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P R ~ E S S  FOR ~OTOSYNTHETICALLY BLI~IWG NATER 
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t - - .-.--. --- --. .. --- . Backqround of  the Invention 
- t . - .  . - . ., . - -. - 

- t 
i - This invention I s  a resu l t  o f  a contract wi th the United States 
i - .  . . . .? 

; . department o f  Energy. .-I --.. . -..- . -  - - - -  - . i  ...-- * - * .--. . - .. .. - - - --- 
: .: . 
: 5 Thi s invention re1 ates general l y  t o  processes f o r  the production 
i 
-.- -C 

t 
of gaseous hydrogen and/or oxygen by photosynthesis. More 

.i. 
, , . :  - .  par t icu lar ly ,  i t  re1 ates t o  improvements i n  a water-spl i t t i n g  process 
. .  f 

whereln s p l i t t i n g  4s effected by d i rect ing v i s ib le  l i g h t  onto water 

: I  . .  

- .f which contatns a photolytic material incorporating a catalyst as a 

: :.i 
i 10 hydrogen-1 iberator. I n  biological systems, the catalyst i s  the enzyme 
t' 
i 

- i 
. . f  

hydrogenate. As used herein, the term photosynthesis i s  defined as 'the 
- i -. ! 

. . 
i light-induced cleavage o f  water i n t o  molecular hydrogen and oxygen 

' 

i i -  - . -wherein the photocatalysts that  par t ic ipate i n .  the reaction may .be o f  . 
.- 

.I 
: f : 7 bio logical  o r  non-biological origin. 

S 7 ' .  

: =i 15 ' A t  t h i s  time, there are four experimental 1.y ver i f ied  photosynthe- 
-. 

. I  
. .t. t i c  systms f o r  s p l i t t i n g  water t o  produce molecular bdrogen and oxy- :: . 
. . - i  

- .E 
.+ gen simultaneously. Two of the systems u t i l i z e  l i v i n g  algae (e.g., 

, . !  . . 
, - $  

-4 green o r  blue-green algae) as the hydrogen source. A t h i r d  io-cal led . . - 
8 .* . . 

' i 
t 

chloroplast system u t i l  i r es  non-1 i v ing  components extracted from 
? - ;. f .. . 

4 -"  . :  
20 plants and bacteria as the hydrogen source. The four th i s  a purely 

i - i photochemical system containing no biological components; t h i s  system 

I s  composed, o f  pignen'ts and precious-metal catalysts wi th associated 
b 

k 

$ 
. + electron carriers,. The three biological systems employ Mdrogenase 



. - .- - --- - - - - -  *--.--- .. . .- 
- .  . - -.-- -..-.--. - - - -  - -- , 

- -  - . --:- - .  . . *..*-.-  
- +  -+----a. * .---__ _ . _ _  .- , 

. -  . enzyme as a hydrogen-liberator. -.---__ _ .) . _ ACCause . the hydrogenare cannot func- 
i 
! . - . . t i o n  o r  be synthesized - . - - - Men . - . exposed - . .  - to oxygen a t  par t ia l  pressures 

. .- . 
1 - - 'above 8 a r t s i n  -.--- jevel. - - -  - It I s  esr@ntial that  the water-splitt ing be i n i -  
$, ' - - - -  - , - - ,  . -. ,,,..---. i .  

: - ,  - t i a ted  anaerobical l y  and conduct& - under conditions 1 i m i  t i ng  the 
'- .i --- ----- . .--. 

1 -3  - - -  -bufldup- bf photoif i thetieally produced gaseous oxygen. Hitherto, oxy- 
-.d . . ., - - -  -, - -  . .  - C 

i pen buildup has been - .  l lm l tbd t o  acceptable concentrations by ei ther 
L - 

chsnically trapplng the evolved gaseous oxygen ch i l e  It l s  wi th in the 
----. . - , .I . - 

9 
1 (quid medium o r  by continuously purging the region above the l iquid 

t -< - - -LC-. - 
- 1 --- . - Redim *f th a non-reactive sweep gas, such as he1 fun. Wei the? o f  these 

-4 C 
+ 
t 10 techniques f o r  preventing oxygen-inactivation o f  the hydrogenase i s  
L 
f -- r . . 

