b i l i t ' ~  in water methyl iodide absorption will be con- 

t rol led by resistance within the liquid phase unless i t  reacts very rapidly 

in the l iquid.  The gas phase concentration of methyl iodide expected in a 

reactor containment vessel i s  very low, of the order of 1 mi 11 igram per cubic . 
meter. Due to  i t s  low solubi l i ty ,  the liquid phase concentrations would be 

even lower. The concentration of additive molecules in the liquid i s  orders 



o f  nacn i tude  h i g h e r  than t h e  methyl  i o d i d e  concen t ra t ion ,  and f o r  t h i s  reason 

t he  r e a c t i o n  w i l l  be k i n e t i c a l l y  p s e u d o - f i r s t  o rder .  For  r e a c t i o n s  which a re  

second o rder ,  t h e  p s e u d o - f i r s t  o r d e r  r a t e  cons tan t  would be p r o p o r t i o n a l  t o  

t h e  a d d i t i v e  concen t ra t ion .  

A v a i l a b l e  Data 

K i n e t i c  da ta  on t he  r e a c t i o n  o f  methyl  i o d i d e  f~!i t h  chen ica l  spec ies i n  . wate r  s o l u t i o n  were rev iewed i n  ou r  progress r e p o r t .  Data were n o t  a v a i l -  

a b l e  on t h e  methy l  i od ide-hydraz ine  r e a c t i o n ,  and p r e l i o i n z r y  s c o u t i n g  tech-  . 
niques klere exp lo red .  The h i g h  v o l a t i l i t y  o f  methyl  i o d i d e  ove r  wa te r  p re -  

sen ts  a  number o f  d i f f i c u l t i e s  i n  making k i n e t i c  measurerx:nts. A r e a c t o r  i n  

which no vapor phase e x i s t s  has been descr ibedC5'  b u t  t h i s  equipment was found 

t o  be u n s a t i s f a c t o r y  f o r  use i n  t h i s  study. I n i t i a l  mezsurcrients r epo r t ed  i n  

r e fe rence  [I] used a  r e a c t o r  hav ing no vapor space, ant! r e1  i e d  on an i o n  ex- 

change bed f o r  sepa ra t i on  o f  r eac ted  and unreacted forms o f  methy l  i od i de .  

D i f f i c u l  t ? e s  i n  t h i s  method caused i naccu rac i es  i n  measurements, and thz  data  

r e p o r t e d  i n  r e fe rence  [I] f o r  methy l  i o d i d e  and hydraz ine  must he cons idered 

as r e1  a- t i  ve on1 y. The exper imenta l  method descr ibed  be1 ow overcoces these 

problems, and t h e  da ta  ob ta i ned  a re  c o n s i r k r e d  r e l i a b l e ,  and supersede t h e  r e -  

a c t i o n  r a t e s  r e p o r t e d  e a r l i e r .  [1 1 

Experimental  Method 

An exper imenta l  method we1 1  s u i t e d  f c r  r e a c t i o n  r a t e  measurements f o r  v o l -  

a t i l e  r e a c t a n t s  was r e c e n t l y  used t o  stud:( t i l e  r e a c t i o n  between oxygen and 

mol ten s u l f u r .  C61 I n  t h i s  method, f u r t h c r  descr ibed  i n  r-eference [7], t h e  

s t r i p p i n g  o f  a  v o l a t i l e  r e a c t a n t  by an i n e r t  gas sparge stream i s  measured as 

a  f u n c t i o n  o f  t ime. The r a t e  and e x t e n t  o f  removal o f  a  v o l a t i l e  r e a c t a n t  i s  

dependen ton  t h e  s t r i p p i n ?  e f f i c i e n c y  o f  t h e  s p a r y  stream, an$ on t h e  deple-  

t i o n  o f  t he  r e a c t a n t  w i t h i n  t h e  l i q u i d  hy chen ica l  r e a c t i n n .  The observed 

d e p l e t i o n  r a t e  may be r e l a t e d  mathemat ica l l y  t o  t h e  k i n e t i c s  o f  t h e  sparge 

stream s t r i p p i n g  and t h e  homogenous 1  i q u i d  phase r e a c t i o n  r a t e s ,  The s t r i p p i n g  

method i s  dep i c t ed  scher2a t i ca l l y  i n  F i gu re  2. 

A na' ier i  a1 ba l  ailcc on t he  v o l a t i l e  r e a c t a n t  w i t h i n  t h e  ~ i e a s u r i  ny c e l l  pe r -  . 
n i t s  t h e  r e a c t i o n  r a t e  t o  be r e l a t e d  t o  t i l e  ar7ount o f  r e a c t a ~ t  u l t i w a t e l y  

s t r i p p e d  f rom s o l u t i o n .  I f  no r z a c t i o n  occur red  w i t h i n  t h e  l i q u i e  phase, then  . 



+ REACTANT CARRIED OUT BY INERT 
GAS REMOVAL RATE = Qg Cg 

REACTANT CONCENTRATION I F 1  GAS = Cg 

REACTANT DESTROY ED 
SOLUTION 
REACTION RATE = kr 

L I Q U I D  VOLUME = V, 

-C" INERT SPARGE GAS INLET 
FLflll RATE = Qg 

F i g u r e  2. Schema t i c  D iagram o f  R e a c t i o n  M e a s u r i n g  C e l l  



a l l  of the reactant i n i t i a l l y  present would f ina l ly  be removed. In the math- 
ematical analysis, i t  i s  assumed that both stripping and reaction are f i r s t  
order processes. For a pseudo-first order reaction the results of the math- 
ematical analysis i s  

where kobsd = observed f i r s t  order decay rate  of concentration i n  exiting gas, 
k r  = f i r s t  order solution reaction rate ,  f a  
As = total  amount of reactant stripped from solution = 1 Qg Cg d t ,  

A, = amount of reactant present in i t i a l ly .  
0 

The amount of reactant i n i t i a l l y  present, A,, i s  not easily determined on 
a quantitative basis, and may be eliminated as an unknown by performing a 
ser ies  of experiments in which only Q the gas flow, i s  varied. 

g ' 
The concentration of methyl iodide in the exiting gas stream was measured 

by means of a Varian Model 1527-8 Gas Chromatograph equipped w i t h  an electron 

capture detector. Additional detai ls  of the chromatographic system are des- 
cr i  bed el sewhere. C11[71 Samples of the gas stream were withdrawn a t  one min- 
ute intervals fo r  a t  leas t  one ha l f - l i fe ,  and then a t  3 to  5 minute intervals 
until the gas concentration had decreased to  approximately one-tenth of the 
i n i t i a l  concentration. 

Methyl iodide and 95% hydrazine were obtained from Eastman Organic Chem- 
icals* and used w i t h o u t  further purification. Stock solutions of hydrazine 
were prepared by dilution of the 95% hydrazine. Solutions were analyzed for  
hydrazi ne by the d i rec t  iodate method (using sol vent) descri bed by Audrieth. [a 
Methyl iodide stock solutions (ca. g moles/l i ter)  were prepared by dilu- 
tion of an aqueous solution of methyl iodide saturated a t  room temperature. 
There was appreciable change in the concentration of methyl iodide in the stock 
solution over a 24-hour period so that  a fresh stock solution was prepared for  
each ser ies  of experiments. Nitrogen (99.7%) was used both as a car r ie r  gas 

for  the gas chromatograph and as the sparge gas in the experiments. No de- 
tectable peaks (other than an oxygen peak due to  a residual volume of a i r  i n  

the sampling syringe) Nere found in chromatogran~s of the nitrogen used. Sev- 
eral cyl inders of nitrogen were discarded because of evidence of impurities. 

- 

* Eastman Organic Chemicals Co., Disti 11 ation Products Industries, Division 
of Eastnian Kodak Co., Rochester, New York 



The reaction vessel used t o  study the reactions of methyl iodide with hydra- 

zine and other reactants i s  shown in Figure 1 ,  Temperature of the solution in 
the reaction vessel was controlled by circulation of water from a constant 

temperature bath through the outer jacket of the vessel. Methyl iodide was 
introduced into the reaction vessel by injecting 50 to  100 u k  aliquots of 
aqueous stock solution of methyl iodide (ca, moles/l i ter)  through a rubber 
septum, The flow rate of the sparge gas was controlled by a microregulating 

valve and measured with a soap bubble meter before and a f t e r  each experiment. 

Flow rates were chosen such that  the amount of methyl iodide stripped from . 
solution varied as widely as possible, For the lower flow rates ,  relatively 
l i t t l e  methyl iodide escaped from the reaction vessel, whereas for  the large 
flow rates ,  a large fraction of the methyl iodide introduced into the vessel 

was stripped from solution, Flow rate  ranges chosen in th i s  way permit most 
accurate interpretation of the experimental data, 

A typical concentration-time history for  the gas leaving the reaction ves- 

sel i s  shown in Figure 3. The concentration i s  shown in terms of peak height 

in millimeters for  a 30 p a  a1 iquot a t  an attenuation of 4X. The reactive sol u-  
t ion for  th is  experiment was 170 ml of 0,758 molarity hydrazine with 0,05 
molarity sodium hydroxide, The temperature was 34,7 5 O.OI°C, and the nitro- 

gen sparge flow rate  was 94.6 + 0,3 ml/niin, The concentration may be repre- 

sented as the differences of two exponential curves as indicated in equa- 

tion (6 ) .  

Peak Height = (140)[exp(- 0.187t) - exp(-1,109t)], (6 

where t = time in minutes, 

The second exponential ar ises  because of mixing which occurs in the gas 

volume between the reaction solution and the sampling port, If th i s  mixing 

volume were zero, only the f i r s t  exponential term would be required, The 

value of the exponent of the f i r s t  term i s  equal t o  the kobsd as shown in 

equation (5) .  

The area under the concentration curve shown in Figure 3 i s  direct ly  pro- 

portional to the amount of methyl iodide stripped from the reaction c e l l ,  I n -  

tegration of the equation which describes the concentration curves shown in 
t 

Figure 3 leads to  an expression for  the amount of methyl iodide sparged from 

solution, A,, in terms of the i n i t i a l  concentration and the decay constants 
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of equation (6) .  The resulting expression i s  

in which Ci i s  the i n i t i a l  concentration of gas bubbles leaving the surface 

of the l iquid,  Qg i s  the gas sparge rate ,  kobsd i s  the observed concentration 

decay rate ,  and k 2  i s  a constant related t o  the mixing of the sparge gas in 

the vapor space above the reaction solution. Ci i s  best estimated by extrap- 

olating the concentration curve to zero time as indicated in Figure 3. k, * 
may be obtained from the concentration-time history shown in Figure 3 by sub- 

tracting from the measured curve, the curve extrapolated to  zero time. . 
From equation (5 )  i t  will be noted tha t ,  as As/Ao approaches zero, kobsd 

approaches k r .  Thus, the solution reaction rate  may be obtained by carrying 

out a s e t  of sparge runs, each of which would yield data plots similar t o  
Figure 3. By plotting kobsd  for  each of these runs as a function of As/Ao,  

one may determine k r  as the l imit  of kobsd  when the amount sparged i s  extrap- 

olated t o  zero. I n  this  work, four separate experiments were completed, a t  
varying flow rates of sparge gas. Typical results are shown in Figure 4 where 

the amount stripped i s  shown versus the reciprocal of the observed rate con- 

s tant .  A s t ra ight  l ine  relationship i s  found which permits easy extrapolation 

t o  zero. For the example, shown in Figure 4,  the reaction rate of methyl io- 

dide i s  found to be 1/6.3 or 0.159 min-l. 

Resul t s  

a. Reaction of Methyl Iodide with Hydrazine 

The results obtained for  hydrazine represent the bulk of the work 

carried o u t ,  although data were obtained for  comparison purposes for  several 

other reactants. The rate of reaction was determined as a function of hydra- 

zi ne concentration, sodi um hydroxide concentration, s a l t  concentration (NaC1, 

Na2B407, Na2C0 3)  and temperature. The data obtained are summarized in 

Table 111. 
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T A B L E  I11 

RATE CONSTANT FOR THE REACTION OF METHYL IODIDE A N D  HYDRAZINE 
I N  A 0,053 M O L E S ~ L I T E R  SoDIuri H Y D R O X I D E  SOLUTION 

(Methyl iodide i n i t i a l  equals ca, 3 x moles/l i t e r )  

Reaction Rate 
Temperature Hydrazi ne Concentration Constant 

("C) (mole l i t e r -1 )  ( W / O  (sec-I x l o 3 )  

In Figure 5, the f i r s t  order r a t e  constant i s  plotted as a function of 

hydrazine concentration, The reaction r a t e  constant i s  seen t o  be d i rec t ly  

proportional to  the hydrazine concentration f o r  the reaction a t  24,7 and 34,7"C0 

