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PROCESS FOR PHOTOSYNTHETICALLY SPLITTING MATER
Background of the Invention '

This invention i§ a result of a contract with the Unfted States

Department of Energy.

' This invention relates generally to processes for the production
of gaseous hydrogen‘and/or oxygen by photosynthesis. More
particularly, it relates to improvements in a water-splitting process
wherein splitting is effected by directing visible 1ight onto water
which contains a photolytic material incorporating a catalyst as a
hydrogen-1iberator. In biologica] systems, the cataly;t is the enzyme
hydrogenase. As.USed herein, the term photosynthesis is defined as the
1ight-1hduced cleavage of water into molecular hydrogen and oxygen

-wherein the photocatalysts that participate in the reaction may be of -

biological or non-biologiéal origin.
At this time; there are four experimentally verified photosynthe-

tic systems for splitting water to produce molecular hydrogen and oxy-

gen simultaneously. Two of the systems utilize 1iving algae (e.g.,

green or blue-green algae) as the hydrogen source. A third éb-called _
chloroplast system utilizes non-1iving components extracted from

plants and bacteria as the hydrogen source. The fourth is a purely

_photochemical system containing no biological components; this system

is composed of pigments and precious-metal cataIysfs with associated

electron carriers. The three biological systems employ hydrogenase
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enzyme as a hydrogen-liberator. Becausé the hydrogenase cannot func-
“tion or be synthesized uben exposed to oxygen at partial pressures

Lo .

"above a certain Jevel, ft 1s essentia1 that the uater-splitting be ini-

tiated anacrobfcally and conducted under conditions limiting the

tuildup of photosynthetically produced gaseous oxygen. Hitherto, oxy-

chemically trapbing the evolved gaseous oxygen while it is within the

- gt e n

- Yiquid medium or by continuously purging the regfon above the 1iquid
" medium with a non-reactive sweep gas, such as helium. Neither of these

.techniques‘for prcventing o&ygen-inactivation of the hydrogenase is

suitable.fbr the production of hydrbgen on a practical scale because
chemical trapping entails excessive energy losses and because sweep

gases introduce gaseous diluents which seriously interfere with sub-

" sequent recovery of the hydrogen.

The following publications relate to photosynthesis processes for
the production of hydrogen: J. R. Benneman et al., Bioengineering
Aspects of Biophotolysis, Enzyme and Microbial Technology, 2, 103-111

(1980); T W. Jeffries et al., Biosolar Production of Fuels from Algae,
Report UCRL-62177, Lawrence Livermore Laboratory (1976); E. Greenbaum,
The Photosynthetic Unit of Hydrogen Evolution Science, 196, 878-879
(1977); E. Greenbaun, Biosolar Hydrogen Production, Oak Ridge National

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

~ Simultaneous Photoproduction of Hydrogen and Oxygen by Photocynthesis,

_ Biotechnology and Bioengineering Symposium No. 10, 1-13, John Wiley &

Sons, Inc. (1980). R. Radmer et al., Measurement of the Oxygen Cycle:
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The Hass Spectrometric AnaIysis of Gases Dissolved in a Liquid Phase,

ke pam o ae e e era m

Methods in Engymologx. Vol. 69, pp. 547-60 (1980) E. Borgare)lo et

-Mw- v e

31.. Photochemica) Cleavage of Uater by Photocatalysis. Nature. 289,

,.-..

58;59 (1981) The above 1isted‘art1c1e by Jeffries et al. states
from eoch other by means’ of 1nert {i.e., non-catalytic) membranes or by
uagnetic attraction.:ﬁ_.

Ihe_fo1lowing U.S. Patents relate to the use of magnetic field

.-gradients to recover dissolved oxygen from 1iquids: Patent 5;049.398.

issued on September 20, 1977, and Patent 4,203,740, issued on May 20,
1980. Some commercial oxygen analyzers, such as model 802, manufac:
tured by Mine Safety Appliances, Co., use magnetic field gradients to
separate oxygen from gaseous mixtures. The separation of gases by

effusion (common!y referred to as “gaseous diffusion”) is discussed in

detail tn the following publication: Encyclopedia of Chemical
Technologx. Vol. 7, pp. 92-118; John Wiley & Sons (1965). A1l of the
above-cited publications are 1neorporated herein by reference.

