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ABSTRACT 

A study was i n i t i a t e d  on t h e  f e a s i b i l i t y  of us ing  t h e  alkali 
meta l  carbonate - bi -carbona te  solid-gas r e a c t i o n  t o  remove carbon 
d iox ide  from the atmosphere of an EVA life suppor t  system. 

The program s u c c e s s f u l l y  demons t ra tes  t h a t  carbon dioxide  
c o n c e n t r a t i o n s  cou ld  be mainta ined  below 0 . 1  mole p e r  c e n t  using 
this chemistry. Further a practical method f o r  distributing the 
carbonates in a coherent sheet form capable  of repeated regenera-  
t i o n  (50 cycles) at modest t empera tures  (423'~), without  l o s s  i n  
a c t i v i t y  was also demonstrated.  S u f f i c i e n t l y  high r e a c t i o n  r a t e s  
were shown t o  be p o s s i b l e  w i t h  t h e  carbonate - bi-carbonate sys- 
tem such t h a t  EVA hardware could be readily designed. Experimental 
and design data were presented on the basis of which two p r a c t i c a l  
units were designed, In addition to conventional thermally re- 
generative systems very compact units us ing  ambient t empe ra tu r e  
cyclic vacuum regeneration may a l so  be f e a s i b l e .  

For a onc man - 8 hour EVA unit regenerated thermal ly  at the 
base s h i p  a system volume of 1 4  l i t e r s  i s  e s t i m a t e d .  An i n  s i t u  
vacuum r egene ra t ed  u n i t  would have a volume of 4 liters. 

The s i rnp l i c i t y  and effectiveness of t h e  non t o x i c  carbona te  
bi-carbonate so l id -gas  system s u g g e s t  it should be  s e r i o u s l y  con- 
sidered for EVA and other l i f e  suppor t  systems. 



ENERGY RESEARCH CORPORATION 

TABTIE OF CONTENTS 

Sec t ion  

1.0 INTRODUCTION 

2 . 0  GENERAL BACKGROUND OF GAS-SOLXD REACTIONS 

3.0 TECHNICAL BACKGROUND 

4 . 0  APPARATUS DESCRIPTION 

5 . 0  DATA CONVERSION 

6.0 SORBENT PMPARATION 

7.0 EXPERIMENTAL RESULTS 

7.1 S o r p t i o n  Tests of Various Sorbent  
Shee t s  

7 . 2  ~ e g e n e r a t i o n  of Sorbent  - Bicarbonate 
Back to Carbonate 

7 .3  Optimization of Potassium Carbonate 
Sorbent Composition 

7 . 4  C y c l e  L i f e  of Optimum Sorbent  

8.0  SORBER D E S I G N  FROM EXPERIMENTAL DATA 

9.0 RECOMMENDATIONS 

1 0 . 0  CONCLUSIONS 

APPENDIX A 

APPENDIX I3 

APPENDIX C 

REFERENCES 

Paqe No. -- 
1 

2 

4 

7 

11 

13 

16 



ENERGY RE SEARCH CORPORATION 

LIST OF FIGURES 

F i q u r e  No, 

1 Sorbcn t  Section Geometry 

Page No. 

5 

2 SchemaLic of Apparatus 8 

3 S o r b e n t  Support Section 9 

4 Experimental Apparatus 10 

5 Coniputer  Output Sample of Data Conversion 12 

6 Pore Size Distribution Relakion to 
Carbonate  Loadin9 

7 Behav io r  of S o r p t i o n  Ra te  for V a r i o u s  Sorbcnks 17 

C Actual Recording Output from Channel - 
Resembles Conventional Packed Bed "Breakthrough" 
Curves 18 

9 Ra.te Behavior Study of a P a r t i c u l a r  Sorbent 1 9  

10 Achievement of Flow Independent Rate 25. 

11 Typical Thermal Regeneration Chart Record 2 3 

12 Sarbent Performance During Cyr1.c T e s t  2 4  

1 3  Performance of V a r i o u s  Composition Sorbents 26  

1 4  P o r e  Size Diskrihution 2 9  

15 C y c l e  L i f e  of Optimum S o r b e n t  3 1 

16 Total Sorbent Weight Required for  M i s s i o n  3 4  

17A 8 Hour Continuous Sorber  35 

1713 One Quarter Size Vacuum Regenerab le  Sorber 35 



ENERGY RESEARCH CORPORATION 

1.0 INTRODUCTION 

The general  purpose of t h i s  NASA prcgram is to determine the 
feasibility of u s i n g  regenerable a l k a l i  metal carbona te  reactions 
t o  maintain carbon dioxide a t  very low concentrations in EVA 
systems. The two carbonates consideyed in t h i s  study are 
potassium c a r b o n a t e  and rubidium carbonate. 

Specific objectives of the NASA EVA application involve the 
removal of carbon dioxide  produced by one man f o r  8 hours, t h e n  
r e g e n e r a t i n g  the device a t  t h e  base s h i p  fo r  repeat.ed use. The 
concentration level of carbon dioxide in the breathing atmosphere 
should be mainta ined  below 0 . 3  mole pacent and preferably below 
0.1 mole percent. The recirculating atmos he re  w i l l  enter t h e  E device at a temperature between 283 t o  294 K a t  r e l a t i v e  humid i t i e s  
of 6 0  t o  80 p e r c e n t ,  

For these conditions the feasibility of building a practical 
carbon dioxide  sorber utilizing t h e  gas-solid reaction between 
carbon dioxide and an alkali metal carbonate has been investi- 
gated. This study was concerned w i t h  1) the a b i l i t y  of t h e  re- 
action to remove carbon d i o x i d e  at sufficient rates from low 
c o n c e n t r a t i o n  atmospheres, 2) t h e  a b i l i t y  to regenerate the 
bi-carbonate product in place ,  and 3) to maintain thc reactant's 
physical structure to produce reasonable cycle life. 

Each of these three objectives were successfully demonstra ted,  
It has been shown t h a t  the reaction rate in the solid carbonate 
system is several times greater t h a n  rec;uired for t h e  EVA system. 
The latter i s  always capacity, never rate limited. The reaction 
product, bi-carbonate, can be readily thermally regenerated at 
423'~ and evidence also exists that it can he vaczun regenerated 
in s i t u  at ambient temperatures. Finally, fifty regeneration 
cycles have been demonstrated experimentally a u r i n g  the progran. 

A design based on exper imenta l  d a t a  has shown that a r e l k t i v e -  
ly simple compact device could be built f o r  the EVA mission. 
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2.0 GENERAL BACKGROUND OF GAS-SOLID REACTTC!?IS 

In general, gas-so l id  r e a c t i o n s  useful for removing a gas 
component i n  an e f f i c i e n t  manner must h e  fast and zomplete. The 
study of r a p i d  gas -so l id  r e a c t i o n s  i s  complicated by many f a c t o r s .  
There are two main problems exper imenta l ly :  f i r s t ,  t h e  t r u e  
r e a c t i o n  r a t e  must be measured, second, t h e  s o l i d  must be made as 
a c c e s s i b l e  t o  the  gas as  possible a t  all t i m e s  d u r i n g  r e a c t i o n  t o  
achieve good absorber utilization. 

The t r u e  r e a c t i o n  r a t e ,  t h a t  which i s  needed i n  any general 
design c a l c u l a t i o n ,  i s  not uncovered easily, The  most important  
process masking the t r u e  r a t e  i s  mass t r a n s p o r t  i n  Vte gas a.nd 
solid pnases. Although gas space transport can be handled 
fairly e a s i l y ,  wit,rin t h e  s o l i d ,  mass t r a n s p o r t  s t i l l  e x e r t s  i t s  
in f luence  on t he  true r e a c t i o n  rate. T h i s  solid phase transpor'k 
i s  dependent on t h e  r e a c t a n t s '  concen t ra t ion ,  the pore size and 
d i s t r i & > u t i o n  i n  t h e  absorber, and s u r f a c e  area which car1 i n  
t i ic i l lse l~~es be time o r  conversion dependznt. 