This agrees with the hypothesis of a simple subs t i tu t ion  reaction as suggested 

in  our e a r l i e r  work, A t  49.3'C the extrapolat ion of the r a t e  constant 

t o  zero coniposi t ion of hydrazine gives a f i n i t e  value of the ra te  constant 

which represents the reaction r a t e  of methyl iodide with the solvent ,  the 

aqueous a1 kal 

energies f o r  

[ I2 '  the r a t e  

ine solut ion,  From the reported r a t e  constants and act ivat ion 

the reaction of methyl iodide with water and hydroxide ion, [41 

constant f o r  the reaction of methyl iodide w i t h  the solvent i s  

calculated t o  be 6 x lom5 sec"'. The extrapolated value from the data in 

Table I11 i s  1,6 x 10-"ecc"l, Considering t h a t  both of these values are  the 

r e s u l t  of extrapolat ions and not d i r ec t  determinations, the comparison i s  t o  

be considered f a i r ,  

The d i r ec t  proport ionali ty of the r a t e  constant f o r  the reaction of methyl 

iodide with the hydrazine concentration in  Table I11 and the exponential de- 

crease of the methyl iodide concentration as shown in Figure 3 indicate  the 
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Figure 5. Rate Constant as  a Function of Hydrazine Concentration 
i n  0 . 0 5 3 ~  - Sodi uni Hydroxide 



reaction i s  second order,  The r a t e  expression f o r  the disappearance of methyl 

iodide considering both the reaction with hydrazine and with the solvent  i s  

where k h  i s  the second order r a t e  constant f o r  the reaction of methyl iodide 

and hydrazine, kOH i s  the second order r a t e  constant f o r  the reaction of methyl 

iodide and hydroxide ion, kw i s  the f i r s t  order r a t e  constant f o r  the reaction 

of methyl iodide and water (where the concentration of water i s  assumed t o  be 

constant a t  55,5 moles 1 i t e r m P )  and where the bracketed expressions are the 

concentrations in moles 1 i ter-1 . 
The second order r a t e  constant f o r  the methyl iodide-hydrazine reaction 

calculated from the data in Table I11 i s  shown in Table IV, and Figure 6 ,  The 

uni ts  shown f o r  the reaction r a t e  are  M"I S-I where M = concentration in mol- 

a r i  t y ,  and S = time in seconds. The act ivat ion energy f o r  the reaction between 

methyl iodide and hydrazine i s  20.2 + 0.4 kcal/mole, 

TABLE IV 

SECOND O R D E R  RATE CONSTANT FOP THE REACTION OF 
METHYL IODIDE A N D  HYDRAZINE 

Pseudo F i r s t  Order 
Second Order Rate Constant 

Temperature Rate Constant For 3,2 w/o Hydrazine 
("C> (1 i t e r s  moles-lsec-') Solution -- ( sec - l )  

The r e l a t i ve  magnitude of the reaction r a t e  constants i s  such t ha t  f o r  a . 
1 mole 1 i ter'l hydrazine (3 ,2  w/o) and 0,05 mole 1 i t e r m '  (0,2 w/o) sodium 

hydroxide solut ion the hydrolysis by water and hydroxide ion account f o r  only 

0,02 and 0,4 percent of the to ta l  reaction with methyl iodide a t  50°C, Since . 
the ac t ivat ion energies of the three reaction paths are  within 10% of each 

other ,  the r e l a t i ve  contribution of each reaction path wil l  not change great ly  
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going from 50°C to  100°C, More di 1 ute hydrazine solutions wi 11 have a greater  

contribution by the hydrolysis reactions t o  the over-a91 reaction 

b ,  Reaction of Methyl Iodide with l ,I-Dimethyl hydrazine 

The reaction of methyl iodide with subst i tu ted hydrazines was of i n t e r e s t  

because of the potential  of increased reaction r a t e  of a1 kyl ated hydrazines 

over the r a t e  of reaction of hydrazine, Since no quant i ta t ive  measure of the 

reaction r a t e  constant has been reported, the reaction of methyl iodide with 

1,l-dimethylhydrazine was examined by the sparge removal technique described 

e a r l i e r  in t h i s  repor t ,  

The r e su l t s  of t h i s  study are  summarized in Table V, 

T A B L E  V 

THE REACTION RATE OF METHYL IODIDE WITH 
1 , I  -DIMETHYLHYDRAZINE 

(Carried out in  a 0,052 moles / l i ter  sodium hydroxide solut ion 
with an i n i t i a l  concentration of methyl iodide of 

3 x moles / l i t e r , )  

1 , l  -Dimethyl hydrazine Second Order Reaction 
Concentration Rate Cons tan t Temperature 

(moles/l i  t e r s )  (1 i  t e r s  moles-lsec-l) ("C) 

t Determined by chromatographic separation method (CH31 = 1,4 x 10"4M), - 
.I * Data inconsis tent  -- measurement unrel iable ,  

** Sodi um hydroxide equals 0,005 moles/l i  t e r ,  

The average of the three values of the r a t e  constant f o r  the reaction with 

l ,l-dimethyl hydrazine a t  24,7"C i s  7,7 x lom3 l i t e r  m ~ l e - ~ s e c - l  which i s  a 

fac to r  of 7 g rea te r  than the r a t e  constant f o r  the reaction with hydrazine, The 



a c t i v a t i o n  energy was e s t i m a t e d  t o  be l 8 , 4  + 1 , 2  kca l /mole ,  

The s o l  u t i  ons o f  l , I -d imethy l  hydraz ine*  showed v i s i b l e  ev idence o f  change 

i n  a  few hours when exposed t o  a i r ,  A t tempts  t o  measure t h e  e x t e n t  o f  t h e  

change by t h e  d e t e r m i n a t i o n  o f  t h e  t i t e r  o f  these s o l u t i o n s  w i t h  r e s p e c t  t o  

potass ium i o d a t e  (see a n a l y s i s  o f  hydraz ine  s o l u t i o n s  by t h e  D i r e c t  I o d a t e  

Method) u s i n g  so lven tC9 '  were n o t  e n t i r e l y  success fu l .  The o x i d a t i o n  o f  1,1- 

d imethy lhydraz ine  by potass ium i o d a t e  i s  n o t  a  "s in lp le"  f o u r  e l e c t r o n  change 

as i s  t h e  o x i d a t i o n  o f  hydraz ine  by potass ium i o d a t e ,  [I 0 1  

n The n a t u r e  o f  t h e  change i n  t h e  s o l u t i o n s  o f  l , l - d i m e t h y l h y d r a z i n e  i s  n o t  
L 

known b u t  i s  presumed t o  be a  p h o t o o x i d a t i o n  s i n c e  deal  k y l a t i o n  has n o t  been 

r e p o r t e d  t o  occur ,  S ince t h i s  system appeared t o  be more u n s t a b l e  c h e m i c a l l y  

than  t h e  hydraz ine  system, exper imen ta l  work on t h e  1  , l -d imethy l  hydraz ine  sys- 

tem was d i s c o n t i n u e d  even though t h e  r e a c t i o n  r a t e  c o n s t a n t  was l a r g e r  than  

t h a t  o f  hydraz ine,  

c, React: on o f  Methy l  I o d i d e  w i t h  Monomethyl h y d r a z i  ne 

From t h e  c i t a t i o n  by clarkCgl monomethylhydrazine s o l u t i o n s  were ex- 

pected t o  be much more r e a c t i v e  towards n ie thy l  i o d i d e  than  hydraz ine ,  When 

hydraz ine  and methy l  i o d i d e  a r e  reac ted ,  u s i n g  a p p r e c i a b l e  q u a n t i t i e s  o f  b o t h  

r e a c t a n t s ,  t h e  p r o d u c t  o f  t h e  r e a c t i o n  i s  1 , l -d imethy lhydraz ine  and n o t  mono- 

methy l  hydraz ine ,  T h i s  o b s e r v a t i o n  imp1 i e s  t h a t  t h e  second s t e p  i n  t h e  a1 k y l -  

a t i o n  o f  hydraz ine  must be much more r a p i d  t h a n  t h e  f i r s t  s tep,  The p r e s e n t  

work, however, shows t h a t  t h e  r e a c t i o n  r a t e  o f  monomethylhydrazine w i t h  niethyl  

i o d i d e  i s  l e s s  than  t h e  r e a c t i o n  r a t e  o f  hydraz ine  w i t h  methy l  i o d i d e ,  

Monomethyihydrazine s o l u t i o n s f  were s t u d i e d  by t h e  sparge removal tech -  

n ique  i n  o r d e r  t o  determine t h e  r a t e  o f  r e a c t i o n  o f  nionomethylI iydrazine w i t h  

* The 1 , l - d j m e t h y l h y d r a z i n e  used i n  t h i s  s t u d y  was o b t a i n e d  f r o m  D i s t i l l a t i o n  
Products I n d u s t r i e s  and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n ,  The concent ra-  
t i o n  o f  9 $1-d imethy l  hydraz ine  was c a l c u l a t e d  f ron i  t h e  d i  l u t i o n s  which were 
made i n  t h e  sanie manner as w i t h  hydraz ine .  

t Monomethyl hydraz ine  s u l f a t e  was o b t a i n e d  f rom D i s t i  11 a t i o n  Products  Indus-  
t r i e s  apd a  weighed aniount was d i s s o l v e d  i n  d i s t i l  l e d  wa te r ,  The s u l f a t e  
i o n  was removed f rom t h e  s o l u t i o n  by p r e c i p i t a t i o n  as bar ium s u l f a t e  by  t h e  
a d d i t i o n  o f  30% excess bar ium c h l o r i d e  s o l u t i o n  ( 1  m o l e / l i t e r ) ,  A f t e r  cen- 
t r i f u g i n g  and s e p a r a t i n g  t h e  bar ium s u l f a t e  t h e  s o l u t i o n  was ana lyzed f o r  
monomethylhydrazine by t h e  D i r e c t  I o d a t e  Method, The a n a l y s i s  and t h e  c a l -  
c u l a t i o n  o f  t h e  amount o f  monomethyl hydraz ine  p r e s e n t  were i n  e x c e l l e n t  
agreement, Monon~ethy lhydraz ine l i k e  hydraz ine  t i t r a t e s  i n  a  s t r a i g h t f o r w a r d  
manner w i t h  potass ium i o d a t e  i n  s t r o n g  h y d r o c h l o r i c  a c i d  s o l u t i o n , [ l 0 ]  



methyl iodide, A 170 m l  volume of a 0.076 moles/liter rnonomethylhydrazine and 

0.052 moles/l i  t e r  sodi uni hydroxide sol ution a t  35,4"C had a pseudo-fi r s t  order 

reaction rate  constant of less t h a n  1 , 1  x sec-I. This i s  equivalent to  a 

second order reaction rate  constant of - ca. 1 ,5 x 1 i t e r  mole-lsec-I or  

lower, 

Because of the discouragingly low value of the second order reaction rate 

constant for  monomethylhydrazine with methyl iodide, these studies were not 

continued, The d a t a  which were obtained demonstrate that the reactions of 

a1 kyl ated hydrazi nes wi t h  a1 kyl ha1 l" des are not thoroughly understood and nieri t 
t 

b further experimental e f fo r t ,  

d o  Reaction of Methyl Iodide with Sodium Sul f i te  

The use of sodium s u l f i t e  as a reactant for  methyl iodide was t r ied  

because of the nucleophilic character* of the s u l f i t e  ion, Sodium s u l f i t e  i s  

also a reductant so tha t ,  l ike  hydrazine and sodium thiosulfate,  sodium sul- 

f i  t e  will reduce iodine, presumably a t  a rapid ra te ,  The rate of reaction of 

methyl iodide in sodium s u l f i t e  solutions was determined by the sparge removal 

technique which was described ea r l i e r  in th is  report, Sodium s u l f i t e  ob- 

tained from Baker and Adamson Chemical Company was used in these experiments, 

The results of the reaction rate  determination for  sodium solutions a t  24,70°C 

are shown in Table VI, 

T A B L E  VI 

R E A C T I O N  RATES OF METHYL IODIDE IN SODIUM SULFITE SOLUTIONS 

( A t  24,70°C and 0,052 mol es/ l  i  t e r  sodi um hydroxide 
and 4 x moles/l i t e r  methyl iodide,) 

Pseudo-Fi r s t  Bimol ecul a r  
Sodi um Sul f  i  t e  Order Reaction Reaction Rate 
Concentration Rate Constant Constant 

( m ~ l e s l i t e r " ~ )  pH (sec-I ) (1  i  t e r  m01e'~sec-I) 

* A discussion of nucleophilic character and  i t s  use in the prediction of re- 
action rates will be considered in a l a t e r  section of th is  report on the 
correlation of reaction rate constants. 



e, React ion o f  Methyl  I o d i d e  w i t h  Sodium S u l f i d e  

The r a t e  o f  r e a c t i o n  o f  methyl  i o d i d e  w i t h  s u l f i d e  i o n  was examined by 

t he  chromatographic sepa ra t i on  techniqueC1 between 21.5°C and 23.5"C. Despi te  

t he  u n c e r t a i n t y  o f  t h i s  method, i t  was f e l t  t h a t  t he  da ta  represen ts  an o rde r  

o f  magnitude va lue  f o r  t h e  r a t e  o f  r e a c t i o n .  Both sodium s u l f i d e  and ammonium 

s u l f i d e  were examined and t h e  second o r d e r  r e a c t i o n  r a t e  cons tan t  was ca lcu -  

l a t e d  assuming t h e  r e a c t i o n  t o  be second o rder ,  These da ta  a re  g iven  i n  

Table V I I ,  As seen i n  Table  V I I ,  t h e  r a t e  o f  r e a c t i o n  o f  n iethyl  i o d i d e  w i t h  

s u l f i d e  i o n  i s  2  t o  3 t imes t h a t  o f  t h e  r e a c t i o n  w i t h  t h i o s u l f a t e  o r  s u l f i t e  - 
f l  i o n  and 40 t o  90 t imes t h a t  o f  the  r e a c t i o n  w i t h  hydraz ine  f o r  equal  mo la r  

s o l  u t i o n s  o f  t he  r eac tan t s ,  
I. 

TABLE V I I  

REACTION RATES OF METHYL IODIDE WITH SULFIDE I O N  

Reactant* Second Order React ion 
Concen t ra t ion  A d d i t i v e s  Temp, Rate Constant 

Reactant (moles11 i t e r )  (moles/ l  i t e r )  ("C) (1  i t e r  m01e "~sec - I )  

Sodium S u l f i d e  0 0 1  None 23,3 >4 x: 

II 0,01 [NaOH] = 0,5 22,7 9,4 x l o m 2  
II 0,01 [NaOH] = 0,05 23,2 8,3 x 

I I 0,Ol [NaOH] = 0,05 22,7 9,6 x lo - '  
II 0,Ol [ H C l  ] = 0,001 21,4 5  x lo - '  

Ammoni urn Sul f i  de 0,Ol 8  None RT 6 x l o - "  
I1 0.18 None RT 7  x 

I I 0,018 [NaOH] - 0,05 RT 8  x 10"' 
I I 0,018 [Na2B,07] = 0.1 21 ,5 7  x l o - 2  

* Methyl  I o d i d e  concen t ra t i on  Q l o m 4  m o l e s l l  i t e r ,  

D iscuss ion o f  Resul ts  

a, E f f e c t  o f  pH and I o n i c  S t reng th  on React ion Rates 

The r a t e  o f  r e a c t i o n  o f  methyl  i o d i d e  w i t h  hydraz ine  i s  e s s e n t i a l l y  

independent o f  t h e  hydrox ide  i o n  concen t ra t i on  ove r  a  r a t h e r  wide range of 

concen t ra t i on  o f  t h e  hydrox ide  i o n  o r  hydrogen ion ,  The r a t e  o f  r e a c t i o n  



measured i n  a  0.026 mole l i t e r " '  h y d r o c h l o r i c  a c i d  s o l u t i o n  i s  o n l y  7% lower  

than t h e  r a t e  o f  r e a c t i o n  i n  a1 k a l  i n e  s o l u t i o n  as shown by t h e  magnitude o f  t he  

second o r d e r  r e a c t i o n  r a t e  cons tan t  g i ven  i n  Table  V I I I .  

