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Continuous photosynthetic production of hydrogen by Rhodospirillum rubrum
in batch cultures was observed up to 80 days with the hydrogen donor, pure

lactate or lactic acid-containing wastes, supplied periodically. Hydrogen was

produced at an average rate of 6 ml/h per g (dry weight) of cells with whey as a

hydrogen donor. In continuous cultures with glutamate as a growth-limiting
nitrogen source and lactate as a hydrogen donor, hydrogen was evolved at a rate
of 20 ml/h per g (dry weight). The composition of the gas evolved remained
practically constant (70 to 75% H2, 25 to 30% C02). Photosynthetic bacteria
processing specific organic wastes could be an advantage in large-scale production
of hydrogen together with food protein of high value, compared to other biological
systems.

Research has been intensified to find new fuel
sources as a replacement for fossil hydrocarbons.
Hydrogen is considered as an ideal and pollu-
tion-free fuel for the future (11). Biological pro-
duction ofhydrogen has been observed in a great
number of microbial species (6, 12,21). For large-
scale production, photosynthetic organisms that
can use solar energy offer several advantages
over heterotrophs.

In 1942, Gaffron and Rubin (3) discovered the
formation of hydrogen by the green algae Sce-
nedesmus. This ability was observed subse-
quently with several other species of unicellular
green algae (7). Further investigations, however,
showed that the hydrogen production was small
and decreased after a short period, due to the
coproduction of 02. Heterocystous, filamentous
blue-green algae (cyanobacteria) seemed to be
less sensitive to oxygen (1), but high rates of
hydrogen evolution were only observed in an
anaerobic environment. Weissman and Bene-
mann (20) described continuous hydrogen evo-
lution by Anabaena cylindrica for 18 days and
Jeffries et al. (10) observed it for 30 days, both
under limited light conditions.
The light-dependent production of hydrogen

by photosynthetic bacteria was first observed
with cultures of Rhodospirillum rubrum (4).
Purple non-sulfur bacteria produce hydrogen
and C02 by a light-dependent decomposition of
several organic compounds (5, 16). Since the
evolution of hydrogen by photosynthetic bacte-
ria as well as by blue-green algae is inhibited by
ammonium salts and molecular nitrogen, hydro-
gen production is catalyzed in both groups of
organisms by nitrogenase.

Besides hydrogen, algae also produce oxygen.
Before the hydrogen can be used as fuel, it has
to be separated from oxygen and possibly other
gases in an energy-consuming process. However,
in photosynthetic bacteria, C02 is the only gas
evolved besides hydrogen. This is a great advan-
tage, because the gas liberated can be used with-
out any further treatment. Algae can use water
as a hydrogen donor, whereas purple non-sulfur
bacteria need an organic substrate. High yields
of hydrogen can be achieved, e.g. with lactic acid
as a hydrogen donor (8). There also exist lactic
acid-containing wastes, available in large
amounts. In this paper we tested several lactic
acid-containing substrates for their ability to
serve as hydrogen donor and carbon source, and
we studied the possibility of their continuous
conversion into hydrogen and cell mass over a
long period of time.

MATERLLS AND METHODS
Organisms and culture methods. R. rubrum S-

1 was cultivated in the mineral salt medium of Or-
merod et al. (16) with L-glutamate (25 mM) and L-
(+)-lactate (50 mM) (pH of the free acids was adjusted
to 6.8 with NaOH). Yeast extract and peptone were
omitted. Besides sodium lactate and calcium lactate,
the following wastes were tested as hydrogen donors.

(i) Waste from the production of lactic acid
bacteria (Bioferment SA, Barbengo-Lugano).
Lactic acid is formed during growth of Streptococcus
faecalis in a complex medium with dextrose as C
source. The lactic acid was continuously neutralized
with NaOH during fermentation. After removal of the
cells by centrifugation, the supernatant (lactic acid
concentration, 0.35 M), which was wasted by the fac-
tory, was used for the experiments.
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(ii) Yogurt waste (Toni-Molkerei, Zurich). Yo-
gurt waste was repeatedly neutralized until the lactic
acid fermentation was terminated. The neutral super-
natant after centrifugation was used (lactic acid con-
centration, 0.45 M).

(iii) Whey (Toni-Molkerei, Zuirich). Whey was
treated in the same manner as yogurt waste. Albumin,
precipitated by heating, was removed by centrifuga-
tion, and the supematant was used (lactic acid con-
centration, 0.47 M).
The waste substrates were given to cultures pri-