Hence, to study the t z u e  kinetics o f  a r e a c t i o n ,  t h e s e  
e f f e c t s  m u s t  be minimized o r  sepa ra t ed  from t he  b a s i c  kinetic 
process.  An experimental  method w h i c l ~  permits t h e  de te rmina t ion  
of tile t r u e  k i n e t i c s  qu ick ly  and sir, i y  i s  of  great value. Such 
a methou i s  adapted t o  this p r o j e c t  u s ing  a f l a t  r e c t a n g u l a r  
chanrlel flow r e a c t o r .  G a s  phase d i f f u s i o n  i n  the channel. can be 
easily separated mathematically from t h e  overall conversion or 
operationaliy by i n c r e a s i n g  t h a  flow rate over the so rben t .  The 
s i r~lple  geometry of t h e  channel  a l lows quick cnanyosver of various 
s o r u e n t s .  A brief d e s c r i p t i o n  of  the apparatus a d  procedure 
foLlows 

Secondly, t h e  e f f e c t s  of slow mass t r a n s p o r t  w i t h i n  t h e  
so rben t  should be minimized. I n s i g h t  gained from previous  
work ( 1 , 2 )  i nd ica t ed  t h e  n e c e s s i t y  of prepar ing  a w e l l  d is-  
persed sorbent t o  approach t h e  maximum of convers ion rates. 
The s o r b e n t t s  s t r u c t u r e  is impor tan t ,  not just i n i t i a l l y ,  b u t  
throuqhout t h e  entire course of reaction. A sorbent which i s  
i n i t i a l l y  effective m a y  plug up during r e a c t i o n  t o  something 
quite i n e f f e c t i v e  if fox  i n s t a n c e ,  t h e  product  occupies  more 
volume than t h e  r e a c t a n t .  A l s o ,  b a s i c a l l y  due t o  consumption 
of the solid r e a c t a n t ,  a t ime decrease  of r e a c t i o n  r a t e  appears 
a s  had been frequently observed ( 3 , 4 )  . 

The matilematical a n a l y s i s  of the s o r p t i o n  i n  t r l e  channel  by 
an i n t e g r a l  equa t ion  analysis (1,2,6) produces flow-independent 
rates of r e a c t i o n .  The i n p u t  required f o r  t h i s  analysis i s  
s imply :  t h e  o u t l e t  concen t ra t ion  of carbon dioxide from t h e  
channel as a func t ion  of the channel  f l o w  rate. This method %as 
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first suggested ky Katz (7) and has been shown to agree with the 
conventional reactor analysis (2) . Cowherd and IIr 1 scher ( 8 )  
have also app l i ed  t h i s  method to liquid f l o w  in a tube for the 
case when the Lcvegue solution can be applied. 

The alternative experimental apparatus t n  the channel 
reactor is the conventional packed bccl. T h i s  provides more 
information abouk t h e  particular bed's conversion characteristic 
rather than  the parkicular gas-solid rc?;lr:t.ion. Scale-up is not 
necessarily straight-forward, However, i t  is possible to predict 
the performance of a sorbent  i n  a packed Iied from the information 
obtained from the flowing channel sorber. The conventionally 
reported breakthrough curves can be predicted. (5) 

Studying the reaction by conrinuous weight gain methods is 
unworkable fo r  this sys tem because wate r  is simultaneously 
removed by the r e a c t a n t  for both reaction between the carbon 
dioxide and carbonate and for hydration of the carbonate. 
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3 , O  TECHNICAL BACKGRQUND 

The chemical process of i n t e r e s t  S,n t h i s  study i s  
MZC03 6 C02 4- H20+ 2MHC03, where M i s  an  a l k a l i  m e t a l ,  i n  
p a r t i c u l a r ,  potass ium o r  rubidium. The ,thermodynamic equilibrium 
r e l a t i o n s  of the alkali carbonate - bi-carbonate sys tem 
(see Appendix 8 )  show t h i s  system t o  be very a t t r a c t i v e .  Near 
room t e m p e r a t u r e  v i r t u a l l y  comple te  forward reaction occurs 
and a t  m o d e r a t e l y  elevated t e m p e r a t u r e s  (423'~ f o r  potassium 
h i - c a r b o n a t e )  t h e  r e g e n e r a t i o n  r e a c t i o n  takes  p l a c e .  

An o v e r a l l  r a t e  of s o r p t i o n  i s  g i v e n  by 

where 

Q (l/min) , i s  t h e  v o l u m e t ~ i c  f low rate a t  STP, 
w ( g  C02/g total), the mass f r a c t i o n  of C02 
p (g t o t a l / l ) ,  t h e  mass density of the t o t a l  m i x t u r e ,  
L, W (cm) , the length s ~ d  w i d t h  of t h e  surf a c e ,  equal 

to 31 cm and 7 . 6  c m ,  r e s p e c t i v e l y .  

The conkinuous  monitorinq of t h e  o u t l e t  c o n c e n t r a t i o n  from 
t h e  c h a n n e l  y i e l d s  t h e  rate oi remova l ,  and i n t e g r a t i o n  o f  
Equation (1) over t i m e  yields t h e  f r a c t i o n  c o n v e r t e d .  

A check of the amount o f  ca rbon  d i o x i d e  sorbed can  be ob- 
t a i n e d  f rom t h e  r e g e n e r a t i o n  immedia te ly  f o l l o w i n g  e a c h  so rp t ion  
r u n .  If win i s  se t  equal t o  zero, Equa t ion  (1) can be i n t e g r a t e d  
aver t h e  regeneration time t o  y ie l i?  t h e  we igh t  of ca rbon  d i o x i d e  
l i b e r a t e d  during t h e  regeneration. 

S o r p t i a n  a t  l o w  f l o w  rates a n d  from low ca rbon  dioxide con- 
centration streams are f low dependen t ;  t h a t  i s ,  t h e  o u t l e t  con- 
centration of carbon d i o x i d e  from t h e  channel must be c o r r e c t e d  
fo r  d i f f u s i o n a l  r e s i s t a n c e  i n  the gas s p a c e  above t h e  s o r b e n t  
layer. T h i s  can  bc done n e a t l y  a n a l y z i n g  t h e  governing differential 
e q u a t i o n s  o f  the s o r p t i o n  s e c t i o n  as an i n t e g r a l  e x p r e s s i o n .  (1,2) 

From a mass balance of ca rbon  d ioxide  i n  t h e  s o r p t i o n  s e c t i o n  
of t h e  channel d e p i c t e d  i n  F i g u r e  1, the g o v e r n i n g  d i f f e r e n t i a l  
e q u a t i o n  w i t h  boundary c o n d i t i o n s  is integrated t o  g i v e  the  basic 
e x p r e s s i o n  o f  f low i n d e p e n d e n t  r a t e  of s o r p t i o n  R .  

A s  a dimensionless q u a n t i t y ,  R i s  g i v e n  by:  

4 dCm = R ( x )  = a* (actual r a t e )  - -  --- 
3 d x  P a w i n  

where Cm = w,,lt/win, a d i m e n s i o n l e s s  outlet mixing  cup concen- 
t r a t i o n ,  and 



FIGURE 1 SORBENT SECTION GEOMETRY 
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x = 8 L i = 4 LW =dimensionless contac t  time - --- -- 
3 a ReSc 3 aUQ 

Re = 4a Up/p, Reynolds Number and 

Sc = p D / p ,  Schmidt Number f o r  t h e  channel 
D = Moiccular d i f f u s i v i t y  of carbon djoxi.de in air, 

The actual rate, that is t h e  rate unmasked by gaseous 
diffusion can be obra ined  using E q u a t i o n  (2) i f  t h e  behavior 
of the outlet concentration with flawratc is known. A s imple  
t e c h n i q u e  that can be used t o  o b t a i n  an a n a l y t i c a l  relation be- 
tween Cm and x is to fit the data  to a polynominal by least 
squares. 

The integral e q u a t i o n  a n a l y s i s  provides an independent 
basis for corracting for qas diffasion in the c h a n n e l  gas space. 
This can he compared to the conventional d i f f e r e n t i a l - r e a c t o r  
approach of increasins flow till the conversion o b t a i n e d  is 
n e g l i g i b l y  affected by gas diffusion. Once the effect of 
diffusion has been corrected then the remaining test runs  for 
various s o r b e n t s  can be obtained at one high flowrate producing 
f low independent rates. I t  i s  this r a t e  va lue  that can be 
studied as a funct ion of i n l e t  c a r b o n  dioxide c o n c e n t r a c t i o n ,  
so rp t ion  temperature and sorbent  c o m p o s i t i o n  t o  produce  useful 
design information. 
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APPARATUS DESCRXYfT1ON 

The experimental a p p a r a t u s  is shown i n  a z c t ~ c m n t i c  d i a g r a m  
in Figure 2. Various concentrations of carbon dioxide i n  air 
can be fad i n t o  t h e  c h a n n e l  sorber a t  d i f f c r n t  Elowrates and 
tcmperaturc ,  The s o r b c n t  h e l d  i n  a suppor t  p la te  i s  a c t u a l l y  
k section of one w a l l  of the channel as shown in Figure 3 .  This 
c h a n n e l  goomatry w i t h  one reactive wall provides a w e l l - d e f i n e d  
isothermal hydrodynamic system s a t i s f y i n g  t h e  assumptions of t h e  
e i a s s i c a l  Graetz Problem. The complctc e x p e r i m e n t a l  system i s  
shown i n  Figure  4 .  