TABLE V I I I  

THE EFFECT OF HYDROXIDE ION CONCENTRATION AT 34,77"K 

Hydrazi  ne Hydroxide I o n  Sodium Ch lo r i de  Second Order React ion 
Concen t ra t i  on Concen t ra t ion  Concen t ra t ion  Rate Constant 
(mol es /L i  t e r )  ( g  i o n / l  i t e r )  (mol e s / l  i t e r )  ( 1  i t e r  mo les - l sec - I )  

Th i s  i s  u n l i k e  t he  case o f  the  r e a c t i o n  o f  hydraz ine  and i o d i n e  where t he  

r a t e  o f  r e a c t i o n  was found t o  be p r o p o r t i o n a l  t o  t h e  hydrox ide  i o n  concent ra-  

t i o n .  [ 1 1 I  

The v e l o c i t y  o f  t h e  r e a c t i o n  o f  s u l f i t e  i o n  w i t h  methyl  i o d i d e  was found 

t o  be dependent on bo th  t h e  i o n i c  s t r e n g t h  and pH o f  t h e  s o l u t i o n ,  The r e s u l t s  
w o f  exper iments where bo th  i o n i c  s t r e n g t h  and pH were v a r i e d  a re  shown i n  

Table  I X .  
'I 

The pH dependence o f  t h e  r e a c t i o n  v e l o c i t y  i s  a  r e s u l t  o f  t h e  s u l f i  t e -  

b i s u l f i t e  e q u i l i b r i u m ,  As t he  pH o f  t h e  s o l u t i o n  i s  lowered, t h e  f r a c t i o n  o f  

su l  f i  t e  i o n  concen t ra t i on  o f  t he  t o t a l  s u l f i  t e  and b i s u l f i t e  concen t ra t i on  i s  

lowered, The r a t i o  o f  t he  second o r d e r  r a t e  cons tan t  o f  t h e  r e a c t i o n  o f  methyl  

i o d i d e  w i t h  s u l f i t e  i o n  t o  t h a t  w i t h  b i s u l f i t e  i s  % 50, as seen i n  Table I X ,  

A t  pH Q 12 t he  [SO:-]/([SO$-] + [HSO;]) r a t i o  i s  2 0.99, w h i l e  a t  a  pH o f  4.5, 

t h e  [HSO~]/([SO;-] + [HSO?]) r a t i o n  i s  t 0,99, Exact  c a l c u l a t i o n  of t h e  r a t i o  

. i s  prevented by o u r  i n a b i l i t y  t o  as;ess t h e  c o n t r i b u t i o n  o f  t he  secondary s a l t  

e f f e c t ,  i,e., t h e  e f f e c t  of i o n i c  s t r e n g t h  on t h e  a c t i v i t i e s  o f  t h e  b i s u l f i t e  

and s u l f i t e  i ons  i n  t h e  e q u i l i b r i u m  express ion,  



TABLE I X  

EFFECT OF pH AND IONIC STRENGTH ON REACTION VELOCITY OF METHYL IODIDE AND 
SODIUM SULFITE AT 24,73 t 0.03OC 

T o t a l  Sul  f i  t e  Pseudo-Fi r s t  
+ B i s u l f i t e  Orde r  R e a c t i o n  Column 4 )  

L I o n i c  C o n c e n t r a t i o n  Rate Cons tan t  x l o 3  (column 3 
* 

pH S t r e n g t h  (sec-  ) (Me sec- ) 

* Sodium c h l o r i d e  added t o  a d j u s t  i o n i c  s t r e n g t h ,  

t Sodium h y d r o x i d e  ( i n i t i a l l y  0,026 moles 1 i t e r - I )  
n e u t r a l  i zed w i t h  h y d r o c h l o r i c  a c i d  t o  g i v e  f i n a l  
pH 0 



where the bracketed terms are  the concentrations and the y k  are  the ac t i v i t y  
coef f i c ien t s  of hydrogen ion,  sul f i  t e  ion, and bisul f i  t e  ion. 

b. Correlation of Reaction Rate Constants of Methyl Iodide 

Kinetic data are  available i n  the l i t e r a t u r e  f o r  the reaction of methyl 

iodide with numerous anions and one cation in an aqueous system, The reaction 

ra tes  vary by a f a c to r  of 4 x lo5 .  In a l l  the cases which have been examined, 
r* the r a t e  expression i s  a simple second order ra te  law involving the reactant  

and methyl iodide concentrations reacting species on the niethyl iodide molecule, 
r In general,  the reaction can be pictured as the a t tack of the reactant  on the 

carbon atom with the displacement of the iodide ion. 

A summary of the r a t e  constants f o r  the reactions which have been reported 

in the l i t e r a t u r e  i s  given i n  Table X, 

Numerous attenipts have been made to  cor re la te  the reaction ra te  constant 

wi t h  both k ine t i c  and non-ki neti  c  parameters. Ideal l y  one could calcula te  the 

expected reaction r a t e  constant from such non-kinetic parameters as bas ic i ty  

o r  electrode potent ia l .  One reasonably successful corre la t ion of the reaction 

r a t e  i s  in terms of nucleophilic character  o r  nucleophi l ic i ty  of the reactant .  [201 

The nucleophilic character ,  E n ,  i s  calculated from the electrode potential  

oxidative dinierization of the nucleophile, 

where Eo i s  the electrode potential  of equa t i ono r lo ]  The nucleophilic char- 

a c t e r  i s  then calculated using 

For cases such as C1-, Br", e t c . ,  the nucleophil ic  character  i s  calculated 

d i rec t ly  from the electrode potent ia ls .  For a substance such as hydrazine, 

the oxidative dimerization i s  a  hypothetical react ion,  i  , e , ,  2N2H4 = N ~ H ~ "  + 2eY. * 

, In t h i s  case we a re  forced to  evaluate En from k ine t i c  data ,  Summaries of 

the nucleophilic character  have been presented. [201[211 

In Figure 7 ,  a  corre la t ion of the data and the  nucleophil ic  parameter i s  
.I shown, This corre la t ion i s  t o  be considered f a i r l y  successful in t h a t  i t  does 

give a re la t ionship  over a 105 range of reaction r a t e  constants,  However, the 

prediction of reaction ra tes  f o r  materials  such as hydrazine depends on one 



TABLE X 

SUMMARY OF REACTION RATES 

Bimol e c u l a r  React ion 
Bimol ecu l  a r  Temperature Rate Constant 

React ion Rate A c t i v a t i o n  Range Ex t rapo l  a ted  Val ue 
Constant a t  25,0°C Energy S tud ied  A t  120°C 

Reference Reactant (1  i t e r  mol e - l sec ' l  ) (Kcal /mol e )  ( " 0  (1  i t e r  mo le - l sec - I )  

8  

13 

14 

8  

8  

15 

16 

17 

Th i s  Work 

18  

T h i s  Work 

8  

10 

Th i s  Work 

H20 
F- 

C1- 

Br -  

oti- 

SCN' 

I - 
CN" 

N2H4 

~ g +  (NO; o r  ClO;) 

1  $1 -d imethy l  hydraz ine 

s203= 

s203= 

SO ,' 

a24,8* 

25.2 2 0,5 

21.97 2 0,34 

19.31 2 0,50 

22.22 1 0,23 

19,95 + 0,40 

17.58 + 0,20 

20.47 + 0.12 

20.2 + 0,40 

19,4 2 0,80 

18,4 2 1,2 

18.88 

18.88 

Not determined 

+ Ca l cu la ted  from f i r s t  o rde r  r a t e  cons tan t  assumes molar  c o n c e n t r a t i o n  o f  wa te r  t o  be 
55 m o l e s / l i t e r ,  

* A c t i v a t i o n  Energy i s  a  func t ion  o f  temperature,  A minimum o f  24.8 Kcal/mole a t  ca, 45"C, 



0 1 2 3 4 

E n ,  VOLTS 

Figure 7. Correlation of Reaction Rate Constants 



dete rmin ing  En f rom e i t h e r  b a s i c i t y  o r  f rom k i n e t i c  measurements, I f  t he  use 

o f  k i n e t i c  da ta  t o  eva lua te  En i s  r equ i r ed ,  perhaps a  s i m p l e r  d i r e c t  c o r r e l a -  

t i o n  o f  t he  k i n e t i c  da ta  i s  poss ib l e .  

One c o r r e l a t i o n  which can be a p p l i e d  t o  p r e d i c t  r e a c t i o n  r a t e s  i n  aqueous 

s o l u t i o n  i s  ob ta i ned  i f  t h e  r e a c t i o n  r a t e s  a re  known f o r  a  d i f f e r e n t  s o l v e n t  

system. The r e a c t i o n  r a t e  o f  methy l  i o d i d e  w i t h  many reac tan t s  i n  methanol 

s o l u t i o n s  has been more thorough ly  examined than f o r  aqueous s o l u t i o n s ,  The 

methanol da ta  may be used i n  aqueous s o l u t i o n s  by means o f  a  c o r r e l a t i o n  such 

where k i s  t he  r e a c t i o n  r a t e  i n  wa te r  and kCH,OH 
H2Q 

i s  t h e  r e a c t i o n  r a t e  i n  

methanol , bo th  expressed i n  t h e  same u n i t s  and where A i s  an e m p i r i c a l  con- 

s t a n t ,  Us ing t h e  va lues o f  t he  r e a c t i o n  r a t e s  i n  methanol s o l u t i o n  c i t e d  i n  

r e fe rence  [20] one ob ta i ned  t h e  c o r r e l a t i o n  shown i n  F i gu re  8, 

C o r r e l a t i o n s  o f  t h i s  s o r t  a re  use fu l  i n  t h a t  c e r t a i n  r a t e s  a re  p r e d i c t e d  

t o  be l a r g e r  than  o thers ,  i n  f a c t ,  l a r g e r  than  t h a t  o f  s u l f i d e ,  su l  f i t e ,  o r  

t h i o s u l f a t e  ions ,  For  example, severa l  nuc l eoph i l es  have been examined i n  

methanol s o l u t i o n  which r e a c t  r a p i d l y  w i t h  methyl  i o d i d e ,  I n  Table  X I ,  a r e  

presented t he  second o r d e r  r e a c t i o n  r a t e  cons tan ts ,  f i r s t  i n  methanol then  i n  

aqueous s o l u t i o n s ,  and t he  pseudo f i r s t  o r d e r  r e a c t i o n  r a t e  cons tan t  f o r  a  

1  w t , %  so9ut ion,  These l a t t e r  two va lues were determined f rom use o f  t he  co r -  

r e l a t i o n  shown i n  F i gu re  8, t oge the r  w i t h  t h e  r a t e  cons tan ts  f o r  sodium t h i o -  

s u l  f a t e  and hyd raz i  ne, 

Og k~~ 3 0 ~  = l o g  k  H20 + 0,20 

Although these r a t e s  a re  more r a p i d  than t h e  nuc leoph i l es  c u r r e n t l y  considered, 

t h e i r  p o t e n t i a l  as spray a d d i t i v e s  would be dependent as w e l l  on t h e  r a t e  and 

e x t e n t  o f  t h e  o x i d a t i o n  and h y d r o l y s i s  r e a c t i o n s  o f  these nuc leoph i l es ,  .. 



TABLE X I  

PREDICTED REACTION RATES OF METHYL IODIDE WITH NUCLEOPHILES I N  
A_QLIEablSLSQl!-lT I ON 

Second Order React ion Rate 
Pseudo-Fi r s t  Order 

React ion 
Constant a t  25°C Rate Constant 

Measured I n  P r e d i c t e d  I n  A t  25°C I n  Water 
Plethanol Water (1  w/o S o l u t i o n )  

Nucleophi l e  (1  i t e r  rn01e"sec"~) ( 1  i t e r  m 0 1 e " ~ s e c " ~ )  (seem]- ) 

Sodium Selenophenoxide 
[Na+, C6H5Se-] 

T r i e t h y l  phosphine 
[ (C2H5) $1 

T r i pheny l  phosphi ne 
[(c6H5>3 P I  

Sodi urn Th i ophenox-i de 
[Na+, C6t150-] 

Sodium Selenocynate 
[ ~ a + ,  SeCN-] 

Sodium Th iosu l  f a t e  - - 0,033* 0,002 

Hydraz i  ne - - 0,001* 0,0003 

* Measured va lues,  



Figure 8. Correlation of Methyl Iodide Reaction Rates i n  
Water and Methanol 



c ,  Summary of Reaction Rates of Methyl Iodide w i t h  Various Reagents 

The applicat ion of these reaction r a t e  constants t o  the prediction of 
the pseudo-first  order reaction r a t e  constants which are  expected f o r  the spray 

removal solut ions  i s  e a s i l y  made, The bimolecular reaction r a t e  constant i s  

converted t o  a pseudo-first  order reaction r a t e  constant ,  i , e , ,  f rac t ion of 

methyl iodide which reacts  per second, f o r  a given reactant  composition, The 

r e su l t s  of such a ca lcula t ion i s  shown i n  Table XI1 where a 1 w t , %  solution 

was chosen f o r  comparison. 