t suitable, for the productfon o f  hydrogen on a practical scale because 
. - . - - .  
- . , chemical trapping entails excessive energy losses and because sweep 

gases introduce gaseous diluents which seriously inter fere , d t h  sub- 
f 
f 

' sequent recovery o f  the hydrogen. 
- 4 .. ' , 

+ 
t 15 The following pub1 ications re1 ate t o  photosynthesis processes for 

the production o f  hydrogen: J .  R. Renneman e t  a1 ., Bioengineering 

Aspects o f  Riophotolysis, Enzyme and Microbial Technology, 2, 103-111 

(1980); T, W. Jeffr fes e t  a1 ., Riosolar Production o f  Fuels from Algae, 
C 
5 Report UCRL-62177, Lawrence Livermore Laboratory (1976); E. Greenbaum, 

4 

- 2 20 The Photosynthetic Uni t  o f  Wdrogen Evolution Science, 196, 878-879 

(1977); E. Greenbarn, Riosolar tfydkgen Production, Oak Ridqe National : 

Laboratory Review, Sumner Issue, 25-29 (1980). E. Greenbaum, 

Sinul tanwus Photoproduction o f  Hydrogen and Oxygen by ~ h o t ~ s ~ n t h e s i  s, 

Biotechnol oqv arid Rioengineeri ng Symposi urn No. 10, 1-13, John Wf 1 ey 8 
. . a  

-- --i - 25 Sons, Inc. (1986). R. Radmer e t  a1 . , basurement o f  the Oxygen Qcle: 
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I . . The b s s  Spectranetric halysi;. o f  dises Dissolved i n  a Liquid Phase. - .,- --.- . -. -. - -  - , - - . . 
W '  -.- LC---- ._--___ ;_ _ _ _  _ ...- i . .- . -. .. - - .  Methods I n  Enzymoloq)+. Vol . . .- .69. .___ -.-- .__.  pp. . -. - 54 -..- 7-60 - - - (1980) - : E. Borgarel l o  e t  

t ..A- _ - . - -. _ _ _  . -.-,d ... ... 
f 

. - ,L--i-;y -lClml-FC.- . il.. . . .  Photochwical Cleavage of Uater by Photocatalysis. Nature. 289. 
. - - -  - , . ---, .-  Tr' 

r.... . .  . C - -= . .LL- ,+ . -  --.. . --- --... - C 
. i  --- .. -. - b e  . -1s-59 (1981). ?he i D v e  l t s t e d 3 r t l c l e  by Je f f r ies  e t  a]. states & . , . - - -  

i .+ - .4 - -... . "r' . . . .  . .  
. ' 3 --.--. - 

-3. *I t h 6 U t  i laborat ion t ha t  gaseous &drown and oxygen my be separated . . %  - .  x,. * . - .  -- - . . - s - . A .  . 
f frm cach other by mea"sP6t I n e r t  fi;r..-mn-catalytic) nernbranes & by 

i . . . . .t - -  - ' - _ .  
nagnetic attraction. -.. ..--+.- - 

..... .. . . . . .  - - _ _ _ .  '1 . .: . .-- .mi-fol lowing U.S. Patents ~ l a t e ,  to the use o f  magnetic f i e l d  
a . . . . - : {  . . - --gradients &-mover  dissolved oxygen f r a n  l lquids: Patent 4,049.398. - . - - ,  ---. . ..& . - . - I  . .  . . 

.. : ' 3 
' . .  i 10 issued on sep&nber 20. 1977. and Patent 4.203.740. Issued on Way 20. 

E 

-- f - - .+ 1980. Some c m e r c i a l  oxygen analyzers. such as model 802. manufac-' 
. - i  - - 

. - i  
..: i tured by Mine Safety Appl lances. Co.. use magnetic f l e l d  gradients t o  - .  
.- -. f . . 

. I . . .  separate oxygen f ran gaseous mixtures. The separation o f  gases by 
. . 

- ? 
.. A effusion ( c ~ o n l y  referred t o  as "gaseous diffusion") i s  discussed i n  

- ?  - :' 

' f 15 de ta i l  i n  the following publ ication: Encyclopedia o f  Chemical 

Technoloqy. Vol. 7. pp. 92-118. John Uiley & Sons (1965). A l l  of the 

above-ci ted publ lcat jons are incorporated herein by reference. 
I . -. . 