marily grown with the synthetic medium of Ormerod
et al. (16). The additions are indicated in the results
described. The cultures were incubated anaerobically
in closed vessels at 30°C under continuous illumina-
tion. For hydrogen production over longer periods,
two systems were used, as follows. (i) Rubber-stop-
pered serum bottles (500 ml; diameter, 7 cm) were
stirred with a magnetic stirrer in a water bath of
constant temperature. Hypodermic needles were in-
serted into the rubber stopper for gas outlet, sampling,
and addition of substrate. The cultures were illumi-
nated from one side by a 100-W spot-light tungsten
lamp. Light intensity was, on the average, 20 mW/cm2,
measured with a YSI-Kettering model 65 radiometer.
(ii) To obtain better illumination (short light path
combined with large volume), we constructed a fer-
mentor with a rectangular cross section and a volume
of 1,000 ml (Fig. 1). The fermentor was illuminated
from the large side (light path, 4 cm) by two 100-W
spot-light tungsten lamps (light intensity, on the av-
erage, 30 mW/cm2). The culture was kept at 30°C and
mixed with a stirrer, magnetically coupled to a mag-
netic stirring motor. This fermentor was used to in-
vestigate the hydrogen production from whey as well
as for the chemostatic growth with synthetic medium
limited by L-glutamate as the sole nitrogen source.
Each fermentation vessel was inoculated with 5% of
exponentially growing cultures grown on synthetic
medium.

Analytical methods. Densities of cell suspensions
were estimated by measuring the absorbency at 660
nm in a Hitachi 101 spectrophotometer. For the de-
termination of the dry weight, a sample of cells was
centrifuged, washed once with distilled water, and
dried to constant weight at 105°C. L-Glutamate was
determined enzymatically with glutamic dehydrogen-
ase (2), L-lactate with lactic dehydrogenase (9). The
gas produced was trapped in a calibrated cylinder, and
the measured volume was converted to the volume at
standard conditions. Gas samples taken directly out of
the culture vessels were injected into a Gow-mac 550 FIG. 1. Fermentor (1,000 ml) with rectangular
gas chromatograph with a thermal conductivity detec- cross section (4 by 12 cm). Lightpath, 4 cm. (1) Cooling
tor. The column was packed with molecular sieve 5A coil. (2) Pt-100 temperature sensor. (3) Stirrer. (4) pH
for the determination of hydrogen and with Porapack electrode. (5) Inlet and outlet for growth medium and
for CO2. Argon was used as the carrier. cells. (6) Gas outlet.

RESULTS plied, the rate of hydrogen evolution remained

Hydrogen production of 500-ml cultures with almost constant. When added as calcium lactate,
sodium lactate or calcium lactate as the sub- the cheapest form of lactate, Ca precipitations
strate was followed over several weeks (Fig. 2A). were observed in the culture medium. However,
Lactate was supplied at the intervals indicated this did not affect gas evolution. The yield of
by addition of 3.75 ml of a 2 M solution. Al- conversion into hydrogen was approximately
though no N source or mineral salts were sup- 75% (100% = complete decomposition of the
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FIG. 2. Total hydrogen production by 500-mi cul-
tures of R. rubrum. (A) Lactate as substrate. Culture
density (absorbency at 660 nm), 7.5 to 8 optical density
units; dry weight, 4 to 5 mg/ml. Arrows indicate the
addition of 7.5mmol oflactate (3.75 ml of2Msolution
without mineral salts or nitrogen source) and the
removal of an equal volume of the cell suspension.
Symbols: (U sodium lactate; (0) calcium lactate. (B)
Yogurt waste or whey as substrate. Culture density,
11.5 to 17.5 optical density units. Arrows indicate the
addition of 10-mi samples ofyogurt waste from days
1 to 26 or 10-ml samples of whey from days 36 to 81.

substrate to H2 and C02: C3H603 + 3 H20 -- 6
H2+ 3 C02). The pH fluctuated between 7.0 and
7.3. The density of the cell suspension and the
composition of the evolved gas (70 to 75% H2, 25
to 30% C02) remained constant with these non-
growing cultures. During exponential growth,
however, the pH rose to an extent that large
quantities of C02 were bound by the growth
medium. The percentage of hydrogen in the
collected gas was 90 to 95%. Similar observations
were made by Hillmer and Gest (8).

Figure 2B represents the hydrogen production
with yogurt waste or whey by a 500-ml batch
culture. We succeeded in maintaining hydrogen
production over a period of more than 12 weeks
with the same culture. The lactic acid-containing

wastes were supplemented periodically as indi-
cated. As described for the experiments before
with lactate, culture density, pH, and gas com-

position remained nearly constant. The shoulder
after 30 days is the result of a break in feeding
of the substrate.
Table 1 compares the hydrogen production

from lactate with its production from waste sub-
strates. Since it was not possible to grow R.
rubrum from the beginning with the wastes
tested as the only substrate, cells were first
cultivated with a synthetic substrate. After the
hydrogen evolution started, the culture was
adapted to the waste substrate. Addition of
larger amounts of wastes at one time, especially
waste from the production of lactic acid bacteria,
inhibited the gas production, probably due to
inhibition by bound nitrogen. With limited ad-
dition, complete decomposition of the lactic acid
without inhibition of the gas evolution was

achieved. The three waste substrates tested
showed about the same concentrations of lactic
acid, and the quantity of hydrogen produced
from equal amounts of waste was in the same

order of magnitude. The higher yield with waste
from the production of lactic acid bacteria indi-
cates that, besides lactic acid, other substrates
gave rise to hydrogen production (Table 1). Fig-
ure 3 illustrates the hydrogen production from
whey in a 1,000-ml culture grown in the fermen-
tor described. The higher rates as compared to
those of the 500-ml cultures can be explained by
the higher light intensity. The volume was kept
constant by removing the same amount of cell
suspension during the addition of substrate. By
means of supplementing the culture with min-
eral nutrients, a decrease of the average rate of