TABLE XI1 

COMPARISON OF REACTION RATES FOR 1 w t  ,% SOLUTIONS 

0 

Reactant 
I 

Sodi u m  Sul f i  t e  

Sodium Thiosul f a t e  

1 , l  -dimethyl hydrazine 

Hydrazi ne 

Sodi u m  Hydroxide 

Pseudo-Fi r s t  Order Half-Life of Methyl Iodide 
Rate Constant A t  In l  w t , %  Solution Of 
25°C ( s ec - l )  Additive A t  25°C ( sec )  

2,6 1 0 " ~  267 

1.8 lom3 385 

1 ,3  10-3 533 

3.4 x lo-" 2038 

1.6 lo-5 43 10"  

The r e l a t i ve  magnitude of the reaction r a t e  wi 11 change a1 though the order 

of the ra tes  wil l  not change rad ica l ly  going from 25°C t o  8O0C, The r e l a t i ve  

r a t e  should change by about a fac to r  of 200, based on an act ivat ion energy of 

20 kcal /mole, 

Thus, i t  i s  seen t h a t  from a 1 x sec,  r a t e  constant a t  25"C, the r a t e  

cornstant a t  80°C should be 2 x 1 0 " ~ ~  i  , e ,  , 20% reaction per second, 



WASHOUT O F  METHYL IODIDE B Y  SPRAYS 

Application of a reactive spray for  the washout of methyl iodide in con- 

tainment systems requires data which allow a prediction of the washout rate 

as a function of spray ra te ,  drop s ize,  solution concentration, and temper- 

ature. Ideally, a model accounting for  the important variables would be de- 

veloped and substantiated by demonstration experiments, 

Methyl iodide absorption by liquid films on wall surfaces i s  important even 

b 
for  large vessels, In our experiments and  theory, we have considered vessels 

in which the walls and bottom pool provide the only interfacial  exposure, In 

real containment systems, equipment wi thin the containment vessel would pro- 

vide additional film exposure which would enhance the washout ra te  compared to  

vessels considered in this  study, 

The demonstration experiments performed here were of re1 a t i  vely small scal e 

compared to  ful l  s ize  containment vessels, The spray chambers used were cylin- 

drical vessels 10 f t ,  and 8 f t ,  in height, Application of experimental results 

to  fu l l  s ize  containment systems must be based on use of models developed fo r  

the washout process which account for  vessel s ize,  

ABSORPTION q F  A GAS BY A REACTIVE LIQUID 

I n  absorption, solute gas diffuses from the bulk of the gas to  the surface 

of the liquid. The rate of this  transport i s  governed by the magnitude of 

the concentration gradient and of the di ffusional processes (1 aminar and  tur- 

bul en t )  which transport the diffusing substance down the concentration gradient, 

A t  the gas-liquid interface the gas dissolves in the l iquid,  For the di lute  

solutions and low mass transfer rates which wi 11 be encountered here, the inter-  

facial composition would be expected to  obey Henry" law, 

where Cs = concentration of absorbed component in liquid a t  interface,  . 
H = Henry's l aw constant (par t i  tion coefficient) 

Cgi 
= concentration of solute gas on the gas side of the interface,  

The gas dissolved in the liquid will be transported away from the inter-  * 
face by diffusional processes, If  a chemical reaction occurs within the l iquid,  

the absorbed substance will be destroyed in the liquid a t  a rate depending on 



i t s  concen t ra t i on  'and t he  r e a c t i o n  r a t e ,  As a  l i m i t ,  i f  t h e  chemical r e a c t i o n  

r a t e  were s u f f i c i e n t l y  r ap id ,  d i f f u s i o n a l  r e s i s t a n c e  i n  the  1  i q u i  d  phase would 

be smal l ,  and the  abso rp t i on  r a t e  would be governed by d i f f u s i o n a l  processes 

i n  t he  gas phase. 

THEORETICAL MODEL FOR SPRAY WASHOUT 

Absorp t ion  Processes i n  a  Spray Chamber 

Absorp t ion  i n  a  spray chamber occurs  a t  a l l  g a s - l i q u i d  i n t e r f a c e s ,  The 
o v e r a l l  abso rp t i on  r a t e  would  be t h e  i n t e g r a l  o f  t h e  abso rp t i on  r a t e s  p e r  u n i t  

i n t e r f a c i a l  area f o r  a l l  i n t e r f a c e s ,  A schematic r e p r e s e n t a t i o n  o f  t h e  f l o w  

paths i n  a  spray chamber i s  shown i n  F i gu re  9, L i q u i d  en te r s  t h e  chamber 

through a  spray nozz le  where i t  i s  broken i n t o  drops moving i n i t i a l l y  a t  h i g h  

v e l o c i t y ,  A f r a c t i o n  o f  t h e  incornin? spray drops impinge a g a i n s t  t h e  chamber 

w a l l  and o t h e r  sur faces,  A t  t he  bot tom o f  t h e  chamber, l i q u i d  i s  c o l l e c t e d  

f o r  d isposa l  o r  r ecyc l e ,  

The a i r b o r n e  concen t ra t i on  o f  a  s o l u t e  gas can be r e l a t e d  t o  t h e  f l o w  

parameters by making a  m a t e r i a l  balance on t h e  s o l u t e  gas i n  t h e  chamber, For  

t he  spray chamber dep i c t ed  i n  F i gu re  9, t h e  r e s u l t i n g  m a t e r i a l  ba lance equa- 

t i o n  i s  

i n  which L  = t o t a l  l i q u i d  f l o w  r a t e ,  

Cli = concen t ra t i on  o f  s o l u t e  gas i n  l i q u i d  e n t e r i n g  chamber, 

G = genera t ion  r a t e  o f  s o l u t e  gas w i t h i n  chamber, 

Cg = gas phase c o n c e n t r a t i o n  o f  so l u te ,  

LW = 1  i q u i d  f l o w  r a t e  a long  w a l l  su r face ,  

LD = drop f l o w  r a t e ,  

A = s o l u t e  absorbed p e r  u n i t  volume o f  w a l l  1  i q u i d  pe r  u n i t  gas 
phase concen t ra t i on ,  

5 = s o l u t e  absorbed pe r  u n i t  volume o f  drop l i q u i d  p e r  u n i t  gas 
phase concen t ra t ion ,  

t = t ime  f rom spray i n i t i a t i o n ,  

I t  shou ld  be no ted  t h a t  t h e  use o f  mass t r a n s f e r  c o e f f i c i e n t s  de f i ned  i n  

terms o f  abso rp t i on  p e r  u n i t  volume o f  w a l l  f i l m  and drop l i q u i d  i s  somewhat 

a r t i f i c i a l .  T h e i r  use i s  prompted by a  d e s i r e  t o  show t h e  r e l a t i v e  i n f l u e n c e  

o f  w a l l  f i l m  and drops on t he  o v e r a l l  absorp t ion ,  A c t u a l l y ,  t h e  abso rp t i on  



( L I Q U I D  F L O W  RATE = L) 
L I Q U I D  I N  

1 N O Z Z L E  

ALL F I L M  

GAS V O L U M E  = V 
G A S  CONC. I N  T A N K  = Cg 

L I Q U I D  OUT 

F i g u r e  9. L i q u i d  F low i n  a  Spray Tower 



i s  n o t  d i v i d e d  i n  t h i s  way, Each pa rce l  o f  1  i q u i d  e n t e r i n g  t h e  chamber i s  ex- 

posed t o  t h e  gas i n  t he  fo rm o f  drops and f i l m s ,  Th is  niust be recoana'zed i n  

i n t e r p r e t i n g  t h e  exper iments and i n  a p p l y i n g  t h e  theory .  

Equat ion (16)  r e l a t e s  t h e  gas phase concen t ra t i on  t o  t ime and t h e  washout 

parameters f o r  t he  s p e c i f i c  system considered, The fo rm o f  t h e  t ime s o l u t i o n  

t o  equa t ion  (16)  depends on t he  va lues o f  Cli9 t h e  i n l e t  concen t ra t ion ,  and G, 

t he  r a t e  o f  genera t ion  o f  t he  s o l u t e  species,  

Fo r  spray systems o f  g r e a t e s t  p r a c t i c a l  i n t e r e s t ,  t h e  i n l e t  concen t ra t i on ,  

Cl , would be v i r t u a l l y  zero.  Unreacted s o l u t e  would be p resen t  o n l y  f o r  ve ry  

s low r e a c t i o n  r a t e s  f o r  which no app rec i ab le  enhancevent o f  abso rp t i on  p e r  

pass would be achieved, 

The genera t ion  sa te  o f  t he  s o l u t e  gas, G ,  i n  a  r e a c t o r  system would 1  i k e l y  

va ry  w i t h  t ime, Also,  t h e  abso rp t i on  c o e f f i c i e n t s ,  A and 5, a re  temperature 

s e n s i t i v e ,  and hence would va ry  d u r i n g  t he  sp ray i ng  per iod ,  For  l o n g  t ime 

pe r i ods  i n  which s i g n i f i c a n t  changes i n  G, A, and B would occur,  t h e  t ime var -  

i a t i o n  o f  these q u a n t i t i e s  woud have t o  be accounted f o r  i n  s o l v i n a  equa t ion  

(16)  0 

For  the  s p e c i a l  case i n  which i t  i s  assumed t h a t  o n l y  C q  changes w i t h  t ime, 

t he  s o l u t i o n  t o  equa t ion  (16)  i s  

where C i s  t he  gas phase concen t ra t i on  a t  t h e  beg inn ing  o f  t h e  spray pe r i od ,  g  0 
As a  f u r t h e r  s i m p l i f i c a t i o n ,  i f  t he  genera t ion  r a t e  i s  neg lec ted  ( p u f f  r e l e a s e )  

t he  washout becomes exponen t ia l  w i t h  t he  washout h a l f - t i m e  equal t o  

The abso rp t i on  c o e f f i c i e n t s  A and 5 a re  c o n t r o l l i n g  parameters and i t  has been 

a  goal o f  t h i s  work t o  eva lua te  t he  numer ica l  dependency o f  A and B on t he  

b a s i c  phys i ca l  and chemical parameters o f  t h e  spray systenl, 

Absorp t ion  by Fa1 1  i n g  Drops 

The abso rp t i on  c o e f f i c i e n t  B represen ts  t he  t o t a l  abso rp t i on  by drops pe r  

u n i t  volume p e r  u n i t  gas phase concen t ra t i on ,  I n  t h i s  s e c t i o n  we cons ider  



t he  t h e o r e t i c a l  aspects o f  abso rp t i on  w i t h  s imultaneous chemical r e a c t i o n  i n t o  

fa1  1  i ng drops, 

L i q u i d  drops formed by spray nozz les r e s u l t  f rom the  co l l apse  o f  f i l m s  o r  

j e t s ,  The drops o s c i l l a t e  f o r  a  t ime  u n t i l  v i scous  damping absorbs the  energy 

o f  o s c i l l a t i o n  assoc ia ted  w i t h  t he  c o l l a p s e  o f  a  f i l a m e n t  o r  a  sheet  i n t o  drops, 

Thus, i n i t i a l l y  a t  l e a s t ,  abso rp t i on  w i l l  take p l ace  i n t o  t he  su r f ace  o f  a  

drop a g i t a t e d  by o s c i  11 a t i o n  and aerodynamic drag, 

A s o l e l y  t h e o r e t i c a l  t rea tment  o f  abso rp t i on  by l i q u i d  as i t  i s  be ing  formed 

Y i n t o  spray i s  n o t  p o s s i b l e  because o f  f l o w  comp lex i t i e s ,  For  l a r g e  spray cham- 

bers  o r  f o r  smal l  drops, t he  d i s t ance  t r a v e l e d  by a  drop i n  coming t o  t e rm ina l  

v e l o c i t y  i s  smal l  compared t o  t h e  t o t a l  f a1  1  d js tance ,  Thus, f o r  a  major  f r a c -  
1 

t i o n  o f  t he  exposure t ime, t h e  drop w i l l  f a1  1  w i t h  r espec t  t o  t he  a i r  w i t h  a  

v e l o c i t y  c l ose  t o  t he  t e rm ina l  s e t t l i n g  v e l o c i t y ,  

The drop exposure t ime may be most s imp ly  es t imated  as equal t o  t he  f a1  l 

. h e i g h t  d i v i d e d  by t he  s e t t l i n g  v e l o c i t y ,  Th i s  would be expected t o  be a  

reasonable approx imat ion f o r  many p r a c t i c a l  sys tems , 

A t  t h e  su r f ace  o f  a  drop, t h e  d i f f u s i o n  f l u x  must be t h e  same i n  t h e  gas 

and t he  l i q u i d  phases: 

where Dk = l i q u i d  phase d i f f u s i v i t y  

- - - concen t ra t i on  g r a d i e n t  i n  l i q u i d  a t  drop su r f ace  
a N 
k  = gas phase mass t r a n s f e r  c o e f f i c i e n t  

g  
Cg = c o n c e n t r a t i o n  o f  s o l u t e  i n  b u l k  o f  gas 

Cgi = c o n c e n t r a t i o n  o f  s o l u t e  i n  gas a t  drop sur face ,  

The i n t e r f a c i a l  concen t ra t i ons  a re  r e1  a ted  accord i  nu t o  equa t i on  ( 1  ) ,  