. 1 - I t  I s  an object o f  t h i s  invention to provide a novel process f o r  
: i 

. L photosynthetical l y  spl l tti ng water ' to  produce gaseous hydrogen. 
: -- .-i 

20 It I s  another object t o  ,provide an Improved photosynthetic Water- 
::- .:i 

? -. . ,  
;. i 

.? s p l i t t i n g  process eliminating the need for chemical traps f o r  consuning . , . . , 

I :  , . ..! .. - 

photosynthetically evolved gaseous oxygen. . - 
It i s  another object t o  provide an tmproved photosynthetic water- 

s p l i t t i n g  process el iminating the need f o r  a sweep gas f o r  purging 

gase'ous hydrogen and oxygen . . frm a photolytic reactor. - -  

,. . .  .. . . . . .  ..- . 



- 1 -  - -.. - - 
. I . I t  i s  another object t o  provide a photosynthetic water-spl i t t i n g  .. . I - . - - _ - . . . _ . ̂ , _ . _ _ _ - - - . . - - - . . . .  

! 
I - process characterized by a novel method o f  separating gaseous hydrogen 

J . ..- L . -. .-- and oxygen. ----=--A& .- . - ---' -.- . - -. . .. .- . . 

, f - -  . -. . --, , -_., _ . . - 
. - -. < - - - - - - -. - . rr 

--------a ..."CI --. . - - L .fU-î-.,... . - --<- . ' .l . . *x;-.P*?:.. .=..- - 

. . I  Other objects and advantagei d l 1  be made apparent hereinafter. 
i t. . . - .-.-. i 
. .  $ * . . d _ - .a- - -  - 
i -.--.- + - .----- --. ..-. ., - . S-ry of the Invention .- 

, 

:-; '.ti. -'. . . .. . - - .. - . . 
f ' .  - . . . : - - . - .... -4  

?: --,.: 
I --+ ---  --. In one f o A  .of -the ~nrention, wdrogen i s  produced by providing a 
' C  r :  j . - - .. - . . 

. - *  . - 3 -  . . reactor containing a body of water. The water contains photolytic 

material i .e.. photoactive material . - .  containing a hydrogen-catalyst. 

- . - i The - - In te r io r  of the reactor I s  isolated from atmosphere and tncludes a 
. - -  

" ' . f  . .  10 volume for receiving gases evolved .frm the body o f  water. The photo- 
- -  * 

5 
.: . '  j 
I L- 3 l y t i c  material i s  exposed to l i g h t  to effect photosynthetic sp l i t t i ng  

, = f .  
.L 

', : , , .% 
, .  .. of the water i n to  gaseous hydrogen and oxygen. The gas-receiving 
I.. i - - . . 
? .  7 

, -.. f . . - .  volume i s  continuously evacuated by 'pumping t o  promote evolution o f  Ir . .  

:- 1 .  .A . 4 -. . - gaseous hydrogen and oxygen i n to  that  volume and t o  withdraw them 
.T 

+.  - i -. . a . : t 15 therefran. I n  another form o f  the invention, separation o f  the hydro- 
i 
t . t 

. i gen and oxygen i s  effected by selectively d i f fus ing the bdrogen 
. '  L . . .  i . .. through a heated semlpeneable membrane i n  a separation zone while i 1 

? . . . t - araintafniflg across the zone a magnetic f i e l d  gradient biasing the oxy- : . : . -  t 
. t gen may from the membrane. I n  .a th i rd  fonn of the invention, the 

. . : . :.f -. . . . -4 

ir -8 a - 20 withdrawn gas I s  contacted with a membrane blocking f low of water vapor 

-..- t o  the region for effecting recovery of the hydrogen. I n  a fourth . , 

: ... 
. -- .I -embodiment , the tnvention canpri ses a process for set ect ive l  y recover- 

,- - s . ---.-. . -  . . 

- t  . . 
,A 

- -. Ing bdrogen from a gas mixture m p r i s i n g  bddmgen and oxygen. The 
- C 

. . I  . . -.. process I s  conducted i n  a separation zone and comprises contacting the 
: t . .  . 

. . .  
.-' "i . 
. .-T 

25 mixture wl t h  a semipermeable membrane effect ing selective di f fus ion o f  
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. . .  - -- - - 5 -  .,. 

- - 
E -. - - -  -.- --- - . . -  
! hydrogen while minta ln ing across the zone a magnetic f i e l d  gradient 
t - - - .  _ __-____- -- - -_-I-- - - . - . 

: i . . ef fect ing movement o f  oxygen I n  r direct ion away from the membrane. 

