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Abstract

An integrated system for biohydrogen production and separation was designed, constructed and operated where biohydrogen
was fermented by Thermococcus litoralis, a heterotrophic archaebacterium, and a two-step gas separation process was coupled
to recover and concentrate hydrogen. A special liquid seal system was built to deliver, compress and collect the laboratory scale,
low volume gas mixtures consisting of hydrogen, nitrogen and carbon dioxide. As a result, gas mixture with 73% high hydrogen
content was produced by a combination of a porous and a non-porous gas separation membrane.
� 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

Keywords: Gas separation; Integrated system; Polymer membranes; Biohydrogen

1. Introduction

Hydrogen—as a promising alternative energy car-
rier (“clean fuel”)—can be produced in several ways,
including environment-friendly methods such as bi-
ological systems [1]. Methods for biohydrogen pro-
duction can be divided into two main groups. During
biophotolysis hydrogen is produced from water by us-
ing (sun)light. The other method is the so called “dark”
fermentation [2], where hydrogen production is carried
out by heterotrophic, anaerobic microorganisms. The
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energy necessary for the operation of the biological sys-
tem is provided by organic substances.

The gas mixture—containing hydrogen—obtained in
the fermentation process is not suitable for direct uti-
lization. Partly because the concentration of hydrogen
is not high enough for applications (e.g. fuel cell), and
partly because other gases (e.g. carbon dioxide) formed
as a result of the biological activity may interfere with
the applications. Continuous removal of hydrogen is ex-
tremely important for the potential continuous mode of
operation of such systems, particularly because hydro-
gen accumulation generally reduces the hydrogen pro-
duction rate during the fermentation.

One of the serious problems in hydrogen fermenta-
tion is the well known product inhibition phenomenon
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(growing H2 partial pressure in the head space). Thus,
separation of hydrogen is not only important for the
transport, storage and end use, but also to ensure the
sustained biohydrogen production. The concentration of
biohydrogen in the headspace of the fermentor depends
on the volume ratio of the headspace and the broth, but
is usually not high enough for direct usage, therefore,
it should be enriched.

Microbial hydrogen-producing systems work usually
under anaerobic conditions in closed vessels, where in-
ert atmosphere is provided by nitrogen or argon gas.
Therefore, separation of hydrogen from the inert gas
is essential. Moreover, the other gases produced (e.g.
CO2) should be separated from hydrogen, as well.

There are several, potentially applicable methods for
hydrogen separation and concentration using membrane
processes alone [3], or combined with other methods,
e.g. electrochemical techniques [4]. Gas separation
is one of the most often used membrane techniques
[5]. Gas separation is a pressure driven membrane
operation where gas mixtures are separated by porous
or non-porous membranes. It can be characterized by
permeability and selectivity. Permeability can be deter-
mined for single gases experimentally from the perme-
ances. Permeance values are measured in cm3 min−1,
then expressed in gas permeation unit (GPU), where
1 GPU = 10−6 cm3 (STP) cm−2 s−1 Hg cm−1. Permea-
bility coefficients can be calculated from the permeabi-
lity and the top layer thickness, and often expressed
in Barrer (1 Barrer = 10−10 cm3 (STP) cm cm−2 s−1

Hg cm−1). The selectivity of the membrane for a
two-component mixture is defined as the ratio of the
permeance values (or permeability coefficients) [3,5].

Hydrogen separation has been applied so far mainly
in catalytic (de)hydrogenation reaction at elevated
temperatures [6,7]. Therefore, highly thermostable
membranes were used, made from expensive inorganic
materials (e.g. palladium). Separation of biohydrogen,
however, does not require high temperature condi-
tions, thus less thermostable (and cheaper) polymer
membranes—having proper hydrogen selectivity—may
be suitable. Among the non-porous gas separation mem-
branes, poly(vinyl-chloride), poly(ether-ketones), poly-
imides and polyether–sulphone–polyimide composite
membranes have quite high membrane permeability for
hydrogen at 25 ◦C: 14 Barrer [5], 11.6–36.1 Barrer [8],
8.3–23.1 Barrer [9] and 4.6 Barrer [10], respectively.
Moreover, these membranes show good selectivity in
N2–H2 separation, as well.