Using equa t ion  ( 1 )  i n  equa t ion  (19) ,  t h e  boundary c o n d i t i o n s  may be w r i t t e n  

as 

b where C* = H C g  



If local variations in k g  are neglected, the boundary condition, equation 

(20) ,  applies for  the whole surface of the drop, The drop different ial  equa- 

tion for  absorption with chemical reaction, accounting for  surface resistance 

of the form shown in equation (20) has been solved by Dankwerts, [241 His ex- 

pression for the total  amount absorbed, Q ,  by a stagnant d rop  in time, t ,  i s  

where k = f i r s t  order reaction rate  constant 

an = n t h  root of aa cot(aa) + ah - 1 = 0 

a = radius of drop, 

The absorption coefficient,  B, of equation (16) may be expressed as 

with Q being evaluated from equation (21 ) , Equation (21 ) describes absorp- 

tion by stagnant drops, accounting for  mass transfer resistance in b o t h  the 

gas and liquid phases, For many s i tuat ions,  one of the phase resistances i s  

negligible, allowing more simple expressions for Q than represented by equa- 

tion (21 ) ,  

For highly soluble gases or where chemical reactions are extremely rapid, 

l iquid phase transfer resistance would be negligible, The total  amount of 

solute absorbed by a drop in time, te, would be 

and the absorption parameter for drops, B, would be 

3 k  t 
= a. 

film a 

Calculations of washout based on equation (24) have been discussed by 

others. [251[261 

b Absorption of s l ight ly  soluble substances such as methyl iodide i s  con- 

trolled by liquid phase resistance unless the reaction rates are extremely 

rapid. For no gas phase resistance, equation ( 2 1 )  may be simplified by taking 



t he  l i m i t  as  h becomes very l a r g e ,  The r e s u l t i n g  equat ion i s  

We have evaluated equat ion (25)  f o r  a  range of  r eac t ion  v e l o c i t i e s ,  drop 

- s i z e s ,  fa1 1  hei gh ts  (exposure t imes ) ,  and temperatures ,  Se lec ted  values of  

t he  ca l cu la t ed  da t a  a r e  shown in  Figures 10 and 11,  I n  Fiaure 10 the  amount 

absorbed per  drop per  u n i t  su r f ace  concent ra t ion ,  Q/C* ,  i s  shown as  a  func t ion  

of drop diameter f o r  r eac t ion  v e l o c i t i e s  of 0,01 t o  100 sec - I ,  Also shown on 

t h i s  f i g u r e  a r e  values of Q/C* f o r  no d i f fus iona l  t r a n s f e r  r e s i s t a n c e  i n  e i t h e r  

phase. This i s  a  l i m i t i n g  s i t u a t i o n  i n  which the  whole drop i s  assumed t o  

contain the  equi l  i  brium s o l u t e  concent ra t ion  f o r  t he  e n t i r e  exposure t ime, The 

absorpt ion up t o  time te would be 

4 
Qmax = 3 na3(k  te + 1)C*. 

Equation (25)  reduces t o  equat ion (26)  f o r  small a  and l a r g e  t ,  From Figure 19 

i t  i s  apparent  f o r  drops l e s s  than about  500 and f o r  r eac t ion  v e l o c i t i e s  l e s s  

than about 1  sec ' l ,  t h a t  d i f fus iona l  mass t r a n s f e r  r e s i s t a n c e  does not  play a  

major r o l e ,  Thus, o s c i l l a t i o n  and c i r c u l a t i o n  wi th in  these  drops would not  

apprec iab ly  a f f e c t  t he  r a t e  of absorpt ion because the  drops would be well mixed 

by d i f f u s i o n  a lone ,  

For l a r g e r  drops of l  iqu id  of  high r e a c t i v i t y  the  degree of mixing would 

be important i n  determining the  ove ra l l  absorp t ion .  A number of s t u d i e s  of  

drop absorpt ion have been c a r r i e d  o u t  ' t o  a s se s s  t h e  e f f e c t  of drop c i r c u l a t i o n  

and o s c i l l a t i o n  on absorpt ion.  Examples of t h e s e  s t u d i e s  a r e  the  works of 

Garner and ~ a n e [ ' ~ ] .  Kroni CI and  rink[^^]. Cal v e r t  and  ons st an[^^]. and Garner 

and Haycock. C301 Sol dano [3i1 a t  O R N L  has Feporteci methyl iod ide  ab;orption 

by suspended drops 4,2 mm i n  diameter ,  Unfortunately the  da ta  a v a i l a b l e  do 

not  permit s a t i s f a c t o r y  es t imat ion  of drop mixing f o r  r e a c t i v e  drops smal le r  

b than 2000 p i n  diameter,  which a r e  of  prime i n t e r e s t  here,  A conserva t ive  

e s t ima te  of t he  absorpt ion may be obtained by cons ider ing  the  drop t o  be s tag-  

nant ,  
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I n  F i gu re  11, t h e  e f f e c t  o f  r e a c t i o n  v e l o c i t y  on abso rp t i on  i s  shown f o r  

drops exposed f o r  t imes e q u i v a l e n t  t o  f a l l  d i s t ance  o f  100 f e e t ,  For  9000 u 

diameter  drops t h e  abso rp t i on  i s  n o t  app rec i ab l y  enhanced f o r  r e a c t i o n  r a t e s  

lower  than about 0,l sec- I ,  For  s m a l l e r  drops, s lower  r e a c t i o n  r a t e s  g i v e  

enhancement ove r  phys i ca l  abso rp t i on  because o f  g r e a t e r  c o n t a c t  t imes, For  

drops l a r g e r  than 1000 LI, t h e  s tagnan t  drop model shows t h a t  t h e  r e a c t i o n  r a t e  

f o r  app rec i ab le  enhancement o f  abso rp t i on  i s  g r e a t e r  than  0 , l  sec- I ,  

From t h i s  b r i e f  d i s cuss ion  o f  drop abso rp t i on  we have concluded t h a t  con- 

s e r v a t i v e  c a l c u l a t i o n  o f  drop abso rp t i on  can be ach ieved us i ng  a  s tagnan t  

drop model. I t  shou ld  be no ted  t h a t  abso rp t i on  w i t h  chemical r e a c t i o n  i n t o  

drops under c o n d i t i o n s  where l i q u i d  r e s i s t a n c e  p l ays  a  major  r o l e  has n o t  been 

exp lo red  s u f f  i c i  e n t l y  f rom an exper imenta l  v iewpo in t ,  Addi t i  onal  exper imenta l  

s t u d i e s  a re  needed, 

Absorp t ion  by L i q u i d  F i l m  on Wall 

For  many spray chambers an app rec i ab le  amount o f  l i q u i d  sprayed f rom t h e  

nozz le  impinges a g a i n s t  t h e  w a l l ,  The su r f ace  a rea  exposed by t h e  w a l l  o f  a  

chamber i s  s i g n i f i c a n t  compared t o  f a1  l i n g  drops, For  a  c y l i n d r i c a l  chamber 

t h r e e  meters i n  he igh t ,  w i t h  a  h e i g h t  t o  d iameter  r a t i o  o f  two, t h e  w a l l  su r -  

face  area i s  c a l c u l a t e d  t o  be 3,2 t imes l a r g e r  than  t h e  su r f ace  area f o r  1000 u 
diameter  drops, a t  a  spray d e n s i t y  o f  0,0067 cmvsec  cm2 (0,1 gpm/ f t2 ) ,  For  

a  100 ft, t a l l  chamber, o t h e r  f a c t o r s  remain ing t h e  same, t h e  w a l l  area i s  

o n l y  32% o f  t h a t  c a l c u l a t e d  f o r  t h e  drops, 

The f o l l o w i n g  b r i e f  t rea tment  o f  w a l l  f i l m  abso rp t i on  i s  an a t tempt  t o  

a r r i v e  a t  p r e d i c t i v e  equat ions expected t o  gf  ve conse rva t i ve  r e s u l  t s ,  Indeed, 

a  complete t r ea tmen t  o f  abso rp t i on  w i t h  chemical r e a c t i o n  i s  n o t  y e t  a v a i l -  

ab le ,  

The f low c h a r a c t e r i s t i c s  and abso rp t i on  by l i q u i d  f l o w i n g  down a  w a l l  has 

been e x t e n s i v e l y  s t u d i e d  d u r i n g  t h e  l a s t  25 years ,  Many o f  t h e  s t u d i e s  ca r -  

r i e d  o u t  p r i o r  t o  1964 have been summarized by F u l f o r d ,  r321 Based on t h e  

t h e o r e t i c a l  and exper imenta l  s t ud ies ,  t he  genera l  c h a r a c t e r i s t i c s  o f  we t t ed  

w a l l  f l o w  may be s t a t e d  as f o l l o w s ,  A t  low f l o w  v e l o c i t f e s ,  l am ina r  f l o w  per -  

s i s t s ,  t he  v e l o c i t y  p r o f i l e  i s  p a r a b o l i c ,  and t h e  f r e e  su r f ace  v e l o c i t y  i s  3/2 

t h e  average v e l o c i t y ,  A t  Reynolds numbers i n  t h e  range o f  5  - 25, waves beg in  

t o  appear on t h e  sur face ,  though t h e  f l o w  i s  s t i l l  s u b s t a n t i a l l y  laminar ,  A t  

Reynolds numbers o f  250 - 500 t h e  f l o w  becomes t u r b u l e n t ,  



For  t he  l am ina r  f low regime, abso rp t i on  w i t h  a  f i r s t  o r d e r  chemical  reac-  

t i o n  i s  descr ibed  by 

where VnIax = v e l o c i t y  a t  su r f ace  o f  f i l rn  

x  = d i s t ance  f rom su r f ace  o f  f i l m  

6 = t h i ckness  o f  f i l m  

z  = d i s t ance  measured a long  f i l m  

D = l i q u i d  phase d i f f u s i v i t y  

C = concen t ra t i on  o f  d i s s o l v e d  s o l u t e  

k  = f i r s t  o r d e r  r a t e  constant ,  

Equat ion ( 2 6 )  has n o t  been so l ved  f o r  t h e  genera l  case, b u t  severa l  s o l  u- 

t i o n s  a p p l i c a b l e  t o  s p e c i a l  s i t u a t i o n s  have been presented, 

For  s h o r t  l am ina r  f i lms ,  t he  s o l u t e  does n o t  have t ime  t o  pene t ra te  f a r  

i n t o  t h e  f i l m ,  and hence t h e  abso rp t i on  takes p l ace  as though t he  film were 

i n f i n i t e  i n  th i ckness ,  The d i f f e r e n t i a l  equa t ion  f o r  such f i l m s  may be ob- 

t a i n e d  f rom equa t ion  ( 2 7 )  by s e t t i n g  x  = 0. T h i s  i s  t h e  p e n e t r a t i o n  t heo ry  

approx imat ion,  and t h e  mathematical  so l  u t i o n  i s  g i ven  by Dankwerts, C331 Most 

exper imenta l  da ta  ob ta i ned  w i t h  s h o r t  we t t ed  w a l l  columns , f o r  l ami na r  f l ow,  

agree reasonably  we1 1  w i t h  t h e  p e n e t r a t i o n  t heo ry  s o l u t i o n ,  

C a l c u l a t i o n s  based on l am ina r  f l o w  t heo ry  i n d i c a t e  t h a t  t h e  p e n e t r a t i o n  

t heo ry  would n o t  be a p p l i c a b l e  because t h e  s o l u t e  would d i f f u s e  a l  l t h e  way 

th rough  t h e  f i l m ,  A l owe r  l i m i t  t o  t h e  abso rp t i on  i n  t h i n  f i l m s  can be c a l -  

c u l a t e d  by cons ide r i ng  t he  s teady s t a t e  s o l u t i o n  t o  equa t ion  (271, S o l u t i o n  

o f  equa t i on  ( 2 7 )  f o r  aC/az = 0 g i ves  

where 

@ = C*1/17ti tanh m6, d  t 

a = abso rp t i on  r a t e  p e r  u n i t  area d  t 

6 = t h i c kness  o f  t h e  film, 

The f i l m  th ickness ,  6,  used i n  equa t ion  ( 2 8 )  may be es t ima ted  f rom l am ina r  f l o w  

t heo ry  and exper imenta l  measurements o f  t h e  w a l l  f l o w  r a t e ,  

Non-ideal i t i e s  i n  an a c t u a l  f i l m ,  such as t u rbu lence  and wave e f f e c t s  

would i nc rease  t h e  washout ove r  t h a t  p r e d i c t e d  by equa t ion  (28) ,  Based on 



equation (28),  the washout parameter of equation (16)  would be 

A = 
H a  tanh (m 6 )  

Lw/Aw 
Y 

where AW = wetted wall area, 

Discussion of Theoretical Model 

Absorption of a gas by a l iquid,  especially under conditions of simultan- 

v eous chemical reaction, i s  not a we1 1 understood phenomenon, and i t  i s  worth- 
whi l e to  note several areas where discrepancy between theoretical and experi- 

mental results may ar ise .  