I - - *- . -- - -".-- - -. - - -- - - ..,.- ,, ,,,., .- ---4- 2 . . -- - -  
-I-- r--- -Y * -.-. -- ---. - 

1 i- -- -- - - - 8 r l e f  Description o f  the Drawings . - + -_-- -- --- - . . 
- - -  . d- - .  - 

1 - -- =-- 
f Fig. 1 3 s  a xhematic-diag6m of a system fo r  conducting the pro- 

. .&- 2- -,- . - . .  . i - .- - -.-. - y -  - . - - - -___  _ - - . . . . .  
1 -. - . - - . . ---- -- _ I _ _ . _ _ _ _ _ _ . _ I - _ _  - .  

-5 -cess ~f -1nventfoil; ----- ---- ---- - . - . - -  
' - * - -.-..--a - -. . - 

- .  I - '-3 -- s. . . -- - 
1 t+ 
1 1  -f lg. 2 i s  a more defailed showing of  a gas-separation arrangement 

t 
1 .  I ! -.. designated as 19 i n  Fig. 1. and . . -  

f . . 
; .- ! 

4 - ? 
3 ' 8  

- Fig. 3 i s  a schematic showing of  an alternative arrangement f o r  

-t . - 
'.processing gases wfthdrawn from a l i n e  designated as 15 I n  Fig. 1. , -  - 

i.- .; 

j . -  . - . - -  
. ?  lo  .I 

netai led W x r l p t i o n  o f  the Invention 

Br ief ly ,  my photosynthetic water-splitt ing process i s  designed for 
* .. .'? 
4 . _ ..I e f f i c i en t  operation. The process avoids the above-mentioned 1 i m i  ta- 
I:. i 
'. 
+ - t lons imposed by chemical traps and purge. gases, and u t i l i zes  novel and 

. 5 
eff ic ient techniques for the recovery o f  hydrogen. j 

- .  . 

15 Fig. 1 I s  ,a schematic showing of  a system designed for the 

simul taneous photoproduction of  hydrogen and oxygen I n  accordance with 

the invention. The system lnc l  udes an elongated photolytic reactor 7 
. . 

, . i f o r  contaiping a l i qu id  rnedium 9 and exposing the same t o  sunlight. 
I .  . 4 
! 

. . 
. 1 The In te r io r  o f  the reactor i s  isolated from atmosphere, and a t  least 

20 the upper portion o f  the reactor I s  transparent. The 1 iquid medium 9 
1: 1 

i .canprises a water-dispersion o f  any. suitable catalyst-containing 
. . . .  .. 

photoactive material, such as those mentioned above (see "Background"). 

* -1 
s -i Preferably, the l i q u i d  medium i s  agitated continuously prchote 
: 2 .i 

. , 

; . 1 escape of gases therefran. Agitation may be accomplished by any 
- - - - 4  

4 
' 

25 ru l tab le  mans, as by a rnagnetical l y  driven armature or  mixer I n  the 

1 iquid. 
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. - i s  shown, .the surface o f  the l l q u i d  medium I s  expased t o  a reactor 

- .  ., .- vollam 11 f o r  rec i i v lng  gases evolved fw, the 11quid. The volume 11 
..--..+..a - . -  . . -. - .- . . . - . - - : - . - - -  . -.-- - 

. I s  fn cmun l ca t i on  *I t h  r header a +  13. . Jich preferably i s  connected t o  
. I  . --.. -.---,..- 
. .. --: .a, " 

. - . - . *  _ _  -r _ -. . ---.zzh - ..< veceive' . evolved gases t tan  a p lu r 'a l~  ty o f  reactors s imi lar  t o  I. I n  
C . . , ' .  --- - --.- - _ _ _ .  _. _____ .. - " . . . ---- 

- i --.? --hccordance ul t h  -- the l . . .  Invention. . ... - +  the  k a d e r  I s  connected. through an 
. . . . . - - -  - - .  

--. ..& . - - -  - C - elongated l l n e  15, to the - le t  o f  a pump 17 f o r  removing evolved .i 

' i  
- I  

gases (principal l y  oxygen, hdrogen, and water vapor) frob the volume . 