S & A [ an.object of this invention to provide a novel process for
ohotosynthetically splitting uater.to produce gaseous hydrogen.

' lt 1s another object to provide an improved photosynthetic water-

Sp11tting process e11m1nating the need for chemical traps for consuming‘i o

photosynthetically evolved gaseous oxygen.
It is another object to provide an improved photosynthetic water-
splitting process eliminating the need for a sweep gas for purging

gaseous hydrogen and oxygen from a photolytic reactor. -
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It 1s anothern object to provide a photosynthetic water-splitting

process characterized by a nove1 method of separating gaseous hydrogen

and oxygen.
Other objects and advantages will be made apparent hereinafter.

£ -, Summary of the lnvention
In one form of the i'nvention, hydrogen s produced by providing a
', reactor conta_ininga body of water. The water contains photolytic
maferial i.e;. ph_otoactive mai:er_ial containing a hydrogen-catalyst.
| The interior of the reactor is isolated from atmosphere and includes a
'1"0 v"ol‘ume for receivipg gases evolved from the body of water. The photo-
- 1ytic material is exposed to _light to effect photosynthetic splitting
of the water into gaseous hydrogen and oxygen. The gas-receiving
volume is continuously evacuated by pumping to promote evolution of
gaseous h,ydrogen and oxygen into that volume and to withdraw them
. 15 therefrom. In another form of .the invention, separation of the hydro-
gen and oxygen is effected by se’lectiveiy diffusing the hydrogen
through a heated semipermeable membrane in a separation zone while
maintaining across the zone a magnetic field gradient biasing the oxy-
gen~ away from the membrane._ Aln a third form of the invention, fhe
20 withdrawnhdas is contacted with. a membrane.blocking flow of water vapor
to the region for effec'ting recovery of the hydrogen. In a fourth
embodiment, the invention comprises a process for selectively recover-
1ng hydrogen from a gas mixture comprising hydrogen and oxygen. The
process is conducted in a separation zone and comprises contacting the

| 25 lixture with a semi permeable membrane effecting selective diffusion of
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hydrogen while maintaining across'tﬁé'zohe’a'ﬁhgnetic field gradient

effecting movement of oxygen in a direction away from the membrane.

e
. e on P R

Brief nescrtption of the Drawings

-

Fig. 1 1s a schematic dlagram of a system for conducting the pro-

“S“fceSS'of‘this 1nvention,

T Fig. 2 1s a more deta(led shouing of a gas-separation arrangement

designated as 19 in Fig. 1, and ": .

- Fig. 3 is a schematic showing of an alternative arrangemeﬁt for

“processing gases withdrawn from a 1ine designated as 15 in Fig. 1. .

Netailed Nescription of the Invention

8rief1y; my photosynthetic water-splitting process is designed for
efficient operation. The process avoids the above-mentioned 1imita-
tions imposed by chemfcal traps and purge gases, and utilizes novel and

- efficient techniques for the recovery of hydrogen.

15

20

25

Fig. 1 1§_a schematic showing of a system designed for the
simul taneous photoproduction o% hydrogen and oxygen in accordance with
the invention. The system includes an elongated photolytic reactor 7
for contaiping a 1iquid medium 9 and exposing the same to sunlight.
Thé interior of the reactor is {solated from atmosphere, and at least

the upper portion of the reactor is transparent. The liquid medium 9

comprises a water-dispersion of any'ﬁuitable catalyst-containing

photo;ctive material, such as those ﬁentioned above (see "Background").
Preferably, the liquid medfum is agitated continuously to pramote
escape of gases therefrom. A§1tation may be accomplished by any
suitable means, as.by 2 magnetically driven armature or mixer in the

1iquid.
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' As shown. the surface of the liquid medium 1s exposed to a reactor

e -

volume 11 for receiving gases evolved from the liquid. The volume 11

»is in communication with a header 13, uhich preferably is connected to

:receive evolved gases_from 2 plurality of reactors similar to 7. In

-accordance with the invention. the header is connected, through an

' elongated 1ine 15, to the “nlet of a pump 17 for removing evolved

gases (principally oxygen. hydrogen, and uater vapor) from the volume
11. The recovered hydrogen is discharged through an outlet 21 oxygen
. and water vapor are discharged through an outlet 23, '