Although hydrogen separation has been studied for
long, only a few papers have been published so far on
the application of the membrane techniques to recover

biohydrogen from the biological system [11,12]. Liang
et al. applied e.g. silicone rubber membrane to separate
biohydrogen from the liquid phase [11], while mem-
brane contactors were used by Teplyakov et al. [12].
However, these studies focused onto the CO2–H2 sepa-
ration, N2 separation has not been mentioned. In anaer-
obic hydrogen fermentations N2 is usually used as inert
gas, therefore it should be separated when production
of pure H2 is aimed.

Porous membranes may be suitable for certain gas
separations based on Knudsen-flow [3]. In these cases
permeabilities of the gases are influenced only by their
molecular weight and separation is determined by the
ratio of the gases’ molecular weights.

Gas separation is traditionally carried out by using
pumps and compressors at the feed side and permeate
is obtained at the secondary side using vacuum pumps
[13]. To operate these gas separation systems (pumps
and compressors) at least 1–2 dm3 min−1 flow rate is re-
quired. During recovery of permeates through the vac-
uum pump, the volume of the permeate should be larger
at least by one order of magnitude than the dead space of
the equipment, otherwise permeate cannot be collected.

In laboratory scale biohydrogen fermentation, the
volume of the hydrogen containing gaseous mixture
product is usually much smaller than that is required
for the operation of classical gas separations, so these
systems are not directly suitable for biohydrogen recov-
ery. Therefore, a novel and innovative system is needed
for delivery, compressing and collection of gaseous
mixtures and gas separation modules should be built in.

The aim of this study was to couple the fermenter
and the gas separation unit(s) to recover and concen-
trate biohydrogen by using a special liquid seal system
to adjust and control pressure, moreover to deliver and
collect the gas mixtures (feed, permeate, retentate). In
the fermenter biohydrogen was produced by Thermo-
coccus litoralis, a heterotrophic, anaerobic microorgan-
ism. To the best of our knowledge, no laboratory scale
system has been constructed so far, where the combi-
nation of biohydrogen fermentation and membrane gas
separation process for hydrogen recovery was applied.

2. Experimental

2.1. Materials

The initial materials for non-porous membrane were
Matrimid 5218 polyimid (Ciba-Geigy) and Sumikaex-
cel polyether–sulfone (Sumimoto). The polyimid
consisted of 3,3′,4,4′-benzophenon tetracarboxyl dian-
hydrid and diamino-phenilidene. The substances for
the fermentation and analysis were analytical grade and
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purchased from Sigma. The H2, N2 and CO2 gases
in cylinders were the products of Messer Hungariagas
(Hungary).

2.2. Fermentation

Thermococcus litoralis, a hyperthermophilic, het-
erotrophic microorganism was grown on a complex
medium to produce biohydrogen [14]. One litre of this
broth contained the following components: 24 g NaCl,
10.6 g MgCl2×6H2O, 4 g Na2SO4, 1.5 g CaCl2×2H2O,
0.7 g KCl, 0.2 g NaHCO3, 0.1 g KBr, 0.025 g SrCl2,
0.03 g H3BO3, 0.2 mg resazurin, 1 g yeast extract, 5 g
peptone; pH adjusted to 6.5; heat-sterilized; after cool-
ing it was supplemented with 1.3 ml of filter sterilized
15% cysteine—HCl solution. Alternatively, the mineral
medium was supplemented with hydrolysed keratine-
rich biowaste (feather meal, containing various amount
of amino acids [14]) as the organic substrate of the
fermentation. Fermentation was initiated by adding 1%
inoculum, and it was carried out under nitrogen atmo-
sphere at 85 ◦C temperature. Cell growth was followed
by OD measurement, while gas composition of the
headspace was determined by gas chromatography (see
below).

2.3. Non-porous membrane

The PES/PI non-porous hollow fibre membranes
were built into a stainless steel tube. The membrane
surface area was 12 cm2. Gas mixture was fed into
the shell side of the module by using 400–500 kPa
pressure. The module was placed into a glass-walled
thermostat and 50 ◦C temperature was maintained.