. . 
. - -- 

. ; .  --. . . --. - 1 The recovered )D;dr%gen i s  discharged through an ou t le t  21; oxygen 
C 

. m d  water ';apor are d l  scharied through an ou t le t  23. 1 

. ' - :  . . - :.- .. _ _ _  _, . . --- -- - . .  . . - . .  . 
- '  I .  
. . .. 10 Fig. 2 i l l u s t ra tes  the preferred design f o r  the hdrogen recovery 

means 19. As shown, the discharge from the pump 17 I s  directed i n t o  a 

separation zone 30. Mounted i n  the zone I s  a heated semipeneable 

' membrane 27 f o r  selectively recovering hydrogen fran the gas mixture 
. . .  

withdrawn from the reactor.' . I n  the i l l us t ra ted  arrangement, the 

15 mknbrane I s  of tubular configuration, and an auxil i a r y  p k p  29 i s  pro- 

vided t o  tdthdraw diffused hydrogen from the i n te r i o r  o f  the tubular 

membrane and discharge It, via an out le t  21, to any suitable storage o r  
. .. - .  

u t i l i z a t i o n  system (not shown). The membrane 27 i s  maintafned a t  an - . . 
.' .: f 

" . , -1  elevated temperature promoting d l  ff usion o f  hydrogen therethrough. 
7.. ,L+ 

. 1 20 I n  accordance wi th the inventian, a magnetic f i e l d  gradient i s  - 
:. .. 6 

.$ 
. 1. . 

maintained across a t  least part  o f  the separation zone 30 (F1g. 2) and ; . ;  
: ;. t 

. -4 
: . i  - . .. . -  . . I s  oriented to be traversed by the gas stream flowing toward the 

I. .-. 
. -r . ... . 

- ;-$ _ . . . ' ,+..,. . - 
membrane 27. k Indicated, the f i e ld  i s  established by any iu i tab le  

..-.,a - . . . . - . . - . .  : v - *-  

. i .  
- - : :$ .--.means, such as the opposed poles 31 and 33 of a suitable permanent .-.. ..,- .- . 

-. . -.'., . . . * . :. -.s - .  

--'i . ' . +  . . 25 magnet or  doc. electrunagnet. As i s  known, (see above-referenced 
.- - .  . 



-1 , .  - 
- t 

. - patents), &en molecules I n  a magnetlc f i e l d  m v e  fm a region o f  
' !  - - --- - . - . - . - -C-C_,__I _.lj , * .  . - 

r: . .- low intensity . t o  . 
a reglon o f  hlgh Intensity. Thus, I n  Flg. 2 the 

. - - .  - - 
i = . *-- 

- ,-- - nagnetfc f t e l d  Intensity gradientd f s  selected to renove oxygen molecules 

I -: .* 4 - m. 
- ..* -* r. 

s - - - -..-- . - . .f& . the stream o f  gas approachllig - .  the semiprneable membrane 27. That 
3 . - - - -- - .  - - . - . -  - -C - -  

- : - i  - ----3ls;Xhe angnetic f f e l d  gradient acts to r l e c t l v e l y  bias the paranagne- 
L - t - .  9 

. ' -:=i - - . .-- . 
. 2 t l c  oxygen away fran the'enbrane f o r  select ively m o v e r i n g  the hydro- 

. ~ - - - . - -  - 
, - . - - .  --- ..:I . . gen ml ecules. The resul t l ng  oxygen-rich gas leaves the reactor - .. - 

4 
* .t 

' t  through 1 ine 23 and may be discharged. stored, or  u t i l  i ted, as desired. 
f .. 1 . . .  

. - . , -.- . . - - -  .-- . + Referring I n  m n  detai l  t o  the 11 lus t ra t ive  system shqn i n  Fig. . 
. i t 

. . t 
. i 10 1, the photolytlc reactor 7 my be composed of glass o r  plastic. If, 

- .  t 
' --- 

. . I. for example, the photoactive material I s  green algae, the temperature 
- ' f  

o f  the l i qu id  medium preferably i s  maintained I n  the range o f  5-35OC. 