F i rs t ,  the f luid dynamics within a spray chamber are not subject to  pre- 

cise calculation. For the wall film, smooth laminar flow with complete wall 

coverage would not be attained in any real spray chamber, However, even for  

the ideal laminar flow case, precise calculation may not be possible. For 

example, absorption may i t s e l f  cause turbulence a t  the interface by chanuing 

the surface tension and density, This e f fec t ,  often referred to  as the 

"Marongoni Effect", has been shown t o  effectively enhance mass t ransfer  com- 

pared to  that  predicted by the penetration theory, As an example, Brian, e t ,  

a l ,  have recently published data which indicate that  absorption of C02 in mono 

ethanolamine enhances tlie mass transfer in a short wetted wall column by more 

than a factor of 5,  [341 

This enhancement i s  the resul t  of a relatively high mass t ransfer  rate ,  

For the washout of methyl iodide and iodine, the concentrations are exceedingly 

d i lu te ,  resulting in very low mass transfer rates on an absolute scale,  For 

th is  reason, i t  i s  unlikely that  s ignif icant  enhancement would occur as a 

resul t  of the Marongoni Effect, Water vapor condensing on drop and  wall sur- 

faces would probably not induce interfacial  turbulence of large significance, 

In addi tion to difficul t i e s  arising from interfacial  turbulence, one must 

recognize that  the wall filni flow i s  n o t  ideal and laminar, Preferential 

wetting of the surface may cause dropwise drain-off, o r  formation of r ivulets ,  

whi ch are considerably more d i f f i cu l t  to handle theoretically,  A1 so, as spray 

drops impact against the surface, mixing would be induced in the film, 
* 

Absorption into pools found a t  the bottom of a spray chamber represents 

another area where enhanced absorption could occur, For this  surface, effect-  



ive mixing w o u l d  resul t  from drops s t r iking the surface, 

Falling drops would be expected to  osc i l la te  shortly a f t e r  formation, and 
be deformed by aerodynamic drag, Coalescence of drops would increase the 
average drop s ize with increasing distance from the nozzle. These effects  are 
d i f f i cu l t  t o  assess quantitatively,  b u t  would be expected t o  enhance absorp- 

tion compared t o  that  calculated for  drops fa1 l  ing a t  terminal velocity of the 
s ize measured a t  the maximum distance from the nozzle, 

The effect  of steam condensation on drop absorption i s  another factor which 

w needs t o  be cansidered, The bulk flow caused by the condensation would be 
expected to enhance the gas phase t ransfer  coefficient,  The condensation would 
be largely completed in a few tenths of a second, hence the net increase in the 

gas film coefficient would not be of great consequence, even for  elemental 
iodine, The liquid water condensed on the drop would presumably coat the o u t -  
side of the drop, effectively separating the reactive molecules from the solute,  

An estimate of the thickness of the water layer may be made by considering 
the magnitude of the la tent  heat of condensation and the sensible heat gain 

of the drop, Drops would l ikely undergo a temperature increase of less  than 

100°C, corresponding to a heat gain of about 900 cal/gram, This i s  equivalent 

to  the la tent  heat of condensation of 0,18 grams/gram of water, indicating a 
drop weight increase of 18%, This increase in drop s ize corresponds to  an in- 
crease of 6% in drop radius, amounting to  a layer 30 microns thick for  a 1000 
mi cron di anieter drop, Flolecul a r  di ffusi  vi t i e s  in water a t  an average temper- 
ature of 70°C are of the order of 4 x lom5 cm2/sec, Based on a simple one 

dimensional diffusion cal cul a t i ~ n ' ~ ~ ] ,  the surface concentration would reach 
50% of the b u l k  concentration in a time of a b o u t  0, l  second, Thus, diffusional 
processes would very rapidly eradicate any large concentration gradients of 
reactive additive, and i t  i s  concluded that  condensation would not greatly in- 
fluence the absorption a f t e r  the f i r s t  few tenths of a second, Since drop 
residence times are of the order of seconds, the condensation would not greatly 

influence the overall absorption, 

From th is  superficial look a t  absorption with chemical reaction, we con- 

clude that the model developed in th i s  report, since i t  i s  based on non- 

turbulent flow, wi 19 predict absorption rates conservatively, 
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EXPERIMENTAL M E T H O D  

The purpose of the spray washout experiments was to  detronstrate on a small 

engineering scale,  the effectsveness of niethyl iodide washout by sprays of 

aqueous hydrazine solution, Most of the experiments were carried out in a 

cylindrical chamber 4 f ee t  in diameter by 10 fee t  in height, made from 304-L 

stainless  s t e e l ,  This vessel was limited t o  atmospheric pressure, and hence 

a l l  of the t e s t s  performed in th is  vessel were a t  temperatures equal to or 

less  than 100QC, Spray washout a t  temperatures to 123°C was carried out in a 
pressure vessel 3 fee t  in diameter by 8 fee t  in height, This vessel was . 
painted t o  prevent corrosion, 

The experiments performed may be divided into three se t s ,  I n  the f i r s t  

s e t  of experiments the spray l iquid was recirculated continuously, and the 

quantity of methyl iodide remainqng airborne was determined as a function of 

time, These experiments were performed in the 4 foot diameter s ta inless  ves- 

s e l ,  a t  temperatures i n i t i a l l y  close to 100°C, No heat was added during the 

spray period, hence the temperature decreased with time, The second s e t  of 

runs consisted of three spray t e s t s  carried out a t  temperatures near 1 2 O 0 C ,  

In two of these runs, once-through spray periods were employed in which wall 

film 1 iquid and 1 iquid collected in the bottom of the chamber were separately 

analyzed to permit assessment of wall absorption, The third s e t  of experi- 

ments was designed to more precisely measure wall and drop absorption and a 

drop collector for  evaluating drop absorption was used, These l a t t e r  experi- 

ments were carried out in the 4-foot diameter s ta inless  steel vessel, a t  

temperatures near 90°C, All of the experimental runs were conducted using 

methyl iodide label led w i t h  I, Ini t i a l  airborne methyl iodide concentra- 

tions were between 0, l  and 10 milligrams per cubfc meter, The results of these 

experiments will now be briefly discussed, 

RESULTS OF EXPERIMENTS 

Recirculating Spray Runs in a Stainless Steel Spray Chamber 

The goal of these runs was to  de~ons t r a t e  the spray washout of methyl iodide 

for  a system simulating a post-acci dent containment vessel, In i t i a l  temper- 

* atures of the spray chamber were near 100°C, and the spray solution was a t  
near room temperature (20°C) i n i t i a l l y ,  The temperature within the chamber 

decreased with time, simulating behavior anticipated fol lowi nq a postulated 



r e a c t o r  acc iden t ,  

Drop s i z e  d i s t r i  bu t i ons  f o r  a l l  o f  t he  nozz le  combinat ions used were 

measured near t he  bottom o f  t he  chamber, The drops were c o l l e c t e d  a t  an o i l -  

kerosene i n t e r f a c e  a f t e r  f a 1  1  i n g  through a  t h i n  l a y e r  o f  kerosene, The drop 

s i z i n g  was c a r r i e d  o u t  a t  room temperature,  under t he  nozz le  pressure employed 

i n  t h e  run, Th is  nozz le  pressure was 100 p s i  i n  a l l  o f  t h e  runs, 

L i q u i d  f l o w  a long  t he  w a l l  was measured by means o f  a  c o l l e c t o r  r i n g  i n -  

s t a l l e d  near  t he  bottom o f  t he  tank, Wall l i q u i d  and l i q u i d - c o l l e c t e d  i n  t he  

bottom o f  t he  tank were mixed i n  t h e  p i pe  l e a d i n g  t o  t h e  l i q u i d  r e s e r v o i r ,  

A d e t a i l e d  d e s c r i p t i o n  o f  the  exper imenta l  apparatus i s  g iven i n  an e a r l i e r  

r e p o r t ,  [I1 Methyl i o d i d e  t r a c e d  w i t h  j3'1 was i n j e c t e d  i n t o  t he  tank  and 

a l lowed t o  mix be fo re  t h e  spray was i n i t i a t e d .  A i rborne  concent ra t ions  i n  these 

runs were c a l c u l a t e d  f rom a  ma te r i  a1 balance, based on 1  i qu i  d  samples c o l  l ected  

a t  t ime i n t e r v a l s  throughout  t h e  run, and t h e  smal l  r e s i d u a l  o f  methyl  i o d i d e  

remain ing a i r b o r n e  a t  the  end o f  t he  run, 

Animonium hydrox ide  (0,75 moles/ l  i t e r )  was used i n  a1 1  o f  t he  s o l u t i o n s  t o  

p rov ide  excess base t o  r e a c t  w i t h  carbon d i o x i d e  i n i t i a l l y  i n  t he  a i r ,  

The r e s u l t s  o f  f i v e  o f  t h e  r e c i r c u l a t i n g  spray runs a re  t a b u l a t e d  i n  

Table X I I I ,  I n  r u n  12, b o r i c  a c i d  n e u t r a l i z e d  w i t h  ammonium hydrox ide  was 

added t o  demonstrate t h a t  t he  washout r a t e  would n o t  be adverse ly  a f f e c t e d  

by t h e  presence o f  bo ra te  ion .  

The r e s u l t s  o f  the r e c i r c u l a t i n g  spray runs l i s t e d  i n  Table I show t h a t  

t he  washout r a t e  i s  p r o p o r t i o n a l  t o  t he  hydraz ine concen t ra t i on  and the  l i q u i d  

f l o w  ra te ,  As expected, t he  washout r a t e  i s  much s lower  than t h e  r a t e  p re -  

d i c t e d  f o r  a  gas-phase l i m i t e d  process, 

Higher  Temperature Spray Washout 

These runs, t h r e e  i n  number, were c a r r i e d  o u t  i n  a  pressure vessel  3 f e e t  

i n  d iameter  by 8 f e e t  i n  he igh t ,  The atmosphere was sa tu ra ted  w i t h  respec t  

t o  one atmosphere o f  a i r  a t  20°C. 

I n  two o f  these runs, a  once through spray p e r i o d  was eniployed t o  a1 low 

assessment o f  abso rp t i on  by t he  w a l l  f i l m ,  A w a l l  t rough  was p rov ided  t o  

pe rm i t  c o l  l e c t i o n  o f  1  i q u i d  f l o w i n g  down the  wal l , and t h i s  was analyzed f o r  

comparison w i t h  l i q u i d  f a l l i n g  as drops which accumulated i n  t h e  bottom o f  

t he  tank, 



TABLE XI11 

RESULTS OF RECIRCULATING SPRAY WASHOUT OF METHYL IODIDE BY 
AQUEOUS HYDRAZINE SPRAYS 

Drop L i q u i d  F r a c t i o n  I n i t i a l  I n i  ti a1 I n i  t i  a1 
S ize  F l  ow O f  L i q u i d  Gas Hydraz i  ne Du ra t i on  Washout 

Run MMD Rate F l  owi ng Temp. Concen. O f  Run Hal f -T ime 
No, microns cm3/sec On Wall - ("C) (wt,%) (mi n )  (mi n )  



The gas phase ac t iv i ty  was measured as a function of time using a sampling 

t rain consisting of a membrane f i l t e r ,  s i l ve r  screens, s i lve r  membrane f i l t e r ,  
activated charcoal f i l t e r  paper, and activated charcoal beds arranged in ser ies ,  

The methyl iodide was 1 argely col l ected within the charcoal beds, 

The resul ts  of the three runs a t  higher temperature are briefly tabulated 

in Table XIV, 

Steam was added a t  a ra te  high enough to balance the heat loss throughout 

the runs, Thus, the temperature of the system was more nearly constant than . 
in the recirculating runs a t  atmospheric pressure, In one of these runs the 

spray solution was heated to the tank temperature, and in the other two runs, 

the spray liquid was introduced a t  room temperature, 

The drop s ize was measured for  the same nozzles operating a t  room temper- 

ature and one atmosphere of pressure, For 100 psi pressure drop across the 

nozzles, the d r o p  s ize measured 8 fee t  below the nozzle was 340 microns mass 

median diameter, For a single nozzle of the same type, the drop s ize  was 

measured to  be 140 microns, indicating that  for  the 9 nozzle spray header, 

drop coalescence was s ignif icant ,  

From the resul ts  l i s t ed  in Table XIV, i t  may be noted that washout half- 

times of about 8 minutes were real ized, 

The wall 1 iquid was found to be more effect ive,  on a volume basis, than 

the fa l l ing  drops, This i s  shown in the l a s t  column where the ra t io  of wall 

liquid ac t iv i ty  to bottom liquid act ivi ty  i s  shown, The bottom liquid activ- 

i t y  includes absorption into the pool, and hence drop act ivi ty  would be less 
than indicated by this  measurement, 

Drop and Wall Film Absorption Experiments in the Stainless Steel Chamber 

The goal of these experiments was t o  provide direct  experimental measure- 

ments of the washout parameters A and B for  wall films and fa l l ing  drops re- 

spectively, I n  each experiment, the wall film flow was collected separately 

from the drops fa l l ing  into the bottom of the chamber. Two drop catchers were 

placed near the bottom of the chamber to  col lect  liquid fa l l ing  in the form of 

drops with immediate removal from the chamber atmosphere, These drop catchers 
b were designed to prevent absorption by the drop liquid subsequent to impact 

against the col lecting surface, Methyl iodide-free a i r  was continually purged 

through the flask to  prevent airborne methyl iodide from reaching the liquid 



TABLE X I V  

RESULTS OF HIGH TEMPERATURE SPRAY WASHOUT OF METHYL IODIDE 
BY HY DRAZINE SOLUTIONS 

O v e r a l l  F r a c t i o n a l  
I n i t i a l  Spray L i q u i d  Reac t i ve  Spray F r a c t i o n  O f  Washout Absorp t ion  

Run Temp. F l  ow Rate Sol u t i o n  Spray F low ing  Hal f -T ime Due t o  Wall 
No. ( " 0  (ml /sec) Composi ti on Down Wall ( m i  n )  L i q u i d  

HT- 9 120 36,6 90 wt,% N2Hq 0,28 8 
0.06 NHqOH 
3000 ppm H3BO3 

HT-2 9 20 

HT- 3 123 

60,7 6.5 wt,% N2H4 0.28 9 0.58 
0,06 N NH,OH 
3000 ppm H3BO3 

37.8 10 wt.% N2Hq 0,28 7 0,39 
0.05 N NaOH 
3000 pprn H3B03 



surface. Ten ml of 10% sodium thiosulfate solution was added to the flask to  
react rapidly with methyl iodide carried within drops into the catcher in an 
unreacted form. Drops impacting against the i n l e t  chimney were not col 1 ected, 
b u t  instead drained away a t  the outside of the f1 ask, Only those drops fa1 1- 

ing nearly ver t ical ly  entered the f lask,  Gas phase concentrations of methyl 
iodide were measured using beds of activated charcoal operated in ser ies ,  

The results of these runs are shown in Table X V ,  The drop absorption co- 
e f f ic ien t ,  B, shown i n  Table X V  i s  the average of the values obtained for  the 

. two catchers used in each experiment, 

As noted before, the drop s ize shown was measured from drops collected 
near the bottoni of the 10 foot t a l l  chamber, Thus, the mass median dfanieter 
measured a t  th i s  position would probably represent drops larger than the 
average in the chamber, since coalescence would cause an increase i n  s ize  with 

increasing distance from the nozzles. 