The internal dimensions of t h e  107 cm long channel are 
7.6 cm wide by . 2 4  cm h i g h .  The sorbent  s . ;pport  pan is 
machined t o  hold  a s o r b e n t  layer 7 . 6  crn wide by 3 0 . 3  cm l o n g ,  
and 0.038 cm thick. Other suppor t  p a n s  can be made t o  hold  other 
lengths a n d  t h i c k n e s s e s  of sorbent l ayers .  Detailed d r a w i n g s  of 
t h e  c h a n n e l  s e c t i o n s  a r e  presented i n  t h e  appendix ,  T h e  61 cm 
entrance region i s  made t o  a l l o w  higher t e m p e r a t u r e  flows t o  
achieve s t e a d y  temperature  i n  laminar f low. 

A MSA L i r a  i n f r a r e d  analyzer w i t h  a range of zero t o  2% 
carbon dioxide i n  air has been  installed i n  the s y s t e m  t o  
moni to r  inlet and o u t l e t  c a r b o n  dioxide c o n c e n t r a t i o n .  A second 
infrared a n a l y z e r  f o r  w a t e r  analysis, with a z e r o  to 3% range 
is also used .  Both w a t e r  and carbon d ioxide  concentrations were 
c o n t i n u o u s l y  recorded. 
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5.0 UATA CONWRSION 

A computer program w a s  w r i t t e n  t o  handle t h e  l a r g e  volume 
of raw data generated and t o  convert  it i n t o  convenient 
q u a n t i t i e s .  A con~puter  output  shown i n  Figure 5 presents  the 
time v a r i a t i o n  of t h e  rate of conversion of carbon dioxide p e r  
weight of carbonate i n i t i a l l y  p resen t  and a l s o  per plane area 
of  s o r l a n t .  Thc t o t a l  weight of carbon dioxide sorbed and the 
f rac t ion  of carLonate converted i s  also calculated and printed. 
The experimental f lowrate ,  inlet concent ra t ion  and sorpt ion  
temperature are presented zs parameters. 

The recorder chart record of the measured outlet concen- 
t r a t i o n s  from t h e  channel sorber are qu ick ly  and easily con- 
v e r t e d  i n t o  coizversion inforrr~at ion for each experimental  run. 

S o r p t i o n  e x p e r i ~ i ~ e n t s  were f i r s t  conducted over a wide range 
of  parameters t o  i s o l a t e  t h e  rahge where practically important 
d a t a  should be  t a k e n  and t o  identify any unusual  characteristics 
of sorp t ion  of carbon dioxide w i t h  respect t o  t h e  goals of this 
program. 

~ x p e r i m e n t a l  runs a t  room temperature  were made with sorbent  
sheets of var ious  coirlpositions of reactant, support mate r i a l s ,  
aim binder. More extensive so rp t ion  data was obta ined  for t h e  
rriore prolrrising sorbent  compositions. 
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FIGURE 5 

COMPUTER OUTPUT SAMPLE OF DATA CONVERSION 

RUN NUMBER: KCT13-ZS 

FLQWRATE : 1 . 1 5  LITERS PER MINIJTK 
I NLET MBLE F R A C Y  I dtS: 2.991YlE-3 
'I' EMPERATLfE : 2 5  SESREZS CENTIGRqDE 
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CMIN)  . 0 

1 .o 
2.0 
2 .g 
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1310 

T I M E  3F RIJN I Y T E G R A L  @F RATE FKACTION 3F CARdBNATE CQNVERTED 
C M I N )  GRAMS CE2 
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6.0 SORBENT PFUPARATION 

For any gas-sol id  r e a c t i o n  system, t h e  s t r u c t u r e  of t h e  
supported s o l i d  chemical i s  extremely important .  F i r s t ,  t h e  
capac i ty  of t h e  device  depends on the optimum u t i l i z a t i o n  of 
t h e  a c t i v e  material which i n  t u r n  relates t o  t h e  way the 
chemicals are packaged and d i s t r i b u t e d ,  Secondly, t h e  i n t r i n s i c  
c y c l i c  ability of t h e  device w i l l  depend on t h e  way t h e  r e a c t i n g  
chemicals are supported.  

ERC has developed a unique and highly e f f e c t i v e  method o f  
support:j.ng a l k a l i  ca rbona te s  and o t h e r  adsorbents  so  t h a t  
maximum y i e l d  and cycle l i f e  a r e  ob ta ined .  

k t echnique  had been developed a t  EHC where t h e  active 
a l k a l i  me ta l  ca ruonates ,  d i s p e r s e d  wi th  high s u r f a c e  area 
m a t e r i a l s ,  are bouna t o g e t h e r  by polytetrafluoroethylene. Sheets  
of t h i s  carbon dioxide s o r b e n t  m a t e r i a l  can be made as p l i a b l e  a s  
paper down t o  t n i c k n e s s e s  of ,005 cm. The optimum sheet: th ick-  
ness  would come from a tradeoff between a c t i v e  m a t e r i a l  u t i l i -  
za t ion  and packaging geometry with its auxiliary support 
structure . 

Having so rben t s  available as s h e e t s  permi ts  f l e x i b i l i t y  i n  
so rbe r  geometry design.  These sorbers can have a h i g h  r a t i o  of 
t o t a l  plane s u r f a c e  a r e a  t o  volume and inherentiy low p res su re  
drops from the mul t i t ude  o f  smal l  channels .  

A t  t r l e  beginning of t h i s  s tudy ,  s o r b e n t  sheets w e r e  prepared 
i n  many composit ion r a t i o s  of a c t i v e  c a r b o n a t e - t o  h i g h  surface! area 
suppor t  rmaterials  t o  po ly te t r a f luoroe thy lene  b i n d e r .  

The corr~posit ion range was q u i c k l y  narrowed through s o r p t i o n  
tests i n  the channel appa ra tus  and w i t h  mercury porosimeter  
analysis of the sheets before and a f t e r  r e a c t i o n .  Sorp t ion  of 
carbon dioxide was greatly reduced a f t e r  several s o r p t i o n  cycles 
f o r  sorberl t  sricets above approximately 60% by weight of a l l ca l i  
metal carbonate .  Porosirneter  t e s t s  showed, as expected, t h e  
loss of s m a l l  poses i n  t h e  s o r b e n t  s h e e t  after r e a c t i o n .  The 
b i c a r b o n a t e  product has a lower molar d e n s i t y  tnan t h e  r e a c t a n t  
carbonate, hence it occup ie s  more volume. Upon repea ted  r e a c t i o n ,  
t h e  ca rbona te  r e d i s t r i b u t e s  i t s e l f  i n .  more g r e a t l y  packed 
groupings y i e l d i n g  poor u t i l i z a t i o n .  This  is shown i n  F igure  6 
between an 8 0 %  c a r b ~ n a t e  sorbent  after two c y c l e s  a n d ' a  4 4 %  
carbonate s o m e n t  a f t e r  70 cyc le s .  

Below 3 0 %  carbonate  by weight i n  t h e  s h e e t ,  the sheets sorb 
w e l l ,  however t h e  c a p a c i t y  of caroon d iox ide  removal w a s  found 
to be below t h e  optimun~. Subsequent tests  i n d i c a t e d  t h a t  t h e  
optiraum concerr t ra t ion of ca rbona te  i n  t h e  sc;rbent s h e e t  w a s  
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approximately 4 4 %  by w e i g h t  po tass iun~ carbonate, t h e  remainder 
being t h e  support m a t e r i a l  and binder. 

The key f o r  repeated so rp t ion  and regenera t ion  of t h e  
s o r b e n t  sheets l ies i n  their phys ica l  structure. ERC1s sorbent  
sheets could be desc r ibed  i n  t e r m s  of a microporosLty and a 
rnacroporosity. The macroporas a r e  necessary t o  allow transport 
of carbon dioxlcie wi th in  and tnroughout  the sorbent i n  t e r m s  of 
a "gas a c c e ~ s i b i l i t y ' ~  t o  all of t h e  carbonate ,  T h i s  macroporosity 
i s  acnieved by adding ammonium bicarbonate i n  the mixing process, 
At t he  end of the process  the ammonium bicarbonate is removed by 
therrnal decomposition and as it leaves the gaseous products leave 
large void spaces. 