2.4. Porous membrane

Porous membrane (pore size 0.05 �m) was fabricated
from high density polyethylene (HDPE) as hollow fi-
bres, inner diameter was 0.2 mm. The hollow fibres were
built in a module by bending and sealing (by a two-
component glue) both ends into one hole. The mem-
brane surface area was 5 cm2.

2.5. Samples and analysis

Samples were taken from the headspace of the fer-
menter, from the feeds, retentates and permeates by a
gas-tight syringe in duplicate. The composition of the
samples were determined by gas chromatography using
Hewlett Packard 5890 Series II equipment, Carbonplot
column, TCD detector, HP 3394 A integrator and nitro-
gen as carrier. Calibration with H2 and CO2 pure gases
was performed prior to the measurements.

3. Results

During the fermentation a three-component gaseous
mixture is present in the fermenter headspace, in
addition to water vapour, consisting of 20–25% hy-
drogen and 10–15% CO2, the remaining is nitrogen,
—according to the fermentation measurements [14].
It seemed too difficult to separate biohydrogen in one
single step from N2 and CO2 simultaneously, therefore
a two-step gas separation system was designed, where
H2–N2 and H2–CO2 separations were carried out, by
non-porous and porous membranes, respectively.

3.1. Testing of the non-porous membrane

In the first step separation of H2 and N2 was the goal.
PI-PES hollow fibre membrane module was tested with
pure hydrogen and nitrogen and the permeability coef-
ficients were found as 4.6 and 0.11 Barrer, respectively
[15]. Thus, the selectivity (42) seemed high enough for
hydrogen separation.

Further experiments were carried out with the non-
porous membrane module under various conditions to
determine the optimal operating parameters. Regarding
transmembrane pressure (TMP), it seemed that at least
300 kPa TMP was required for the successful opera-
tion. Investigating the effect of temperature, we found
that higher permeabilities could be achieved at elevated
temperature, and the selectivity increased up to 50 ◦C
as well. Moreover, it turned out that water vapour had a
disadvantageous effect on H2 permeability and selectiv-
ity (Fig. 1). Therefore, water had to be removed before
the membrane module by e.g. a silica trap.
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Fig. 1. The effect of water vapour on the permeability of hydrogen.
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Fig. 2. Scheme of the integrated system: (1) fermenter; (2) elastic-wall buffer tank; (3) gas reservoir with liquid sealing; (4) porous membrane
module; (5) peristaltic pump; (6) silica gel trap; (7) non-porous gas separation module; (8) valve for pressure control; (9) bubble-counting
tube; (10) gas burette to collect hydrogen.

3.2. Testing of the porous membrane

Separation of H2 and CO2 was studied by porous
membranes, where separation is based on the Knudsen-
flow. Theoretically, the maximal separation factor is 4.7.
The bent, porous hollow fibres were placed directly into
the feed gaseous mixture and the lumens were con-
nected to a peristaltic pump, which sucked the gases
through the membrane wall by creating 10–50 kPa vac-
uum in the lumen side. Thus, the permeate became rich
in H2 and poor in CO2, while the retentate displayed
higher concentration of CO2. The selectivity achieved
in the measurements was 4.0.

3.3. Integrated system

To design a suitable system for the biohydrogen sep-
aration numerous criteria had to be considered. The
gaseous mixture above the broth should be removed
without disturbing and contaminating the fermentation
process. This could be achieved by an elastic-wall reser-
voir through an aseptic syringe, controlling the recov-
ery process by a liquid seal system. The mixture was
designed to separate first by the porous membrane (ap-
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Fig. 3. Pressure data in the headspace of the fermenter during the
fermentation.

plying low vacuum using a peristaltic pump) to re-
duce the CO2 content. Then the gas mixture had to be
compressed in order to feed into the non-porous mem-
brane module, so a throttle valve was built in. The
permeate—rich in H2—could be recovered simply in
a burette under atmospheric pressure, which was con-
trolled by liquid seal system, as well.