The temperature within the chamber decreased several degrees centigrade 
over the 7 minut? spray period, The spray solution was heated to the tank 

temperature before each t e s t  to  reduce temperature variations, 

Unfortunately, these runs are few in number, and hence do not permit eval- 
uation over ranges of temperature, flow rates ,  and drop s izes ,  They do demon- 

s t r a t e  that wall film absorption, on a unit volume basis,  may be considerably 
larger than absorption by the fa1 1 ing drops, 

COMPARISON O F  EXPERIMENTAL MEASURErlENTS WITH T H E O R Y  

The experimental measurements have been compared wi t h  absorption theory 
briefly discussed in th is  paper, The basic physical data necessary to  carry 
out the numerical predictions based on theory, were taken from 1 i terature 
values, from general correlations,  and from measurements performed as part of 
th is  study. 

The part i t ion coefficient for  methyl iodide in water, for  the low concen- 

t ra t ion ranges of in te res t  here, has been measured as part  of th is  study, 

Unfortunately the measurements do not extend to temperatures above 90°C, hence 

. extrapolation to  the temperatures used i n  the spray experiments was required, 

Extrapolation was on the basis of the equation (3) 

1597 log ( H )  = - 4,82 + - T 



TABLE X V  

RESULTS OF WALL FILM AND DROP ABSORPTION EXPERIMENTS 
I N  ONCE-THROUGH SPRAY RUNS 

A 
Average Wal l  Drop Flow Wal l  F i l m  

Run Temp, Sol  u t i  on Flow RAte Rate  A b s o r p t i o n  
No, ("C) Compos i t ion  cm3/sec cm (cm3/sec) C o e f f i c i e n t  

B 
Drop Mass Median 

A b s o r p t i o n  Drop 
C o e f f i c i e n t  D iamete r  



i n  which l o g  ( H )  = l o g r i t h n i  t o  base 10 o f  p a r t i t i o n  c o e f f i c i e n t ,  

T  = abso lu te  temperature,  OK, 

E x t r a p o l a t i o n  o f  these measurenients t o  h i ghe r  temperature accord ing  t o  equa t ion  

( 3 )  i s  j u s t i f i e d  o n l y  because da ta  a t  h i g h e r  temperature a re  n o t  y e t  a v a i l a b l e ,  

The l i q u i d  phase r e a c t i o n  r a t e s  between niethyl  i o d i d e  and hydraz ine  and 

sodium t h i o s u l f a t e  have been measured, For  hydraz ine,  t h e  second o r d e r  r a t e  

cons tan t  a t  25°C i s  1,1 x l o m 4  s e c - l ~ - l  w i t h  an a c t i v a t i o n  energy o f  20,2 

KCal/mole. For  sodium t h i o s u l f a t e ,  t h e  second o r d e r  r a t e  cons tan t  a t  25°C 
. was taken as 2.84 x 10-2 sec- lM- l ,  and t he  a c t i v a t i o n  energy was taken  as 

18.88 KCal/mole. The pseudo f i r s t  o r d e r  r e a c t i o n  r a t e  a t  t h e  temperature of 

i n t e r e s t  was c a l c u l a t e d  by m u l t i p l y i n g  t h e  second o r d e r  r a t e  cons tan t  by t he  

r e a c t a n t  concen t raAon,  m o l e s / l i t e r .  The temperature c o r r e c t i o n  was based on 

t h e  s tandard  Ar rhen ius  equat ion,  

where k2 = r a t e  a t  temperature T, 

kl = r a t e  a t  temperature TI 

Ea = a c t i v a t i o n  energy 

R = gas constant .  

The l i q u i d  phase d i f f u s i v i t y  o f  methy l  i o d i d e  i n  wa te r  was c a l c u l a t e d  f r om 

a  c o r r e l a t i o n  p resen ted  by Wi lke and Chang, [361 

The f l u i d  dynamics o f  t h e  f l o w i n g  w a l l  f i l m  were c a l c u l a t e d  f rom l am ina r  

f l o w  theory ,  n e g l e c t i n g  shear a t  t h e  g a s - l i q u i d  i n t e r f a c e ,  For  these assump- 

t i o n s ,  t h e  l i q u i d  v e l o c i t y  a t  t h e  g a s - l i q u i d  i n t e r f a c e  i s  

where Us = downward v e l o c i t y  a t  i n t e r f a c e  

r = f l o w  p e r  l e n g t h  o f  su r f ace  

g  = a c c e l e r a t i o n  due t o  g r a v i t y  

v = k i nema t i c  v i s c o s i t y  o f  l i q u i d ,  

n The t h i ckness  o f  t h e  l i q u i d  l a y e r  p r e d i c t e d  by t h e  l am ina r  f l o w  t heo ry  i s  

where 6 = t h i ckness  o f  t h e  l i q u i d  f i l m ,  



For  t he  r e c y c l e  exper iments and the h i gh  temperature experiments, t he  

r e s u l t s  o f  which a re  shown i n  Tables XI11 and X I V ,  o n l y  t h e  o v e r a l l  washout 

ha1 f - t i m e  was compared t o  theory,  I n  t h e  t h e o r e t i c a l  c a l c u l a t i o n ,  the  c o n t r i -  

b u t i o n  of w a l l  f i l m  and drop absorp t ion  must be each evaluated, and t h i s  i s  

shown i n  Table X V I  where the  exper imenta l  r e s u l t s  a r e  compared w i t h  t h e  theory,  

Absorpt ion a t  the  t op  and bottom o f  the  spray chambers was accounted f o r  

t h e o r e t i c a l l y  by assuming t h a t  t he  o v e r a l l  abso rp t i on  p e r  u n i t  area f o r  the  t o p  
4 

and bottom was t h e  same as a t  the  w a l l ,  Th is  represen ts  a  c o r r e c t i o n  of  about 
. 20% f o r  the  chambers used i n  t h i s  s tudy,  

From the  comparison shown i n  Table X V I ,  i t  i s  e v i d e n t  t h a t  t he  washout i s  

cons iderab ly  more r a p i d  than p r e d i c t e d  by the  s tagnant  f i l m  theory,  The s tag-  

nan t  f i l m  t heo ry  g ives  r e s u l t s  q u i t e  c l ose  t o  those p r e d i c t e d  by t h e  penetra-  

t i o n  theory  f o r  a  l am ina r  f i l m ,  I f  one assumes t h a t  t h e  w a l l  f i l m  i s  w e l l  

mixed, t h e  p r e d i c t e d  washout r a t e  i s  increased by about a  f a c t o r  o f  2 over  

t h a t  shown i n  Table X V I  f o r  t he  s tagnant  f i l m ,  The observed r a t e  i s  s t i l l  a  

f a c t o r  o f  2 g r e a t e r  than f o r  t he  w e l l  mixed f i l m ,  

The r e s u l t s  ob ta ined  i n  the  once through spray i n  which drop ca tchers  

were employed a re  compared i n  Table X V I I  t o  the  p r e d i c t i o n s  based on s tagnant  

f i l m  and drop theory,  I t  should be noted t h a t  t he  p r e d i c t e d  w a l l  f i l m  ab- 

s o r p t i o n  c o e f f i c i e n t s  have n o t  been co r rec ted  t o  account f o r  abso rp t i on  a t  t h e  

top  and bottom o f  the  chamber, For  t h e  once through runs, t h e  measured wash- 

o u t  r a t e s  a re  1,5 - 3 t imes f a s t e r  than p r e d i c t e d  f rom the  s tagnant  f i l m  theory,  

Th is  r a t i o  o f  measured t o  t h e o r e t i c a l  i s  somewhat l owe r  than found i n  the  r e -  

c y c l e  experiments, Absorp t ion  i n t o  the  pool  a t  t he  bottom o f  t he  chamber was 

n o t  i n c l u d e d  i n  these exper iments,  whereas i n  t h e  r e c y c l e  experiments, t he  

bottom pool was a  f a c t o r ,  Based on t h i s ,  abso rp t i on  i n t o  the  bottom pool would 

be cons idered more e f f e c t i v e  p e r  u n i t  area than w a l l  f i l m  absorp t ion ,  Th is  was 

a l s o  i m p l i e d  from nleasurements i n  which bot tom l i q u i d  abso rp t i on  was compared 

t o  w a l l  l i q u i d  absorp t ion ,  Contact t ime and a g i t a t i o n  i n  t h e  bottom pool  would 

l i k e l y  be g r e a t e r  than f o r  t he  w a l l  f i l m ,  which would enhance the  absorp t ion ,  

I n  comparing t he  measured washout r a t e s  w i t h  theory,  t h e  dominant f e a t u r e  

i s  t h a t  the  measured r a t e s  a r e  2 - 5 t imes f a s t e r  than  the  p red i c ted ,  P a r t  

o f  t h i s  d iscrepancy i s  no doubt due t o  the  assumptions used i n  t he  theory,  
r 

which were chosen t o  g i v e  conserva t i ve  p r e d i c t i o n s  o f  washout r a t e ,  For  t he  

f a l l i n g  f i l m ,  i t  was assumed t h a t  i d e a l  l am ina r  f l o w  pe rs i s ted ,  Waves, r i v u -  

l e t s ,  m i x i n g  a t  su r face  i r r e g u l a r i t i e s ,  and tu rbu lence  would enhance w a l l  f i l m  



Run 
No. 

HT- 1 

HT- 2 

A 
Wall F i l m  

Abso rp t i on  
C o e f f i c i e n t  

TABLE X V I  

COMPARISON OF MEASURED WASHOUT WITH THEORY 

B P r e d i c t e d  Measured 
Fa1 1 i n g  Drop Cal c u l  a t e d  Washout Washout 
~ b s o r p t i  on' Hal f -Time Hal f -Time 

C o e f f i c i e n t  (mi n )  
T h e o r e t i c a l  Hal f -Time 

Measured Hal f-Time 



TABLE X V I I  

COMPARISON OF ONCE-THROUGH RUNS WITH THEORY 

P r e d i c t e d  P r e d i c t e d  P r e d i c t e d  Measured 
Wall Abs, Drop Abs, Drop Abs. Drop Abs. 

Run Reactant Coeff .  Coef f, A Expmtl , B Expmtl . Wall F i l m  Wall F i l m  
No, - Concentrat ion A B A Theo, B Theo, Abs, Abs. 



absorp t ion  over  t h a t  p r e d i c t e d  by t he  theory,  For  t h e  f a l l i n g  drops, t h e  drop 

s i z e  was measured a t  t he  bot tom o f  t h e  spray chambers, hence t he  measured s i z e  

i s  a  maximum, The volunle average over  t h e  whole chamber would be sma l le r ,  and 

t h i s  would account f o r  p a r t  o f  t h e  observed enhancement o f  abso rp t i on  com- 

pared t o  t h a t  p r e d i c t e d  t h e o r e t i c a l l y ,  

Improved accuracy o f  t he  i n p u t  da ta  may have r e s u l t e d  i n  b e t t e r  agreement 

w i t h  theory,  I t  was necessary t o  e x t r a p o l a t e  f rom measurements a t  l owe r  temp- 

e ra tu res ,  o r  t o  p r e d i c t  v a l  ues f rom c o r r e l a t i o n s ,  Measurements o f  s o l  u b i  1  i ty 

and r e a c t i o n  r a t e  f o r  methyl  i o d i d e  a t  h i ghe r  temperatures a r e  bad ly  needed 

so t h a t  b e t t e r  i n t e r p r e t a t i o n  o f  exper iments and p r e d i c t i o n s  may be a t t a i ned ,  

PREDICTED METHYL IODIDE WASHOUT I N  LARGE CHAMBERS 

Reactor containment vessels  a re  much l a r g e r  than those used i n  t he  expe r i -  

ments repo r ted  here, Hence a p p l i c a t i o n  o f  t he  smal l  s ca le  t e s t s  t o  l a r g e  

sca le  systems o f  p r a c t i c a l  i n t e r e s t  must be based on knowledge o f  t he  sca le  

f a c t o r s  which apply ,  We have at tempted t o  show t h e  e f f e c t  o f  spray chamber 

s i z e  on methyl i o d i d e  washout r a t e  by c a l c u l a t i n g  t he  washout r a t e  expected 

f o r  c y l i n d r i c a l  chambers f rom 1  aminar f l o w  theory  descr ibed  e a r l  i e r ,  

I n  F igure  12 t he  washout r a t e  o f  methyl  i o d i d e  i n  spray chambers i s  shown 

as a  f u n c t i o n  o f  chamber s ize ,  The spray d e n s i t y  was assumed t o  be 0,0068 

cm3/cm2sec, drop d iameter  was taken as 550 microns, and t h e  w a l l  f l o w  r a t e  was 

chosen as 0.1 cm3/cm sec, The f i r s t  o r d e r  r a t e  cons tan t  was chosen as 6,55 

set'" the  va lue  p r e d i c t e d  f o r  5  wt,% hydraz ine  s o l u t i o n  a t  120°C, 

The inc rease  i n  washout h a l f - t i m e  w i t h  i n c r e a s i n g  chamber s i z e  i s  a  re- 

f l e c t i o n  o f  t h e  importance o f  w a l l  absorpt ion,  which i s  p r e d i c t e d  t o  account 

f o r  over  50% o f  t he  t o t a l  even f o r  a  c y l i n d e r  100 ft, i n  he igh t ,  The curve 

shown i s  n o t  h i g h l y  s e n s i t i v e  t o  changes i n  t he  assumed cond i t i ons ,  For 

l a r g e r  drops, t he  w a l l  would be r e l a t i v e l y  more impor tan t ,  and t he  curve shown 

i n  F igure  12 would be steeper,  For  sma l l e r  drops o r  h i ghe r  r e a c t i o n  ra tes ,  

t he  curve would tend  t o  l e v e l  out ,  vessel s i z e  be ing  o f  l e s s  importance, 

Based on t h i s  c a l c u l a t i o n  we would expect  a  washout h a l f - t i m e  o f  about 60 

minutes f o r  a  vessel  80 f e e t  i n  h e i g h t  f o r  5  wt,% hydrazine, f o r  t he  nominal 