The micropores on the o t h e r  hand a r e  necessary  i n  terms of 
r e a c t a n t  u t i l i z a t i o ~ i  o r  c a p a c i t y .  Tile product  b icarbonate  has 
t o  nave room f o r  expansion dur ing  so rp t ion  of carbon dioxide.  
I f  trlere are not  enough micropores t o  allow f o r  this expansion 
any siuall spaces near the  carbonate will close. Closing the f i n e  
pores chokes of f  carbon dioxide  from reaching any f u r t h e r ,  deeper 
lying reactant. 

I n  terms of measured t o t a l  void volume, the b e s t  performing 
sorbents  have typically 2.5  t o  3 cc void space p e r  gram, and 
5 0 %  of tne pores a r e  below 4 0 0 0  Angstroms. 

Swnmary Table of Desireable Sorbent Properties 

a. Total  void volume on the orde r  of 2 . 5  cc/gram 
composed of macro and micropores.  

b.  P h y s i c a l  s t r u c t u r e  maintained throughout cycle 
l i f e .  

c. Maximum weight of K2CO3  pe r  t o t a l  s h e e t  weight 
optimized with respect t o  maximum gC02 sorbed/ 
total wgt. and maxirnum c y c l e  life. 
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7.0 UXPGRIWN%'AL WSULTS 

7 . 1  S o r ~ t i o n  Tests O f  'Various Sorbent  Sheets  

The removal of  carbon d iox ide  under cond i t ions  of i n t e r e s t  
t o  NASA was f i r s t  attempted on va r ious  so rben t  composition 
shee t s  e x h i b i t i n g  a large range of  carbonate  concen t ra t ion .  The 
r e s u l t s  are shown i n  Figure 7 with t h e  overall o r  flow-dependent 
r a t e  c a l c u l a t e d  from E q u a t i o ? ~  (1). The i n l ? t  concen t ra t ion  of 
carbon dioxide  and water  vapor was 0 . 3  mole p e r c e n t  and 2 .0  mole 
%, r e sp .  i n  a i r .  Sorp t ion  kook place a t  room temperature  and at 
various l o w  f l o w  rates t ha t  would be i n d i c a t i v e  of flowrates over 
each layer i n  a p r a c t i c a l  device. The rurl was stopped wheil tlre 
o u t l e t  cnannel concen t ra t ion  reached 0.1 mole % carbon d ioxide .  

The r e s u l t s  presented i n  t h e  fol lowing figures are f o r  
sorbents prepared w i t h  potassium carbonate .  The  s tudy  began 
w i t n  potassium carbonate because it is Ear less costly than 
rubidium carponate .  L a t e r  i n  t h e  s tudy  runs  were m;de w i t h  
ruuidiurn caruonate so rben t s  . Sorbents of rubidium carbonate  
were f i r s t  prepared as t h e  same cornposition as tl-lc optirnurn 
potassiuni caruonate  s o r u e n t  t h a t  was fourld. Rubidium carbonate  
sorbents c o l l s i s t e ~ l t l y  performed about  G r l e  h a l f  as  well i n  terras 
of carbon dioxide removed i n  t i m e .  The b e s t  performance 
acllieved w a s  that of  a 40  percent rubidiurn carbonate  s o r b e r ~ t  
removing, a f t e r  60  ininutes of s o r p t i o n  froin a 0 .3% carbon 
d ioxiae  strea111, 0 . 0 4 6  grams of carbon dioxide p e r  t o t a l  so rben t  
weignt. T h e  ~ e s t  potassium carbonate  s o r b e n t  removed 0 . 1 0 5  
grams carbon dioxide per t o t a l  we igh t  after 6 0  rninutes s o r p t i o n  
from the same stream. 

T h e  results presen ted  i n  F igure  7 show many of t h e  aspects 
of gas - consumable solid r e a c t i o n s .  F i r s t  and foremost i s  t h e  
fac t  of a t ime decrease  of rate, whether an  o v e r a l l  r a t e  as i n  
F igure  7 o r  a flow independent rate as i n  Figure 9 .  The t ime 
decrease c h a r a c t e r i s t i c  comes from (1) the f ac t  t h a t  t h e  s o l i d  
r e a c t a n t  i s  being consumed and less of  it i s  a v a i l a b l e  f o r  reac- 
t i o n  as i t s  conversion i n c r e a s e s ;  and ( 2 )  t h e  plugging of f i n e  
pores i n  about t h e  s o l i d  r e a c t a n t  as t h e  solid product  expands 
during r e a c t i o n .  T h i s  can be seen between t h e  40  and 70  weight 
pe rcen t  potassium carbonate  s o r b e n t s ,  as t h e  70 percent so rben t  
having almost twice  a s  much r e a c t a n t ,  s h u t s  down sooner.  

The dependence of f l o w r a t e  i s  seen  fo r  t h e  40 weight  per- 
cen t  sorbent a t  0 . 7  and 7 .6  l i t e r s  p e r  minute a t  STP. A t  very 
l o w  f low rates through t h e  channel  the residence t ime i s  q u i t e  
long. Most molecules of carbon dioxide have a gcgd chance t o  
r e a c t .  The behavior  approaches t h a t  t y p i c a l l y  r e p o r t e d  for 
packed bed sorbers as "bxeakthrough" curves .  So h e r e ,  even 
though the  channel has a l a r g e  air space (.24cm) above t h e  
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3 0 . 5  cm l o n g  so rben t  layer, t h e  channel  does produce breakthrough 
type  curves as i s  *Zen i n  Figure 8 ,  an actual recorder output 
showing carbon dioxide o u t l e t  concentra , t ion "breaking-khroughv 
a f t e r  a c e r t a i n  t ime.  

At high flowrates, t h e  d i f f u s i o n a l  r e s i s t a n c e  of the carbon 
dioxide  t o  the sorbenk l a y e r  i s  minimized and t h e  convers ions  
obtained r e p r e s e n t  t h e  " t r u e N 1  o r  a t  l e a s t  a f i o w  indepeqdent 
r e a c t i o n  rate. T h e  f l o w  independent r e a c t i o n  r a t e  is t h e  
q u a n t i t y  t h a t  wili show whether or n ~ ?  a p a r t i c u l a r  ca rbona te  can  
react f a s t  enough w i t h  carbon d i o x i d e  i n  an  a c t u a l  dev ice .  For 
NASA purposes,  because of high devi,ce c a p a c i t y  this is as f a s t  
as t h e  carbon dioxide e n t e r s  t h e  sorber. T h e  low flowrate 
convers ion d a t a  i n d i c a t i v e *  af high r e s i d e n c e  times i n  t h e  reactor 
shows t h e  capacity for carbon d i o x i d e  pick-up. 

F i g u r e  4 p r e s e n t s  a flowrate variation s tudy  f o r  one 
p a r t i c u l a r  so rben t ,  namely 47 weight percent potassiunt ca rbona te ,  
Sorp t ion  of carbon d iox ide  was a t  room t empera ture  from an i n l e t  
s t ream of 0 . 3  mole p e r c e n t  carbon dioxide, 2 .0  mole p e r c e n t  water 
in a i r .  fir1 i lnportant  ef fcct of the simultaneous sorption of ~ i a t e r  
can be seen upcn t h e  i n i t i a l  rate behavior .  Water is necessary  
fo r  the r e a c t i o n  w i t h  t h e  ca rbona te  as i s  oovious ly  s een  with t h e  
d ry  carbon dioxide stream. For runs, llowever, w i t h  t h e  s o r l e n t  
i n i t i a l l y  dry qlnd with  wet i n l e t  s t reams ,  t h e  s o r p t i o n  rate 
t y p i c a l l y  f a l l s  s l i g h t l y  u n t i l  sufficient water i s  sorLed. The 
rate  h e n  i n c r e a s e s  f o r  a p e r i o d  and t h e n  produces its 
c i ~ a r a c t e r i s t i c  t ime decrease of rate. An a d d i t i o n a l  s o r p t i o n  of 
water  occu r s  as tlie r e s u l t  of t h e  hydration of potassium 
c a x ~ o n a t e .  T r l i s  hydra te  ( K 2 C 0 3  3 HZOI also reacts w i t h  carbon 

Z 
dioxide  t o  form t n e  b i ca rbona te .  P r e s a t u r a t i n g  the sozbent 
p a r t i a l l y  with w e t  nitrogen p r i o r  t o  t h e  i n t r o d u c t i o n  of carbon 
dioxide removes this dipping effect in the rate. S l i g h t l y  
a ighe r  i n i t i a l  rates are obti i ined as is shown wi th  the r u n s  
represented by t h e  open and c l o s e d  t r i a n g l e s .  However, as 
expected due t o  pore volume reduc t ion  by t he  hydrate, the 
p r ~ s a t u r a t i o n  technique  for r a t e  study r educes  t h e  ra te  and 
convers ion i n  t i r n e ,  and hence c a p a c i t y .  Thus, for a s o r b e n t  
designed t o  reinove as  much carbon dioxide as poss. ible w i t h i n  a 
c e r t a i n  time, i n i t i a l 1 , y  dry  s o r b e n t s  a rc  recomn~ended, the latter 
results as a natural .  consequence of t h e  r e g e n e r a t i o n  p roces s  
auoara t h e  base s h i p  in a c t u a l  EVk missions. 