Fig. 2 i1lustrates the preferred design for the hydrogen recovery
means 19. As shown, the discharge from the pump 17 {s directed into a
separation zone 30. Mounted in the 2zone is a heated.semipenneable |
membrane 27 for selectively recovering nydrogen from the gas mixture
withdrawn from the reactor.. In the 1llustrated arrangement. the
membrane is of tubular configuration, and an auxiliary pump 29 is pro-
vided to unthdraw diffused hydrogen from the interfor of the tubular
membrane and discharge ft, via an outlet 21, to any suitable storage or

utilization system (not shown). The membrane 27 is maintained at an

“elevated temperature promoting diffusion of hydrogen therethrough.

20

ZS

In accordance with the invention, a magnetic field gradient is

maintained across at Jeast part of the separation zome 30 (Fig. 2) and

Ais oriented to be traversed by the gas stream flowing tbward‘the

menbrane 27. As indicated, the field fs established by any suitable

means. such as the opposed poles 31 and 33 of a suitable penmanent

magnet or d.c. electromagnet. As is known. (see above-referenced
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patents), oxygen molecules in a magnetic field move from a regfon of

Tow 1ntensity to a region of Mgh 1ntensity. Thus. in Fig. 2 the
nagnetfe ﬁeld intensita gradient s selected to remove oxygen molecules

from the stream ef gas appmaching the semipermeable membrane 27. That

3 ‘“1s. the magnetic field gradient acts to selectively bias the paramagne-

15

20
shown in Figs. 1 and 2 are comercially avafilable or are well within

tic oxygen away from the membrane for selectively recovering the hydro-
get_\_ ;:OIecuIee. The resu!ting oxygen-rich gas leaves the reactor

through 1ine 23 and may be discharged, stored, or utilized, as desired.
Referring in more detail to the 1llustrative system sﬁov_m in Fig.
1, the photolytic reactor 7 may be composed of glass or plastic. If, |

for example, the photoactive material {is green algae, the temperature

~of the 1iquid medium preferably is maintained in the range of 5-35°C.
“The pump 17 is designed to maintain the pressure in volume 11 below

atmospheric. Referring to Fig. 2, the semipermeable membrane 23 may be
a palladium-silver alloy and may be maintained at, say, 600°C. The
desired magnetic_ field gradienf fs established by making the pole piece
33 of lerger cross section than its companion pole 31. Avl.ternatively.
the desired gradient may be provfded by eletromagnets whose coils are
wound to provide the desired megnetic field gradient within the separa-
tion zone 25. A1l of the individual components utﬂized in the systen

the skﬂl nf the art. Conventional fnstrumentation is available to

~ measure such parameters as concentration and composition of gaseous

25

) effluent, magnetic field strength, solar energy irradiance,

temperature, and pressure.
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In a normal operat*lon of the above-described system, the pump 17
continuous'ly removes evolved gases from the reactor 7 and discharges

then 1nto the tudrogen-recovery aeans 21. .The hydrogen diffuses

e a—— -

through the membrane 27 and is wi thdrawn therefrom by the pump 29.

[

"Oxygen and water vapor are vented tbrough outlet 23. Water and/or photo-

active material are withdrawn from or added to the reactor as desired.
The photosynthetic process disclosed above provides significant

advantages over the knovm prior water-splitting art. For instance, the

- technique of pumping on the photolytic reactor is a highly édvantageous

departure from prior practice. That 1s, pumping on the'reactor main-
tains the oxygen partial pressure in reactor volume 11 and thus in the
1iquid medium 9 at a value preventing inactivation of the hydrogenase
enzyme. }‘As a result, the water-splitting reaction may take place at
the highest rate consistent with the other process parameters. This
improvement fs accomplished without introducing the complexities and
inefficiencies attending the use of the usual chemical traps or sweep
gases (see above). In additibn. pumping on the reactor cools the
11quid medium appreciably by evaporating water therefrom. Cooling
6rd1narﬂy is required because the heating effect of the solar energy
fncident on the'reactor may raise the tenpérature of the liquid medium

: fo a ‘vaIué damaging the photoactive material. The pump 17 (Fig. 1) not °

only provides these advantages but also serves as the means for cir-
culating the evolved gases through the separation means 19.