.. spray cond i t i ons  s p e c i f i e d  i n  F igure  12, 



3 5 10 2 0 3 0 

C Y L I N D R I C A L  VESSEL  H E I G H T  - METERS 

F igu re  12. P red i c ted  E f f e c t  o f  Vessel S ize  on Washout Rate f o r  
Methyl  I o d i d e  



SUMMARY OF WASHOUT OF METHYL I O D I D E  BY SPRAYS 

The abso rp t i on  o f  methyl  i o d i d e  by sprays o f  aqueous s o l u t i o n s  o f  hydra- 

z i n e  and sodium t h i o s u l f a t e  i s  c o n t r o l l e d  by l i q u i d  phase mass t r a n s f e r  r e -  

s i s tance ,  Hence i t s  removal r a t e s  a re  much s lower  than  t h a t  o f  e lementa l  i o d i n e  

which would be c o n t r o l l e d  by gas f i l m  r es i s t ance ,  For  r e a c t i v e  s o l u t i o n s  such 

as 5  wt,% hydraz ine  and 1  wt,% sodium t h i o s u l f a t e ,  abso rp t i on  by 1  i q u i d  f l o w i n ?  

a long  t he  w a l l  i s  impo r tan t  even f o r  l a r g e  vessels ,  Measured r a t e s  o f  absorp- 

t i o n  a re  2  - 5  t imes more r a p i d  than c a l c u l a t e d  f rom a  niodel based on a  l am ina r  

• w a l l  f i l m  and s tagnan t  drops f a1  1  i n g  a t  t e rm ina l  v e l o c i t y ,  Based on t he  absorp- 

t i o n  niodel developed, t he  washout h a l f - t i m e  would be expected t o  i nc rease  w i t h  

chamber s i ze ,  f o r  r e a c t i o n  r a t e s  s t u d i e d  here,  From measured abso rp t i on  r a t e s  

i n  c y l i n d r i c a l  vesse ls  8 and 10 ft, t a l l ,  t he  washout h a l f - t i m e  i n  a  c y l i n -  

d r i c a l  vessel  80 ft, i n  h e i g h t  and 32 ft, i n  d iameter  would be expected t o  be 

about  1  hour  f o r  5  w t , %  hydraz ine  s o l u t i o n ,  a t  a  temperature o f  12O0C, 

EVALUATION OF HYDRAZINE AS A  SPRAY ADDITIVE 

The i n c e n t i v e  f o r  adding a  r e a c t i v e  chemical compound t o  a  containment 

spray system i s  t o  enhance t h e  removal o f  a i r b o r n e  f i s s i o n  p roduc t  i o d i n e ,  

Elemental  i o d i n e  i s  removed reasonably  w e l l  w i t h  wa te r  c o n t a i n i n g  a  smal l  amount 

o f  sod i  um hydrox ide,  Hence, t he  addi  t i  ve would p r i m a r i  l y  i n f l  uence t he  absorp- 

t i o n  o f  o rgan i c  i od i des ,  o f  which t he  most abundant spec ies appears t o  be methyl  

i o d i d e ,  The use o f  a  spray a d d i t i v e  t o  enhance methy l  i o d i d e  abso rp t i on  must 

n o t  impose se r i ous  penal t i e s  o f  c o s t  o r  r i s k ,  

QUALITIES FOR A SPRAY ADDITIVE 

I n  ou r  progress r e p o r t C ' '  t h e  p r o p e r t i e s  impo r tan t  f o r  a  spray a d d i t i v e  

were discussed, Q u a l i t i e s  by which a  spray a d d i t i v e  shou ld  be judged i nc l ude :  

( 1  ) enhancement o f  methyl  i o d i d e  abso rp t i on  r a t e ,  ( 2 )  s t a b i  1  i ty  a g a i n s t  thermal 

and r a d i a t i o n  i nduc ted  degradat ion,  ( 3 )  compati b i  1  i t y  w i t h  components w i t h i n  

t he  containment system, ( 4 )  s a f e t y  hazards assoc ia ted  w i t h  use, ( 5 )  s t o r a b i  1  - 
i ty, and ( 6 )  cos ts ,  

rn 

I t  i s  d i f f i c u l t  t o  make f i r m  judgments o f  t h e  va lue  o f  an a d d i t i v e  on an 

abso lu te  bas i s  because t h e  c r i t e r i a  a re  more qua1 i t a t i v e  than q u a n t i t a t i v e ,  
C 

The q u a l i t i e s  l i s t e d  above a re  most e a s i l y  a p p l i e d  as standards i n  comparing 



two proposed a d d i t i v e s  , 

CHEMICAL AND PHYSICAL PROPERTIES OF HYDRAZINE 

I n  a  p r e v i o u s  r e p o r t [ ' '  some o f  t h e  chemical  p r o p e r t i e s  o f  hydraz ine  were 

desc r ibed  i n  l i g h t  o f  t h e  q u a l i t i e s  needed i n  a  sp ray  a d d i t i v e .  A d d i t i o n a l  

i n f o r m a t i o n  developed s i n c e  pub1 i c a t i o n  o f  t h e  p r e v i o u s  r e p o r t  w i l l  be b r i e f l y  

d iscussed here.  

Enhancement o f  Methy l  I o d i d e  A b s o r p t i o n  Rate 
D 

The r e s u l t s  o f  t h i s  s t u d y  have shown t h a t  t h e  washout r a t e  i s  d i r e c t l y  

4 
r e l a t e d  t o  t h e  s o l u t i o n  r e a c t i o n  r a t e ,  React ion r a t e s  measured here  p e r m i t  

a  comparison o f  enhancement f o r  h y d r a z i  ne and o t h e r  chemical  a d d i t i v e s ,  Data 

p resen ted  i n  Table  X i n d i c a t e  t h a t  hydraz ine  ranks approx imate ly  equal  t o  

sodium t h i o s u l f a t e  a t  120°C when compared on equal  wt,% bases, I f  5 w t , %  

hydraz ine  i s  compared w i t h  1  wt,% th-iosul f a t e ,  hydraz ine  appears t o  be f a v o r e d  
* 

by r o u g h l y  a  f a c t o r  o f  3, 

As n o t e d  i n  t h i s  r e p o r t ,  t h e  washout h a l f  t i m e  f o r  methy l  i o d i d e  i s  l i k e l y  

t o  be about  1  hour  f o r  a  conta inment  vesse l  80 ft, h i g h  and 32 ft, i n  d iameter ,  

u s i n g  5 w t , %  hydraz ine.  T h i s  r e p r e s e n t s  a  g r e a t  enhancepent o v e r  renioval w i t h  

w a t e r  a lone, b u t  i s  s t i l l  s low compared t o  removal f o r  e lementa l  i o d i n e ,  

R a d i o l y s i s  o f  Hydraz ine 

R a d i o l y s i s  o f  a  spray s o l u t i o n  i s  i m p o r t a n t  because o f :  ( 1 )  decomposi t ion 

o f  t h e  r e a c t i v e  a d d i t i v e  and, ( 2 )  p r o d u c t i o n  o f  hazardous substances such as 

hydrogen gas, The r a d i a t i o n  c h e m i s t r y  o f  hydraz ine  s o l u t i o n s  i s  a  v e r y  complex 

s u b j e c t ,  I n  t h i s  b r i e f  d i s c u s s i o n  we w i l l  c o n s i d e r  o n l y  t h e  decomposi t ion o f  

hydraz ine  and t h e  g e n e r a t i o n  o f  hydrogen gas by r a d i o l y s i s  o f  wa te r  s o l u t i o n ,  

The decomposi t ion o f  hydraz ine  by i o n i z i n g  r a d i a t i o n  i s  measured i n  terms 

o f  t h e  number o f  molecu les o f  hydraz ine  which decompose p e r  100 e l e c t r o n  v o l t s  

o f  energy absorbed by t h e  s o l u t i o n ,  T h i s  measure i s  c a l l e d  t h e  G(-N2H4) va lue,  

A d i r e c t  e f f e c t  o f  t h e  hydraz ine  decomposi t ion i s  a  r e d u c t i o n  o f  t h e  hydra- 

z i n e  c o n c e n t r a t i o n  which would s low t h e  r a t e  o f  a b s o r p t i o n  o f  a i r b o r n e  methy l  

i o d i  de, 
m 

The decomposi t ion p roduc ts  a r e  t h e  gases n i t r o g e n ,  ammonia, and hydrogen, 

The hydrogen produced i s  p o t e n t i a l l y  o f  g r e a t  s i g n i f i c a n c e  because hydrogen i s  
m h i g h l y  e x p l o s i v e ,  



Most studies[371[381C391 o f  r a d i o l y s i  s  o f  h y e r a z ~  ne s o l u t i o n  were c a r r i e d  

o u t  i n  an oxygen f r e e  system, and hence wouldn? n e c e s s a r i l y  r e p r e s e n t  t h e  be- 

h a v i o r  i n  a  conta inment  system where 1  atmosphere o f  a i r  wou ld  be p r e s e n t ,  I n  

one s t u d y  C371 some aspects  o f  t h e  e f f e c t  o f  oxygen on t h e  c h e m i s t r y  o f  r a d i o -  

l y s i  s  were examined, F o r  t h e  oxygen- ' f ree sys terns s e v e r a l  c o n c l u s i o n s  o f  i m p o r t -  

ance may be drawn, These a re :  ( 1 )  G ( - N ~ H ~ )  i n c r e a s e s  w i t h  i n c r e a s i n g  hydra-  

z i n e  c o n c e n t r a t i o n  up t o  0,015 moles p e r  l i t e r ,  The G(-N2H,) v a l u e  remained 

c o n s t a n t  a t  5,2 f o r  c o n c e n t r a t i o n s  between 0,015 and 0,05 moles p e r  l i t e r  wh ich 

was t h e  h i g h e s t  c o n c e n t r a t i o n s  s t u d i e d ,  ( 2 )  G(- N2H4) decreases w i t h  i n c r e a s -  
I) 

i n g  pH, ( 3 )  G(-N2H4) i s  equal  i n  magni tude t o  G ( N H ~ )  and G(H2) i s  equal  i n  

magni tude  t o  G (N2),  
e 

I n  t h e  presence o f  oxygen, t h e  decomposi ti on i s  compl i c a t e d  by add i  t i o n a l  

r e a c t i o n  p roduc ts ,  one o f  wh ich i s  hydrogen p e r o x i d e ,  I n  t h e  presence o f  
4 

oxygen G(-N2H4) i s  a  f u n c t i o n  of  pH, showing a  maximum va lue  o f  20 a t  a  pH o f  

12, The mechanisms o f  t h e  decompos i t ion  a r e  complex, b u t  a r e  b e l i e v e d  t o  i n -  

v o l v e  f r e e  r a d i c a l s ,  

Recent measurements o f  r a d i o l y t i c  decompos i t i on  o f  h y d r a z i n e  and hydrogen 

g e n e r a t i o n  i n  aqueous s o l  u t i o n s  a t  room tempera tu re  i n  t h e  presence o f  oxygen 

have been r e p o r t e d ,  [401 A G(-N,H4) o f  8  t o  10 was measured f o r  a  5  wtc,% 

s o l u t i o n  o f  hyd raz ine ,  Wh i le  t h i s  i s  a  r e l a t i v e l y  h i g h  G value,  t h e  h y d r a z i n e  

s o l u t i o n  would  m a i n t a i n  abou t  50% o f  i t s  i n i t i a l  a b s o r p t i o n  r a t e  f o r  me thy l  

i o d i d e  a t  a  r a d i a t i o n  exposure t o  l o 8  R, The p e r c e n t  decompos i t ion  o f  hydra-  

z i n e  i s  shown i n  Tab le  X V I I I ,  

TABLE X V I I I  

RADIOLYTIC DECOMPOSITION OF 5 W t , %  HYDRAZINE SOLUTION 

R a d i a t i o n  
Dose % o f  I n i t i a l  I o d i n e  Capac i t y  

Absorbed Hydraz i  ne O f  S o l u t i o n  
( Rads ) Remaining ( e q u i v , / l  i t e r )  



The rad io ly t ic  production of hydrogen was reported to  be equivalent to 

G ( H , )  = 3,3, C41 I f  t h i s  hydrogen production ra te  i s  assumed f o r  the conditions 

postulated fol 1  owing a  reactor accident, i t  i  s  concl uded tha t  explosive mix- 

tures of hydrogen could be formed, 

Compati bi 1  i  ty wi t h  Copper A1 1 oy Flow Sys tem Components 

Hydrazine i s  an amine type compound, As a  c lass  these compounds cause 

s t r e s s  corrosion of copper containing a l loys ,  I f  copper containinu al loys are 
t to be used as heat exchangers, the use of hydrazine must be given considerably 

more study t o  verify t ha t  corrosion will not unduly accelerate f a i l u r e  of the 

emergency steam suppression system, 

Concl usions Concerning Hydrazine as a Spray Addi t ive  

Based on the resu l t s  of t h i s  study, hydrazine possesses propert ies which 

make i t  a t t r a c t i ve  as a  spray addit ive.  There are factors  which appear as 

deterrents when hydrazine i s  compared to  other potential addit ives such as 

sodi um thiosul f a t e .  The most serious i s  hydrogen produced radiolyt ical  l y ,  

which could represent a  s ign i f ican t  explosion hazard within the containment 

system. Radiolysis of water alone and metal -water reactions may produce vol- 

umes of hydrogen of concern under the accident conditions postulated, hence, 

addit ives which contribute additional potential  f o r  hydrogen generation should 

be considered f o r  sprays only i f  they afford a  marked advantage in methyl 

iodide removal eff ic iency . C421 A second i s  the potential  f o r  causing s t r e s s  

corrosion in  copper al loy heat exchangers, This could be circumvented by the 

use of s t a in l e s s  s tee l  heat exchangers, b u t  t h i s  would involve a  capital  outlay 

which would l ike ly  not be required fo r  an addit ive such as sodium th iosu l fa te ,  

Thus, i t  i s  recomniended t ha t  additional work on hydrazine be deferred 

pending fur ther  investigation of other potential  addi t ives ,  
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