The punp 17 i s  designed to  maintain the pressure i n  volume 11 below 

atmospheric. Referrlng t o  Flg. 2, the semipermeable membrane 23 may be 

a palladium-silver a l loy and may be maintained at, say, 600°C. The 

desired magnetic f i e l d  gradient f s  established by making the pole piece 

33 o f  larger cross section than I t s  companion pole 31. A1 ternatively, 

the deslred gradient may be provlded by eletranagnets whose co i l s  are 

. f wound to provlde the deslred m'agnetlc f l e l d  gradient wi th in the separa- 
a _. - . . . =t 
- t - 

20 t l o n  zone 25. A l l  of the individual components u t i l i zed  I n  the system - 
" ' .$ 

: . .+ . . 
shown I n  Figs. 1 and 2 are camnerclaily avallable o r  are we1 1 within 

. - 4  
. - - t . the s k i l l  if the art. Conventional fnstnnnentatlon I s  available to 

L A. _ _  
.. - ?  - ,L . - ; .  measure such parameters as concentration and composl t l on  o f  hseous 
. : t  :.. . -. 

i .. , .  
. . .  5 

. .  . .- . eff luent, magnetic f i e l d  strength, solar energy lrradiance, 
- -.; 

25 temperature, and pressure. . -f - - 
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J . . 
' - - - . . . , - I n  a nonnal operation o f  the ab~vedescrlbed system, the p n p  17 
! . , * - i 

. 1 
- . ., - _  . . -.. " .  continuously removes evolved gases t f ran the reactor 7 and discharges 

4 ..-L-a2&---4 . . . . - - . . - - 7- 

i - - - -&z~ them l n t o  the hydrogen-reco~ery'~'~an~ 21. 7he Mdrogen dlffuses 
.. - . . - . *  

- - -  i - - - - .  - -  - through the d r a n e  27 and Is *i thdrmn therefran by the pump '29. -- - - - *  --  - - - - - - - _  _ _ . _ __, I : 5 

- i 5 Oxygen and water vapor are-vented a through out le t  23. Uater and/or photo- 
,. - . -.. -. 

: active inaterial 
m . - 

L 

a&-withdrawn fran or  added to  the reactor as desired. 
.' j 

9 .  . - *  
i . - - The . .  photosynthetic' - - process . - disclosed above provides signif lcant 
A . 't 

' --t - - - , -  

I - advantages over the known ~ l o r  water-sp1 i t t i n g  art. For instance, the 
-t 
t . -  . i . - 

,. - -  technique o f  pumping on the photolytic reactor 1s a highly advantageous . . 
. #  

; * 
; : 

' t 
10 departure fran p r io r  practice. That is ,  pumping on the reactor main- 

' .--+ 
: i; 

I- .+ ta,ins the oxygen part ia l  pressure i n  reactor volume 11 and thus I n  the 
: : :f. - 
. j 1 iquid medium 9 a t  a value preventing inactivation o f  the hydrogenase 
- - R - . b  
1. .. r enzyme. .As a result, the water-spl i t t i n g  reaction may take place a t  
; . . t  
' .  .-f  
f- . .. the highest rate consistent ui t h  the other process parameters. This 
. .t , : e 

i . I 

15 improvement I s  accanpl i shed without introducing the canpl exi t i es  and 
+ .  .. i 
. . . f - * inefficiencies attending the use o f  the usual chemical traps o r  sweep 
I ,  - ,. : 
A - ! 
! gases (see above). I n  additton, pumping on the reactor 'cools the 

. .  . 1 1 lquid medium appreciably by evaporating water therefran. Cool i ng 

ordinarf ly  i s  required because the heating ef fect  o f  the solar energy 

inctdent on the reactor may ra ise the temperature o f  the l i qu id  medium ! 

t o  a value damaging the photoactive material . The pump 17 (Fig. 1) not : . 

only provides these advantages but also sewer as the mans f o r  c i r -  
. *  

cul4t ing the evolved gases through the separation means 19. 

A second advantageous departure fran water-spl i t t i n g  practice i s  

25 the step o f  promoting bdr6gen retovery by applying a magnetic f i e ld  
- .  I - .  

-I 
. . !  . gradlent to a semlpenneable membrane. Thf s technique f o r  biasing the 



5 . _ - - l eas t  three ways: ' (I) oxygen ~nolecules are preferentially swept toward 
I - -  - - -  - - . -. C ,  . -A - --- . ---.- . - - *  ... 
6 

2 ;+- - . * the oxygen &lc 23; (2) thc . . bah -kac t l on  .- o f  oxygen and bdrogen to 
1 -. -- - .  
* -- . . -- * - - 5 -. . - reform -. water I n  tone . .  31 I s  restr l t ted;  [3) I n  Instances where the 
! -+ . z. - - ;.$ -- , --.--. 5 heated d r a n e  i s  not 8 noble metal but, -rqy, Iron, damaging oxidatlon 
1 ? : - A. . 

- - . .  
i .of tihe mmbrant i s  f i i n i n l r ~ d .  . - -  - 

- .  + - , . 