A second advantageous departure from water-splitting practice is

the step of promoting hydrogen recovery by applying a magnetic field
. gradight to a semipermeable membrane. This technique for biasing the

»
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oxygen away from the me:ﬁbrane promotes separation efficiency in at

~ e mpegese e - . e

Ieast three ways: -{1) ‘oxygen aolecules are preferentia"y swept toward

the wgen out-leth:ﬂ‘ (2) the back-reaction of oxygen and hydrogen to
refom water in zone 31 1s restricted (3) in instances where the
i

heated membrane 1s mt a noble metal dut, -say, fron, damaging oxidation

of the membrane {s m‘lnimized
It s estimated that the combined effects of pumping on the reactor

_and separating the evolved gases in accordance with Figs. 1 and 2 pro-

vide an improvement in overg!l process efficiency of about 100% or more
as compared_ with the same process utilizing a sweep gas aﬁd separating
the evolved hydrogen by diffusional techniques or cryogenically f.e.,
selectively liquefying the oxygen and recovering the hydrogen.

The improved process is not limited to the.mode of hydrogen
separation 11lustrated in Fig. 2; if desired, it may be used with other
hydrogen-recovery technfques. ‘F'lg. 3 11lustrates the process as
designed to recover the hydrogen by effusion. In this form of the
{nvention, a pump 17' is connected to aforementioned line 15 to evac-
uate the ;'eactor volume. A membra'ne 35 {s mounted in line 15 to block
the flow of water vapor to the pump but permit the flow of h,ydrogen and
c;xygen. (One such membrane is MEM-213, manufactured by General
Electric Company). The hydrogen and 6xygen issuing from the membrane

diffuse along the axis of a microporous “barrier" tube 37 for

~ separating hydrogen and oxygen by diffusion (i.e., effusion) . Pump 17°

25

and a second pump 39 cooperatively maintain a selected pressure dif-

ferential across the wall of the bafrier tube, the pressure within the

H
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;’tube"bei'ng the"hig‘her”pressure.i’ As “shown, ""undiffused hydrogen-depleted
“gas_flows_to. the pump 17' 'and is discharged therefrom. Diffused gas

." \' s.-«-.’ ‘M — s--..-. ,".. P

ienriched in hydrogen ﬂows into an annul ar compartment 41 and is

Y e s & {2 T e e %
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Mthdrawn by the pump 39. The h,ydrophobic membrane 35 is provided to

P e FITERS S L T TR R ST B B e DN B
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3'“'reduce punping losses by blocking the ﬂow of evolved water vapor into

{ k-l-\-l ‘ N e A A ..-..,..«4 -

‘the effusion arrangement. i“ro provide for periodic cooling of the
liquid medium by evacuation. a bypass line 43 containing a solenoid

‘valve 85 is. connected across the hydrophobic membrane. Referring to

LTI I

LT e e X T e LT,

Fig. 1, -the valve is operated by anv suitable electrical control cir-

louc'uit 47. which is responsive to the output of a thermocouple probe 49
for sensing the temperature of the liquid medium 9. Circuit 45 opens
the valve when ‘the sensed temperature exceeds a selected value and closes

the same uhen the temperature decreases to a selected value.

; The foregoing description of a preferred embodiment of the inven-

15 tion has been presented for purposes ‘of illustration and description.

It is not intended to be exhaustive or to 1imit the invention to the
precise form disclosed ~and obviously many modifications and variations
are possible in Tight of the above teaching. For example, a magnetic
.l_f’ield gradien_t may be_maintained across‘the' interface of the liquid

-:20 medium 9mand the gas-receiving‘ ~volume»ll (Fig. 1) to promote'evoluti_on

of gases into the latter.
The e'nbodiments disclosed herein were chosen and described in order
‘to enable others skilled in the art to best utilize the invention in
various unbodiments and with various modifications as are suited to the
25 particular use contemplated. ) It is intended that the scope of the
invention be defined by the claims appended hereto.