T h i s  p a r t i c u l a r  e f f e c t  of water farces t h e  analysis f o r  the 
flow independent  rate of so rp t ion  t o  be done w i t h  t h e  channel 
us ing  tile convent iona l  differential r e a c t o r  approach. Large 
errors are in t roduced  i n t o  t h e  i n t e g r a l  e q c a t i o n  a n a l y s i s  a t  t h e  
initial t i m e s  where tile d i f f e r e n t  amounts 'of  water p r e s e n t  i n  t h e  
s o r b e n t  produce poorly defined rates. More water is picked up by 
t h e  sorbent as t h e  f l o w r a t e  i n c r e a s e s .  The rates ob ta ined  a t  
and above a certain high f l o w r a t e  would be flow independent ,  as 
i s  i n d i c a t e d  i n  Figure 1 0  by t h e  constancy of rate values a t  
various s o r p t i o n  t i m e s .  
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The total an~ount  of  wate r  sorbed does n o t  exceed the 
s t o i c i ~ i a m e t r i c  arriount required for r e a c t i o n  pLlls hydration, 
hence fo r tn  the sorbents  would not d r y  o u t  a r e c i r c u l a t i n g  
atmosphere t o  any d e t r i m e n t a l  effect. 

7 . 2  Beyeneration of Sorbent  - Bicarbonate  Back t o  
Carbolla t e  

A f t e r  each sorption run  the s o r b e n t  sheets were regenerated 
i n  p l a c e  i n  tile crlallllel by heating the channel  t o  411'~ with 
n i t r o g e n  o r  a i r  f lowing  t i l rouyh.  The c h a n n e l  a i r  f l o w r a t e  
during r e g e n e r a t i o n  i s  n o t  d i r e c t l y  re la ted  t o  r e g e n e r a t i o n ,  as 
t h e  soxbent  c o ~ l d  ue regenera ted  w i t h  no a i r  u s i n g  vacuum and/or 
h e a t .  T I I ~  r e y e n e r a t i o n  f lowra t e  was c l ~ o s e n  as t l lat  which pro- 
duced a cilarlizel o u t l e t  carbon d i o x i d c  con cent^-ation w i t h i n  t h e  
i n f r a r e u  a n a l y z e r ' s  best n~easurement range.  Figure 11 shobs a 
t y p i c a l  r eco rde r  char t  o u t l e t  concen t r a t i on  r eco rd  of regen- 
eratea carban d i o x i d e  and water  vapor .  

Tne t h e r m a l  regeneration of  sorbenk s h e e t  i s  complete as 
w a s  found by approximate Inass balance checks between carbon 
dioxide sorbed and carbon d iox ide  regenera ted .  To confirm t h i s ,  
i d e i l t i c a l  r a t e s  and convers ion  (wi th in  exper iment  e r r o r )  were 
found a f t e r  t e n  cycles as si lowrl  in Figure  1 2 .  A c y c l e  c o ~ s i s t s  
of s o r p t i o n  of carbon d iox ide  a t  rooin tempera ture  followed by 
hea t ing  t o  d r i v e  o f f  t h e  carbon d iox ide  and w a t e r ,  trlen c o o l i n g  
dow11 t o  room tcniperature  t o  s t a r t  another  s o r p t i o n .  Tile c y c l i n g  
a u i l i t y  o r  s t r u c t u r a l  i n t e g r i t y  of t h e  s o r b e n t  3s this i n i t i a l  
t e s t  1 s  e x c e l l e n t .  P o t e n t i a l l y ,  a long s o r h e n t  l i f e  i s  expected 
a s  i s  snowrl l a t e r .  

f ieyeneration of t h e  so rben t  i s  a l s o  possil .>le u s ing  vacuum 
only. T n e o r e t i c a l l y  a. vacuum of approximately 1 0 0  microns is 
s u f f i c i e n t  t o  reverse t h e  r e a c t i o n ,  o r  decompose t h e  bicarbona-be. 
Trlese vacuum c o n d i t i o n s  are readily available i i l  space. 

Al though beyond t n e  o r i y i n a l  scope of t i le  p r o j e c t  some 
vacuun r e g e n e r a t i o n  was explored .  

A s o r b e n t  sneet  w a s  r egene ra t ed  i n  t h i s  manner u s ing  a 
l a b o r a t c r y  vacuun pump. T h e  s o r b e n t  s h e e t  w a s  reacted i n  t h e  
channe l  and tnerrnal ly  r egene ra t ed  as normal f o r  several r u n s  t o  
e s t a u l i s h  its performance. Ther, it was rerfioved from t h e  chacne l  
and p l a c e d  i n  a  vacuum f l a s k .  After approximately  4 5  minutes the 
vacrum as measured witn a e l e c t r o n i c  .vacuum guage w a s  down t o  
5 0  microns. T h i s  s h e e t  was t hen  quickly placed back i n  t h e  
channel  and heated t o  see i f  any carbon dioxide was d r i v e n  o f f .  
Only s l i g h t  t r a c e s  o f  caraon d i o x i d e  were sensed  by the Lira 
infrared ana lyzer .  

T r a i s  procedure  w a s  necessary  as attempts t o  draw a vacuum on 
t h e  charlilel apparatus were n o t  s u c c e s s f u l .  During the vacuum 





FIGURE 12 SORBENT PEPZORMANCE DURING 
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a p p l i c a t i o n  t o  t h e  flask, sy r inge  samples ,of gas from the f l a s k  
were f e d  t o  a gas chromatograph. The chromatograph did show 
less carDon dioxide p r e s e n t  Cowards t h e  end of the test  than t h e  
beginning, b u t  due to l e a k s  to the syringe o r  chromatograph, a 
constant oxygen peak was measured. the  chromatograph 
evidence is at l e a s t  q u a l i t a t i v e .  Vacuum regeneration secnls 
entirely possible. No facts are p r e s e n t  t h a t  deny regenera t ion  
~y vacuum i n  a t  least t h e  same magnitude of  time as that by 
thermal regenera t ion .  

&I a d d i t i o n a l  regenera t ion  scheme p o s s i b l e  could be t o  use 
a l i t t l e  u i t  of n e a t  i n  comuination wi t11  VaCUUNl ka e c o n o ~ n i z e  
time and rapidly remove tile carbon dioxide from t he  sys t em.  

Vacuur~~ regenera t ion  i s  of i n t e r e s t  s ince  i.t permits smaller 
u n i t s  t o  be designed wh ich  can be regenerated i n  s i t u  during t h e  
EVA mission. Fur the r  vacuum r egenera t ion ,  even a t  the base sn ip  
would r e q u i r c  f a r  less power conuunption. Tlle system Lecoh~es 
a t t r a c t i v e  f o r  Illore tllen just BVA miss ior~s  and coull! be con- 
sidered as the  primary carbon dioxide renloval system i n  tho base 
s h i p  itself. 

7 . 3  Optimization of Potassium Carbonate Sorbant Corn- 
position 

After t h e  i n i t i a l  i n v e s t i g a t i o n  of so rp t ion  c l l a r a c t e r i s t i c s  
t r l e  study was d i r e c t e d  a t  i n v e s t i g a t i o n  of carbon dioxide sorLent 
sneets i n  kerrns of  the w e i g h t  ratio, of alkali metal carbonate  
t o  i n a c t i v e  support m a t e r i a l  and binder. I n  review, f o r  the 
NASA n~ i s s ion ,  the optimum sorbent sheet should remove the l a r g e s t  
m o u l t  of carbon d ioxide  for t h e  leas t  k o t a l  so rben t  weight. A 
l a r g e  nunher of d i f z e r e n t  sorbent  compositions were tested 
accoraing t o  t h i s  criteria. The results are presented in Figure 
13  wnicn shows the grams of carbon dioxide renkoved pe r  t o t a l  
sorbent  weight p l o t t e d  a g a i n s t  the grams of alkali metal car- 
bonate p r e s e n t  o r  roughly,  t h e  weight percent of carbonate i n  
t h e  soroent. Note t h a t  the  o r d i n a t e  i s  grams of t o t a l  so rben t  
not  just the grams of carbonate presen t .  