- 3 I t  IS estimated that thti-canbined effects o f  pumping on the reactor 
- . i . 

- -i 
3 -. - --- and, separating the evolved gases I n  accordance wi th Figs. 1 and 2 pro- 

., .., > 

f . - -.-- vlde . an Improvement i n  overall - - process e f f  lclency o f  b o u t  100% or  more 
, I 

1 :' 

. . 
10 as compared wi th the sane process utilizing a sweep gas and separating 

. . 
. % -- i 

' f ?  - - the evolved hydrogen by di f fusional technfques o r  cryogenically i.e., 
. i 

i :  - . - 
. i select ively 1 iquefyi ng the oxygen and recovering the hydrogen. 

.- - f . L the improved process i s  not I tmi ted to the node o f  hydrogen 

r .:I. 
.* f separation i l l us t ra ted  I n  Fig. 2; i f  desired, It may be used wi th other 
. .t - : i  

. . 15 hydrogen-recovery techniques. Fig. 3 i l l u s t ra tes  the p-ocess as 
! 
i 

. - i 

. - .  . . !  
designed t o  recover the hydrogen by effusion. In t h i s  form o f  the 

I. j invention, a pump 17' Is connected t o  aforementioned l i n e  15 t o  evac- 
f 

4 uate the -actor volume. A membrane 35 I s  mounted i n  l i n e  15 t o  block 
- !  

. ,. i 
i the flow o f  water vapor t o  the pump but permit the flow o f  hydrogen and 

. .- -. -* 
- -j 20 oxygen. (One such membrane I s  EM-213, manufactured by General 

i Elect r ic  Canpany) . The Mdrogen and oygen issuing fran the membrane , 
,. :4 - .J - w 

- . I  dlffuse'along the axis of a microporous "barrier" tube 37 f o r  
i . 

. . - 4  
. - -i separating hydrogen and oxygen by d i f fus ion (i .e., effusion). Pump 17' 

. 
. -  .. 

and a second pump 39 cooperatively maintain a selected pressure d i f -  
- -.; 

$ -, 25 ferentlal across the wall o f  the bar r ie r  tube, the pressure u i t h i n  the 
1 
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. . . . .  . 
* -v?-..--7-,..!,.,.~-, { '  .---. -'- -....-.- yt.;; 

.- .......... -. ,.,. .,..tube-bklng Shev-higher'-pressure. 'As '&, undlffused hydrogen-depleted 
....... 

Diffused gas ...................... ---- - 2 . - . . . . . .  . 
41 a d  IS . .... . - .  

35 1 s provided t o  
. 'Y.: 

:-- . . 
a t e r  vapor l n to  . , . - .- . - - - - .- - -. - - . .... . . . . . . .  

". --.- -. , 
.---.--7---..---- - *.--- f :-:.Z.-A- . .  

.--. .-. _C_ .< ._ .. _. .. . ..:..'.-he . *=ffuildti . _ _ _  _ irrbngement. . . . 70 provide f o r  p r i o d f  c cool ihg o f  the 
G;.l;+ . . . . . . . . . . . . . . . . . . . . . . . . .  %I.-..-.-&.....--e.. . .  ... - - --- --. ... ........... . . .  fd+.."--L'. .'-a , -  

: '-.i...i ---- . -  . .. ....-............ ..................... . . . . . . . . . . . .  , -4. 
- .____ ---. &-L..--.,-- .- .-I!puld d l u n  by evacuatldn, a bypass l l n e  43 eontalnlng a solenold 

- .-,- ;;; e,:. 4.. ... .j ,..,- I . ' ., ,..-*.----.<,a ,. . . ............... . . . . - . . . .  .-. C.'.. ;.----.I;- ---..- ........... . ^ I  
- .. , . . . . . . .  ... .......... ......... - .  

. - a  ' -  

. ~1 . -- . . - - . - . . - : ~ . : - - : ; . ~ a ]  a ve>-45 i s .  connected across. .the -hydrophobic membrane. Referrlng t o  
:-::..I --yr-2-.-- - . ;- .a.F. -..-,---- ..:- - r . ~ . , r L ~ ~ : ~ . ~ ~ : ~ ~ - + ~ - + ~ + ~ 7 . a - + - = . - ~ ~ ~ - ~ .  %=, Y Z Z , ~ - . ~ ~ ~ ~ - - .  .-::-cT=y-.~7,.: ..-..-* ~ .------. .*........ ... -- A - - - - - , - - 
2- ,-- --,.--:- -Flg.,d. .the v a l  ve 4 s  operated by a v  s u l  tab1 e e lec t r f  ca.1 control c i  r- = -. . 