The scheme of the integrated system is depicted in
Fig. 2. The liquid seal reservoirs were made of thick
glass wall, the liquid used was water. Pressure was
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Table 1
Permeation data for biohydrogen recovery by two-stage membrane separation

Exp. Feed gas mixture Permeate of porous Permeate and retentate of
(from fermenter) membrane non-porous membrane

Volume (cm3) H2 content (%) Volume (cm3) H2 content (%) Volume (cm3) H2 content (%) Volume (cm3) H2 content (%)

No. 1 875 25 345 39 51 75 294 29
No. 2 1020 21 375 36 68 71 307 26
Average — 23 — 37.5 — 73 — 27.5

adjusted and maintained through the water seals by ni-
trogen gas (from cylinder) and by a peristaltic pump.
To follow the collection of hydrogen rich permeate, a
small bubble-counting tube was built in. Before the non-
porous membrane module a silica trap for water vapour
removal was placed. Small size manometers and vaco-
manometers were used to measure pressure. Connect-
ing tubes were made of gas tight copper, joint pieces
were made of copper and teflon.

First the whole separation system was checked ex-
perimentally to test if it was pressure-tight. Following
the successful tests it was connected to the biological
fermenter system under sterile conditions. During the
fermentation the first 4–5 h (Fig. 3) was the so-called
“lag” period, where microbial growth occurred, and no
hydrogen was formed. Then biohydrogen production
started, which was indicated by the continuously grow-
ing pressure in the headspace. (The strain releases CO2
beside hydrogen.) The pressure in the fermentor was
controlled by removing the gas mixture from the fer-
mentor head space regularly (maintaining the pressure
between 100 and 130 kPa). During the experiments gas
mixture removal was usually scheduled when pressure
reached 120 kPa, but we tried to vary it: scheduling gas
removal by 110 as well as 130 kPa to see if there was
any effect on the hydrogen formation. On the other
hand the pressure in the fermenter was not allowed
to decrease below 100 kPa during removal of gases,
otherwise the broth might start to boil (under vacuum,
85 ◦C). Finally, biohydrogen formation slowed down af-
ter 20 h and stopped. The figure shows one time course
(a particular fermentation) as an example, but sev-
eral similar experiments were carried out, resulting in
similar data.

The gas mixture was collected in an elastic-wall reser-
voir which served as a buffer tank and the components
were separated by the two-step membrane system. In
the first step H2 was purified on the porous polymer
membrane, the resulting permeate was poorer in CO2.
It was then pumped into the shell side of the non-porous
hollow fibre membrane by a peristaltic pump through a
throttle valve to increase the pressure to 500 kPa. Water

content of the gas mixture was removed by the silica
trap. Permeation data are summarized in Table 1. The
collected gas mixture was separated in two (parallel)
experiments and the volumes as well as H2 contents
of the feed, retentate and permeates of the porous and
non-porous membrane units are listed in Table 1. The
permeate obtained had 73% hydrogen content (average)
which seems high enough for utilization. It should be
noted that considerable amount of H2 was being lost in
the concentration process. To decrease these losses the
operation of the two-stage separation system should be
optimized.

4. Conclusions

The experiments described above demonstrated that
it is possible to recover and enrich hydrogen as a com-
plex gas mixture in a biotechnological process. The
porous and non-porous membrane gas separation units
with built in liquid seal system assembly formed an in-
tegrated system and provided a gas mixture as a perme-
ate, containing over 70% hydrogen.

The system, however, requires further improvement
before large scale use. The retentate obtained in the first
step (porous membrane) is rich in CO2, which has a
disadvantageous effect on the separation if it is operated
in a recirculation cycle, since CO2 content is gradually
increasing. Therefore, another step should be built in the
system for removal of CO2. It can be achieved by e.g.
gas–liquid absorption where membranes can be used,
as well (i.e. contactors).

During the measurements in the integrated system,
gases formed in the closed fermenter increased the
pressure above the broth, thus partial pressure of H2
became gradually higher, as well. This phenomenon is
unfavourable for the H2 production of the microbes due
to product inhibition, so removal of the gas mixture
regularly from the fermenter has a beneficial effect on
the H2 formation process, too. On line gas treatment
and semi-continuous operation therefore allows longer
operational time and improved hydrogen productivity
in the biological system.
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In general terms, we believe that the system devel-
oped for the present biotechnological application can
be applied in the biohydrogen fermentations by other
microbes, which may produce gas mixtures of distinct
composition. A scale-up of the laboratory system is
planned based on the experiences obtained in near fu-
ture.
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