TABLE 1. Photoproduction ofH2 from various
substrates by R. rubrum in 500-ml cultures

Hydrogen production'

ml of Hydro-
Substrate ml of H2 H2 per gen

per h per li- ml of yield
ter culture sub- (

strate

L-(+)-Lactate 16-36
Waste from lactic 16-24 52 99

acid bacteria pro-
duction

Yogurt waste 12-20 45 67
Whey 8-20 47 67

a Hydrogen production was measured over a period
of 10 days after adaptation to the substrate. Initial cell
concentration (absorbency at 660 nm) was 8 optical
density units; dry weight was 4 mg/ml.

b With respect to lactic acid concentration; 100% =
complete decomposition of the original lactic acid to
H2 and CO2.
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FIG. 3. Hydrogen production by a 1,000-ml culture
ofR. rubrum with whey as,substrate. Culture density
(absorbency at 660 nm), 11.0 to 13.0 optical density
units. Arrows indicate the addition of 20 ml of min-
eral salt solution without nitrogen source (Ormerod
et al. [161). Whey was added at a rate of 18 ml/day.
Equal amounts of cell suspension were removed to
keep the culture volume constant.

hydrogen production was avoided.
Hydrogen evolution of R. rubrum was also

measured in continuous cultures. As in the pre-
vious experiments, our main interest was a high
yield of hydrogen relative to the carbon source
and not maximal rates of gas evolution or cell
production. The standard conditions for these
cultures were as follows: 0.015 M glutamate was
used as a limiting N source and 0.05 M lactate
as a hydrogen donor. The culture attained a
steady-state absorbency of 5.2 to 5.8 at 660 nm
and 7.1 to 7.7 at 885 nm with a dilution rate of
0.0135 h-1. Dry weight was 3 to 3.5 mg/ml (Fig.
4). The ratio of the absorbencies at 660 and 885
nm remained constant, indicating that the bac-
teriochlorophyll concentration of the cells did
not change. After removal of the cells by cen-
trifugation, the supernatant was assayed for L-
glutamate and L-lactate. Glutamate was beyond
the detection limits of our method. The concen-
tration of lactate decreased to 4.1-0.6 mM, in-
dicating that 92 to 99% of the supplied lactate
was used for gas production and cell growth.
Hydrogen evolution varied between 1,250 and
1,550 ml/day per liter of culture volume, which
is significantly higher than the production ob-
served in batch cultures during a longer period.
The average yield was 65%. In cultures with high
rates of gas evolution the pH remained constant
at 7.2; hence pH regulation was not necessary.

DISCUSSION
Continuous hydrogen production by R. rub-

rum during a longer period with relatively simple
equipment is possible. The observed rate, 65 ml
of H2 per h per liter of culture volume (equal to
20 ml of H2 per h per g [dry weight]), is compa-
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FIG. 4. Hydrogen production by a 1,000-ml contin-
uous culture of R. rubrum with lactate (50 mM) and
glutamate (15 mM) as growth-limiting N source. Di-
lution rate, 0.0135 h-'. Symbols: (0) hydrogen pro-
duction; (0) culture density.

rable to the results of Weissman and Benemann
(20) with the blue-green alga Anabaena (30 ml
of H2 per h per liter of culture or 32 ml of H2 per
h per g [dry weight]). Optimizing experimental
conditions with R. rubrum, it should be possible
to reach rates as high as 130 ml of H2 per h per
liter of culture (equal to 230 ml of H2 per h per
g [dry weight]) (8). These are the minimal rates
necessary for large-scale production of hydrogen
using a photosynthetic process as calculated by
Neil et al. (15). So far, continuous production of
hydrogen with blue-green algae is only success-
ful when the cultures are gassed with an inert
gas, e.g. argon (10, 20). Therefore, technical pro-
duction of hydrogen with photosynthetic bacte-
ria using organic wastes seems to be more real-
istic.
Wastes are produced in industrial countries in

large quantities. Waste water, for example, has
been successfully treated with photosynthetic
bacteria (13, 17, 18). Furthermore, agricultural
by-products may serve as a source of nutrients
(19). Cells of photosynthetic bacteria are com-
posed of about 65% protein, containing large
quantities of essential amino acids and vitamins.
In view of economic considerations, it is impor-
tant that cultures of R. rubrum not only evolve
hydrogen, but also eliminate wastes (17, 18) and
produce single-cell protein. Calculated for 1 m2
of surface, in a culture of 40 liters with whey as
a substrate, 25 liters of hydrogen was produced
simultaneously with about 4.5 g of bacterial dry
substance per day. With lactate in a continuous
culture, about 40 g of dry substance per day was
obtained, but much larger quantities may be
obtained after optimization of the process. R.
rubrum can grow in continuous culture with
molecular nitrogen as the sole nitrogen source
(14). Therefore cultures could be grown also on
waste essentially lacking nitrogen.
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