: :1 .,- ..,--,- f * ' - .  
. . . . . . . . . . . .  - - . - - - . . - . . . . . .  ..‘....... ...--.... . ....... .: ............ 

:f - 10 , cu i t  47, which i s  responsive to  the output o f  a thermocouple probe 49 
- . . - I <. t - - - ,  

. I _  ,..-..-.- ---I -...... . f o r  sensing the temperature o f  the l i q u i d  medium 9. .Circul t 45 opens . - 

.: *. * - . .  . . .  < . -  -, - .  . . _ -  -. . . . .  .:.A ..3 
A 

, , ,  
.:, -::-. _ the valve .. . when .the sensed temperature exceeds a selected value and closes 

:- ,j . . .  q .- z .......... . . .  - - .-...... :. ....... . -  -!'the w e  then the temperature decreases t o  a selected value. - - - - - - -. - . . .... .. 
:; 4 :: :.--::-- &, - . ,;- . . . . . . . . . .  , , .... * . r . .  .+.- ,.- . .  

> - .  rl . ,, . . 
.-a ,I_-.._.. - . . - . . -  ....- The foregoing description o f  a preferred embodiment o f  the lnven- 
. . .  1 

, :- -1 
i ' . 15' t l o n  has been presented for puyposes ' o f  11 1 ustrat lon and descrlption. 

. : 

- .  . . - ,  . It 1s not intended to be exhaustive o r  t o  l l m l t  the Invention t o  the 
--. +-.,'.+ 

... ---f :. -: -i- ... -- I. ..;. .. p-1st fo& -. disclosed',~ and . obviously . -  many . . . . .  modifications and ~ a r i r t i o n s  
* . . 

. : . - . .. - 
. . .  . . '  . . '-- : are  possible I n  ' l i gh t  o f  the above 'teaching. For example, 'a magnetic ' 

1 . .  . . - - - . . , 'j - '  - - .- 
f i e l d  gradldient m y  be k l ' n ta lned  across t h i  Interface of the' liquid 1 :--:-: :-: . . . . . . . . . .  . . .  

...p:..f . - - ....... . t -  , . . . . . .  - - -  . . - . . . . -  . - . . . .  
-.- C 77.- - .  . '-. ...- ; --.--20 . r d f u n  9-.ind - ,  the gar-receiving volume 11 (FI~. 1) to  p r m t e e v o l " t ~ o n  

. . . .  -. . - . . . . . . .  . . . .  . ..__ . . . . . . .  
. ,  of gases l n t o  the lat ter .  ' . 

.. - . 
. .  . .  . . . . . - ..... .. ' : . d . B . . . .  %,'... . - -  - A .  

. 7.3 . : W-.'c*.* .*... . . . . .  
t. ,, " -*. . . . The ~ o d l m e n t s  d lsc l  osed herein were chosen and described I n  order 

. f -x2- ?.--L :-.:.z.-2-.?-.% ., . -.-_ ..i . . >. , - f  %..-A.-&,z-- ... ...-... 
) .  . -_ --- C.. : =  -,.kto enable others s k l l  led I n  the a r t  to best u t l l  I r e  the inventlon I n  . , -4 ..:, . - .- .., - -. .-.. 
4 .-.-- ---: ...-.. -. r'i,.;.. . .  . . . .. . . . - .?.... . -..>_. ._...-~-_.-..-_- .+,^_. " .  

, , 

1 i ...- I:,:-~-=c. J -.. .-- -:&~::G:z. - -- - -..-.- ._ .. - . . various . . mbodinc;t; and *I t h  varlpus d i f l c o t l 6 n s  as are & l t @  t o  the 
-. - - .. - .a . . .  . . . .  . ,. . .- .+., - --. . -.: . . ... 

I - .  .-* .... -- .. -. ...-,. - - - .  - 
- - - .-- - : - . 2$ w r t f ~ ~ l ~ ~ ~ ' u r c ' ~ o n t r m p l a t e d .  . I t  i o  lkended that the .-scope o f  ' the 

lnventlon be deflned by the clalms appended hereto. 
. - -  .. - . . . .- . .  I ,  A . . .  . . ' S  . - .  . - .  