A l l  s o r ~ t i o r l  runs i n  F i q u r e  1 3  w e r e  made i n  t h e  channel 
apparatus with an i n l e t  carbon d iox ide  concent ra t ion  of 0 .3  mole 
percent  flowinq a t  1.15 i p m  a t  room temperature of '299 -1'~. T h i s  
low f l o w  i s  i n  t h e  range of a c t u a l  flows between sorbent l ayers  
of a practical device. T h e  s i z e  of each so rben t  s l~ce t  w a s  7 .6  
crn Ly 31 cm by 0.038 cm t h i c k .  

Tile da ta  p l o t t e d  in. Figure 13 are those cjbtained after 
l i U  minutes of so rp t ion  a.nd cnosen as a realistic compazisoi~ 
point. Sorpt ion  of carbon dioxide  still cont inues beyond t h i s  
t i m e .  Hence t he  figure does n o t  show t h e  m a x i m u m  carbon 
dioxide pick-up t h a t  could be obta ined .  For t h e  purposes of t h i s  
NASA program, t h e  6 0  m i n u t e  mark for r epor t ing  so rp t ion  data w a s  
cnosen Decause of the fact that up t o  6 0  minutes a t  least, the 
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o u t l e t  concentrat ion of carbon dioxide was always below O , l  mole 
percen t ,  Typica l  outlet concent ra t ion  behavior i s  presented i n  
Figure 8 showing the  actual o u t l e t  concent ra t ions  of carbon 
d ioxide  and water from t h e  channel sorber  apparatus  a t  flow 
condi t ions  s imulat ing actual opera t ing  condi t ions .  T h e  i n l e t  
concent ra t ion  of carbon d ioxide  and vater a r e  0 . 3 %  and 2,0%, 
r e s p e c t i v e l y .  The f lowra te  i s  1,15 lpm a t  299,1°~. This  actual 
output for a single so rben t  shee t  i n  t h e  apparatils cl .osely resem- 
b l e s  t h e  commonly respor ted  "breakthrough" curves f o r  packed 
bed s o r b e r s .  Decreasing the f lowrate  and t h e  channel gas space 
above t h e  so rben t  would produce a  "sharper1'  knee i n  t h e  break- 
through curve and maintain t h e  o u t l e t  carbon dioxide concen- 
t r a t i o n  lower f o r  a longer  t ime. The 1 . 1 5  l p n  f lowrate  i s  used 
p r imar i ly  i n  t h i s  study as a base va lue  f o r  comparing va r ious  
sorbent performances but  a s  mentioned, it i s  close t o  repre-  
s e n t i n g  a c t u a l  flows inbetween s h e e t s  i n  an a c t u a l  device.  Note 
t h a t  a t  t h e  6 0  minute r e p o r t i n g  mark, t h e  o u t l e t  concent ra t ion  
i s  just approaching 0.1% C 0 2 .  

The d a t a  poin ts  i n  F igure  13 show t h e  performance of the 
var ious  composition sorbents and i n d i c a t e  an  optimum sorbent 
composition a t  about 4 4  weight pe rcen t  potassium carbonate.  Many 
o t h e r  sorbent p r ~ p a r a t i o n s  abou t  4 4  percent  w e r e  tested b u t  no t  
repor ted  because of s i g n i f i c a n t l y  reduced so rp t ion  of carbon 
dioxide .  Porosimeter t e s t s  ind ica ted  that some of these  d i d  no t  
have sufficient void volumes. Some of these sorbents contained 
var ious  smal l  add i t ions  of g r a p h i t e  o r  carbon black with t h e  
i n t e n t  of s t rengthening  t h e  macropore s t r u c t u r e .  However, a l l  
that t h e  a d d i t i o n a l  i n e r t  material d i d  w a s  t o  f i l l  up voids 
w i t h i n  t h e  sheets. Hence, minimum components i n  t h e  sheet  
permits maximum perf orrnance . 

Addi t ional  t e s t  r u n s  with rubidium carbonate  so rben t s  near 
t h e  optimal potassium carbonate  sorbent sheets produced h igher  
o u t l e t  concent ra t ions  of carbon d ioxide  du r ing  a l l  correspori4ing 
t imes  o f  s o r p t i o n .  T h e  h igher  regenera t ion  temperature for 
rubidium carbonate  near  4 7 3 ' ~  compared t o  423'~ f o r  potassium 
carbonate  along with i t s  h igher  c o s t  makes rubidium carbonate  a 
poor candida te  f o r  carbon dioxide removal i n  t h i s  manner. 

The b e s t  of 4 4 %  potassium carbonate  so rben t s ,  r e f e r r i n g  t o  
Figure  1 3 ,  shows 0 . 1 0 5  grams of carbon dioxide sorbed per  gram 
of t o t a l  sorbent sheet a f t e r  60 minutes of so rp t ion .  T h i s  
corresponds t o  75% conversion of t h e  potassium carbonate  i n  t h a t  
sorbent s h e e t .  Differences between t h e  4 4 %  potassium carbonate  
s o r b e n t s  i n  F igure  1 3  r e p r e s e n t s  s l i g h t l y  d i f f e r e n t  techniques 
of preparakion and va r ious  i n e r t  additions, The comparison of 
t h e  a c t u a l  amounts of carbon dioxide sorbed to t h e  "stoichio-a 
m e t r i c  amount per t o t a l  so rben t  sheet weight1' i s  shown by t h e  
dotted curve. The divergence of so rben t s  w i t h  g r e a t e r  than  4 4 %  
carbonate  f r o m  t h i s  d o t t e d  curve i s  dramatic y e t  expected con- 
sidering t h e  pore plugging s i t u a t i o n  that e x i s t s  during r e a c t i o n .  
Most of t h e  carbonate  i n  t h e  h i g h e r  composition sheets i s  
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rendered useless. Evidence support ing t h i s  is shown in Figu re  
1 4  ~ i t h ~ p o r o s i r n e t e r  measurements of average pore r a d i u s  i n  Ang- 
stroms for the 80% potassium carbonate sorbent  in ~ i g u r e  13. 
The pore radius distribution before any runs  is t y p i c a l  of a l l  
so rben t s ,  however, a f t e r  only t w o  sorption - thermal  regenera t ion  
cyc le s ,  the 80% carbonate  sorbentts pore r a d i u s  distribution 
shows a marked change t o  l a r g e r  pores. This means the small 
pores i n i t i a l l y  p resen t  have disappeared, o r  in other words, 
have been plugged, choking off the gas accessibility to the 
carbonate beyond. 

Sorbents  with less than 8 0 %  carbonate  load ing  do n o t  
e x h i b i t  such drastic changes as shown by 4 4 %  carbonate so rben t  
a f t e r  f i v e  cycles. The  i n v e s t i g a t i o n  of cycle l i f e  i s  d i scussed  
l a t e r .  The  results for the 4 4 %  sorbent  in Figure 14 does not 
represent tne best 44% carbonate sorbent. For all sorbents in 
the optimization study testing was stopped a f t e r  5 cyc le s  be- 
cause of lab time priority to identify optimum sorbents. 

7.4 - Cyc le  ~ i f e  of Optinlum Sorbefit 

The NASA mission demands a device that can be repea tedly  
regeneratad and rewed. Any so rben t  system of value has to 
xlave a reasonably long cycle l i f e .  The sorbent composition t h a t  
was opt imized  w i t r i  r e s p e c t  t o  maximum removal of carbon dioxide 
per t o t a l  wef gilt of soxhent must also demonstrate extended 
cyc l ing  a b i l i t l r ,  

H cycling t e s t  was set-up with t h e  channel apparatus. A 
i i lulkiple  switching 24 hour timer was installed to auiomatically 
operate solenoid  valves  for controlling carbon d ioxide  s o r p t i o n  
yas and regeneration a i r  flows as w e l l  as the recorder c h a r t ,  
tne h e a t e r s ,  and t h e  cooling Zan a s  appropriate. 

To proceed w i t h  a meaningful  cycle t e s t  within. a reasonable 
calendar time, six complete c y c l e s  per day evolved. A cycle 
consists of (1) sorption of carbon dioxide from 0.3 mole percent 
carbon dioxide stream at room temperature of 299.1°~, f lowing 
a t  1.15 liters per minute, for 32 minutes;  ( 2 )  thermal regeneration 
with air at 3.2 liters per minu-te requiring 58 minutes; and (3) 
cool ing  w i k h  room a i r  f o r  150 minutes before sorption begins again .  

The Lira infrared analyzer w ~ s  recalibrated every morning. 
I t  d i d  n o t  wander about s i g n i f i c a n t l y  overnight or  over weekends. 
A slight variation between night and day was observed. The mag- 
nitude of this variation '1 f 10% ) considered over the e n t i r e  
cyc le  l i f e  i s  n o t  significant, in Tact that situation could be 
considered a tougher t e s t  fo r  cycle ability. 



 FIGURE^^ PORE SIZE DISTRIBUTION 

0 4 4 %  K 2C0 before sorption 

6 l1 " af te r  5 cycles 

80% K ,CO , before sorption 
rn tl  " a f t e r  2 cycles 

pore radius, Angstroms 
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The fraction uP potassium carbonate c o n v e ~ ~ t e d  per cycle is 
shown in Figure 15 plotted against  the number of the cycle. The 
fraction converted i s  approximately constant for  52 cycles.at 
least. The  sorbent in this test was the near optimum composition 
of 44 weight percent potassium carbonate. Figure 15 shows that 
30 to 35 percent of the carbonate was consistantly converted in 
each cycle, This conversion level was dictated by i n c l u d i n g  a 
reasonable number of cycles per day. ~llowing the sorpticn to 
proceed f o r  60 - 70 minutes or 75% conversion for example would 
allow at most f o u r  cycles per day mainly because of channel 
cooling time. 

The sorbent performed excellently in this test. A slight 
dimensional shrinkage of about 13% was seen in the sorbent layer 
after 70 cycles. The pore size distribution for this sorbent 
before and after cycling was determined and is presented in 
Figure 6. As can bz s e e n ,  a . f t e r  70 cycles the number of small 
pores have been significantly reduced showing the probable 
reason for the reduced conversion at the cycling end. 

To further improve t h e  cycle life it is necessary to i n -  
v e s t i y a t e  the s u b t l e  aspects of t h s  p h y s i c a l  suppart and d i s -  
pers ion  of react ive  par t ic les .  The dimensional sh r inkage  could 
ue caused Dy the non-optimum l eve l  of the polytetrafluoroe~hylene 
binder. For example, a possible improvement would be to press the 
soruer i t  layer on some g r i d  that ccu ld  be rigid enough to h o l d  
trle form of channel-typc gas spaces between s h e e t s .  



Sorbent: 4 4  w g t .  % K C03 
3 . 4 3  gm. ~ o g a l  wgt. 

Cycle: [ sorp t ion  (0.3% C02, 2.0% H20 @ 295.1'~ average Temp.) for 
3 2  mlns. 

I. Thermal  ~ e g e n e r a t i o n  (air) f o r  58 m i n s . @  4 2 3 0 ~  
Cooling fo r  150 mins. 
6 Cycles per day 

Figure  15 Cycle  L i f e  of Optimum Sorbent 
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8.0 STJlUEK D E S I G N  FROM EXPERIMENTAL DATA 

The carbon dioxide s o r p t i o n  da ta  frorn the Elowing c l iannel  
sorber apparatus can be used f o r  the design of two d i f f e r e n t  
t y p e s  of carbon d ioxide  sorbers. 

Ollu t y p e  of sor&ing/ ' r r .gcncrat i .ny o r  mass excllanyirly dev ice  
operates by continuously sorbing and regenerating in short 
cycles such as the t t l lun te r s l t  rotating wlzeel a i r  conditioncr.(g) 
T h c  s o r l ~ t i o n  tiltbe or  c o n t a c t  time i n  this device i s  small (on 
the ordcr  of a few seconds t o  m i n u t e s ) .  Hence, t o  design t h e  
slnallest, 111ost e f f i c i e n t  sorber r e q u i r e s  Icnowiny the maxirnum 
possible or flaw independent rate of reaction. Such a ra te  
value f r o ~ n  Figure 9 ,  f o r  cxarnple would be the value at kl-rc 
h i y l ~ e s t  flowrates and taken near the one o r  t w o  minute mark of 
sorpt iou ,  Since devices  of this type  s o r b  fo r  o i l ly  short times 
be£ ore ru yenerat ion o c c u r s ,  maxinlizinrl t h u  arnoun t of c a r h o n  
dioxide removed pe r  soruent weiyilt  i s  no"Linvo1ved i n  t h i s  
d e s i g n .  '-1'11~s S O Z D ~ I  d ~ s i g i i  could he desigrlated as rate  con- 
trolled. l t r ,  would be t=l*ia type of sorbel: to u s e  for cont i r luoua  
du ty  auoard t h e  base s h i p .  

Y"lls otner b a s i c  type of sorber correponds w i t h  the EVA 
prayranits goals. This sorber i s  a b a t c h - r e g a n e r a b l e  device 
wliere t::e ope ra t inq  p r i n c i p l e  i s  t o  react as tnucl? carbon d i o x i d e  
as is  possibLe over a long  (several hours) pe r iod  of kimc. 

%'lie des ign  information f o r  this sorber can be i n t e r p r e t e d  
in either of t w o  equivalent  ways. One way is to use t h e  r a t e  of 
convers ion  data  from Figures 7 and 9, that is those quite con- 
stant  values at: t h e  lowest flowrates. S t r i c t l y  speaking t i~cse  
values -are not  reaction r a t e s  but flow dependent corlversian 
information for t n a t  particular s o r h e n t  in t h a t  p a r t i c u l a r  
channel a t  tliat p a r t i c u l a r  flowrate. Tile n u n h e r s  are useful for 
the design of a full scale unit by v i s u a l i z i n g  t h e  bu i ld ing  of 
t h a t  u n i t  ~y t h e  stacking of niany c h a n n e l  units, each of which 
perf orlus as tlie i n d i v i d u a l  channel represented i11 Figures  7 
and 9. 

T11e other e q u i v a l e n t  des ign  procedure considers khe. t o t a l  
carbon dioxide removed by oile sheet i n  ttle ckannc l  in the. time 
taat the outlet concentration of carbor, dioxide remains a t  z e r o  
o r  some specified l eve l .  This i s  e q u i v a l e n t  to the ltrate" 

method uecause it r e p r e s e n t s  t h e  integral of t h a t  quantity. 
Coupled w i t 1 1  t h e  low outlet concentratiorz t h i s  carbon dioxide 
removed nunher represents a simple yet realistic design number. 
H rough design es ' c imake  is giver1 in this way for the near 
optimum sorbent .  
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The t o t a l  s o r b e n t  weight for an 8 hour EVA m i s s i o n  exclusive 
o f  physical conta inment  weight f o r  each of the s o r b e n t  i n  
Figure  1 3  is plotted i n  Figure 1 6 .  A carbon d i o x i d e  removal 
d u t y  of 72 grams per hour  per man w a s  used w i t h  t h e  actual sor- 
b e n t  per formance  t o  calculate t h e  total weight of s o r b e n t  sheets 
r e q u i r e d .  F i g u r e  1 6  p r e s e n t s  a  minimum w e i g h t  of 5.5Kg for the 
44% potass ium c a r b o n a t e  sorbent r e q u i r e d  for the m i s s i o n .  

A p o s s i b l e  a r rangement  of the sorbent  sheets in the sorber 
for t h e  8 hour EVA m i s s i o n  is shawn i n  F igu re  1 7 A .  Simple 
s t a c k i n g  o f  0 . 1 1 4  crn s o r b e n t  s h e e t s  w i t h  0 . 0 3 8  c m  gas f low spaces 
y i e l d s  t h e  u n i t  d e s i g n .  The thickness of the sorbent sheet is 
taken more than double i t s  channel p r e d e c e s s o r  because carbon 
d i o x i d e  will c o n t a c t  t h e  sheet from b o t h  s i d e s .  Likewise  f o r  
e f f i c i e n t  space pack ing  of the sosbant, sheets of .O% p o r o s i t y  
are choosen r a the r  t h a n  t h e  9 2 %  p o r o s i t y .  

T h i s  unit has  been c o n s e r v a t i v e l y  e s t i m a t e d  f i r s t  with t h e  
stiff d u t y  of 72  grams carbon dioxide pe r  h o u r  f o r  8 hours, and 
secondly, the da ta  used i n  t h e  d e s i g n  i s  b a s e d  on o n l y  75% 
c o n v e r s i o n  of p o t a s s i ~ u n  c a r b o n a t e  i n  the s o r b e n t .  Indeed more 
carbonate w i l l  be c o n v e r t e d  near  t h e  kn t r ance  section of the 
sorber t h a n  i n  the e x i t  s e c t i o n .  I f  one  half of the s o r b e n t  
goes  t o  9 5 %  c o n v e r s i o n  t h e n  t h e  unit can p i c k  up 1 0 %  more 
carbon d i o x i d e  t h a n  . the 576g ca rbon  d i o x i d e  d u t y .  

The data of  t h i s  study i s  u s e f u l  f o r  rough s i z i n g  sorber 
u n i t s  and it shows r e a s o n a b l e  u n i t s ,  however i n f o n ~ a t i o n  on 
actual c o n f i g u r a t i o n  u n i t s  i s  necessary t o  a v o i d  o.qer des ign  
p r e c a u t i o n s .  

For  example, a d i f f e r e n t  stacking geometry could r e d u c e  
t h e  volume or d i s t r i b u t e  it i n  o the r  ways. A s p i r a l l y  wound 
s o r b e n t  o r  a series o f  s p i r a l l y  wound sorbent cans a r e  p o s s i b l e  
c a n d i d a t e s .  

With t h e  p o s s i b i l i t y  of i n  place vacuum r e g e n e r a t i o n  of t h e  
s o r b e r  unit, t h e  s i z e  can  be  easily reduced t o  1/4 of t h e  f u l l  
s i z e  u n i t .  For example, i f  one  h a l f  of t h e  u n i t  i s  s o r b i n g  for 
one hour  w h i l e  t h e  o t h e r  half i s  r e g e n e r a t i n g ,  t h e n  t h e  o v e r a l l  
sorber would be only 114 of  the f u l l  s i z e  u n i t  as seen i n  
F i g u r e  17B. 

The fact t h a t  the  s o r p t i o n  of carbon d i o x i d e  required the 
s i m u l t a n e o u s l y  s o r p t i o n  of  approx imate ly  equ imola r  amounts of 
wcter can  be a u s e f u l  f e a t u r e  c o n s i d e r i n g  t h e  o v e r a l l  e n v i r o n -  
menta l  c o n t r o l  sys tem.  The r o r b e n t s  remove w a t e r  on t h e  o r d e r  
of 0 . 5  gram per  4 grams of s o r b e n t  we igh t .  T h i s  amount i s  t h e  
amount of water needed for t h e  h y d r a t i o n  of the c a r b o n a t e  and 
f o r  the reaction of t h e  c a r b o n a t e  to t h e  b i c a r b o n a t e .  The 
sorbents do n o t  remove anymore w a t e r  t h a n  t h i s  and would n o t  
d r y  o u t  t h e  env i ronment .  
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FIGTJRE 1711: 8 Hour Continuous Sorber 

i2.7 crp/ 
30 h l  

12.7 cpr---- Vacuum Regenerable CO, Sorber 
10.2 CI:~ (1 Hour Sorp t ion  for half of 

u n i t  w h i l e  other half re- 
generates) 

Volume: 3 . 9 5 ~  

I 
1 

FIGURE 17B One Quar te r  S i z e  Vacuum Regenerable Sorber 

Xegenerable CU2 Sorber 
8 Hour Continuous Duty U n i t  
(72g COz/hour) 

35 - 6 clll volume : $1 3 ..a fi 
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With t h i s  feature, the load upon the present water cor,trol 
system could be lessened and hence the s i z e  and weigh t  of t h a t  
u n i t  c o ~ l d  be reduced, 
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1. A full size one man, 8 hour mission thermally regen- 
erative EVA unit should be b u i l t  and evalua ted  based on the 
presen t  sys tem.  

2. A full size one man, 8 hour mission, vacuum regener- 
ative EVA u n i t  should be b u i l t  and evaluated based on the pse- 
sent system. 

3 .  Performance of t h e  above two units should be compared 

4 .  A design s t u d y  should be made to evaluate a vacuum re- 
genera t ive  unit for simultaneous mois ture  and carbon d ioxide  
c o n t r o l  w i t h i n  one sys tem.  
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10.0 CONCLUSIONS 

I.. The potassium carbonate-bicarbonate  chemistry  i s  effect- 
i v e  for maintaining low carbon d iox ide  atmosphere i n  a i r  s t reams.  

2. The chemical can be e f f e c t i v e l y  d i s t r i b u t e d  and support- 
ed i n  s h e e t  form us ing  silica-polytetrafluorethylene carbonate 
composite. 

3 .  Sheets  of t h e  above m a t e r i a l  can be cont inuously,  re- 
producibly and in-expensively manufactured. 

4 .  These m a t e r i a l s  can main ta in  t h e  carbon d ioxide  l eve i  
below 0 . 1 %  f o r  periods required i n  EVA miss ions .  

5, Repet.i.tive thermal r egene ra t ion  at 4 2 3 U ~  without  s i g n i -  
ficant loss i n  c a p a c i t y  was demonstrated f o r  50 cycles. 

6. Prel iminary d a t a  sugges t  vacuum r egene ra t ion  a t  ambient 
temperature i s  also f e a s i b l e ,  

7. A compact, less than 14 l i t e r s  u n i t  would be required 
to remove the carbon dioxide expelled by a bard working man 
(72gm/hour) for an 8 hour period, 

8.  An even more compact, less than 4 l i t e r  u n i t  could be 
built for cycle vacuum r egene ra t ion  on a one hour cycle f o r  t h e  
same mission. Considerably less experimental data  is available 
at present to support t h i s  csnclusion. 

9. A dual carbon dioxide-water  removal role can be performed 
by t h e  carbonate-bicarbonate  system thereby cons iderably  reducing 
the mois tu re  c o n t r o l  problem. 
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APPENDI;; A 

DESCRIPTION OF SOIWENTG 

KCT-18 
KCT-20 
KCT- 2 1 
IFCY- 2 2 
IiCT- 2 6 
KCY- 2 U 
iECT- 3 0 

Cornposi.tion (weight  Per Cent) 

Carbonate Suppor t  Silica G e l  Hinder 

Preparation 
Conmen t s  

5.2 0.96% carbon b lack  
3 . 8  
5 . 0  
1.9 
10.6 
10 5 1.05% graphite 
13.2 1% g r a p h i t e  
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THERMODYNAMIC EQUILIBRIUM FOR AI;KALI 

METAL CARBONATE -BICARBONATE REACT1 ONS 

Thermodynamic Func t ions  f o r  the A l k a l i  
Carbonate-Bicarbonate System 

6151 - - 5 . 3 5 5  log T 4- 1.105 x ~ O - ~ T  - 2.557 
logioKP - T - 1 0  

- 
K : 

log ,  0 
K = -- - 4.26 l og  T - 0.32 x 10 'T - 5 . 5 5 1  
P T 

1 0  

6691 - , 3.50 log T - 0 .32  x 1 0 - 3 ~  - 6.270 
Rb: logloKP- T 1 0  

Cs : logloK = - 7725 - 3.50 log T - 0 .32  x ~ o - ~ T  - 7 . 5 3 8  

P T 
1 0  

1 = Log 1 
Where: logloK = loglo 

P 
1 0  

('CO, ) (PH ,o) ( ~ C 0 2 )  
= -2  log pco 

2 

T o t a l  pressure = p +p = 2p 
CO, H , O  C02 
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APPENDIX C 





ASSE24BEY OF SUPPORTPIiATE AND CHANNEL PIECES 

CHANNEL TOP PIECE I I' 

CHANNEL .BOTTOM PIECE 



POSITION OF 1/16" DIAMETER THERMOCOUPLE HOLES 

DRILLED TO CENTERLINE IN PLATE SECTION & CFT4NNF.L TOP PIECE 
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SORBENT SUPPORT PLATE 
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CHANNEL TOP PIECE 



MSXING CHAMBER AND 
EXIT TRANSITION PIECE; '.ECTANGULAR CHANNEL TO I INCH PIPE 
MATERIAL: STAINLESS STEEL SWEET METAL 



ENTm-CE TRANSITION PIECE 
MATERIAL: SKEET ALUMINUM 


