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a b s t r a c t

This work reports on the separation of biohydrogen using a hollow-fiber PDMS membrane. The perfor-
mance of the module was evaluated using binary CO2/H2 (35–65 vol.% H2 content) and ternary CO2/H2/
H2S mixtures (50 vol.% H2, 50 vol% CO2, 25–175 ppm H2S) and the effect of recovery and gas composition
(with special focus on hydrogen sulfide content) was revealed. H2S is a potential impurity of the raw gas
coming from steady-state, dark fermentative hydrogen producing bioreactors. The results indicated that
H2S could have a concentration-dependent impact on membrane behavior and affected the obtainable
CO2/H2 selectivity. The outcomes were thoroughly compared to other relevant gas separation reports
found in the literature. Evaluating the impacts of trace-level substances present in the gaseous mixture
containing biohydrogen may help to design effective purification system based on membrane technology
for the hydrogen economy.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The use of wastes and other biomass-derived compounds as
feedstocks is a key-aspect in the development of cleaner and more
environmental-friendly technologies [1]. In accordance with this
concept, the microbiological conversion of organic materials e.g.
lignocelluloses into gaseous biofuels, in particular hydrogen is con-
sidered as an attractive way toward a greener and more sustain-
able energy sector [2–5]. Biohydrogen can be formed in several
ways including the practically most developed anaerobic dark fer-
mentation [6]. In the course of this bioprocess, pure [7,8] or mixed
cultures [9,10] of special H2-generating bacteria transform basi-
cally carbohydrate-rich materials into hydrogen through their
metabolic pathways in well-designed continuous bioreactors
[11]. Although there are special methods such as microbial electro-
hydrogenesis [12] where H2 may be obtained separately, in classi-
cal dark fermentation H2 is formed in a complex gaseous mixture
and therefore is accompanied by certain major (e.g. CO2) and minor
impurities (e.g. H2S, N2, water vapor, etc.) [13]. Hence, the fer-
menter off-gas gas, which can comprise roughly of 35–65 vol.%.
H2 [14] has to be upgraded for efficient utilization e.g. in PEM fuel
cells.

To accomplish the enrichment of H2 from multi-compound gas-
eous mixtures, there is a range of techniques to choose from,
including membranes [15]. Among them, the ones employing liq-
uid membranes are emerging [13,16,17], while polymeric mem-
branes [13,18] stand as contemporary approaches.

Non-porous, polymeric membranes have been used for a long
time to selectively concentrate different target gases [19]. Recently,
the deployment of membranes for biohydrogen recovery and
concentration has been emphasized and the concept of hydrogen
producing gas separation membrane bioreactor (which is also referred
as hydrogen extractive membrane bioreactor) was introduced
[13,20,21]. In this integrated construction, the production and
purification of hydrogen is carried out simultaneously, as lately
demonstrated in a novel double-membrane bioreactor [22]. Fur-
thermore, this set-up allows testing the membranes directly with
untreated fermentation gases and permeation data under realistic
circumstances can be attained. It could be of importance since the
behavior of the membrane do can change as compared to ideal
conditions [13]. Some of the membrane separation systems have
been already proven to upgrade biogas [23] as well as natural
gas [24] at full-scale facilities. These results indicate well that
membrane gas separation may have a lot of perspectives as a
downstream technique for the continuously developing (bio)hy-
drogen economy, as well.

Reports from the past couple of years evaluated membrane
modules for fermentative hydrogen separation in different
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experimental conditions [13,14,20,21]. Among the materials that
various scientific groups have dealt with, PDMS was shown as an
attractive candidate. PDMS, as a reserve-selective, rubbery poly-
mer material favors to permeate gases possessing higher condens-
abilities suggesting that the permeation rate of CO2 through such
membrane exceeds that of less condensable, light compounds such
as H2 [25,26]. Thus, PDMS is characterized with a remarkable per-
meability for CO2 and a moderate CO2/H2 selectivity [22,27]. Lately,
the properties of a commercial PDMS membrane module were
determined for H2 enrichment using real fermentation gas mixture
coming from a steady-state fermenter unit [22]. It has turned out
that PDMS reflected decent CO2/H2 selectivity, however, the values
were rather lower as compared to those previously found with a
model gas mixture [20]. These outcomes carry the message that
feed gas composition is important and imply also that the trace
substances present in the multi-compound gas mixture may inter-
fere with H2, CO2 and/or the polymer itself and hence, take an
effect on the transmembrane permeation features. Consequently,
it is worthy to pay attention to the influence of these accompany-
ing impurities [26,28] such as hydrogen sulfide, which stands in
the scope of this paper.

During biological hydrogen production via dark fermentation,
H2S is a potential contaminant with a concentration that normally
does not exceed several ten to hundred ppm [29–31]. H2S is known
as an aggressive gas with an acidic character and therefore it can be
harmful for the technological pipeline as well as to the end-use
applications e.g. fuel cells. Moreover, frommembrane technological
point of view, hydrogen sulfide is kept in mind as a possible plasti-
cizer agent for polymeric membranes [32]. Although PDMS has
been tested by various groups of authors for H2S removal and/or
H2 recovery using syngas and model mixtures [20,26,33–36], not
much is known about its separation qualities for (bio)hydrogen
purification in the presence of H2S with various concentrations.

Therefore, in this work, the influence of H2S on the performance
of a commercially available poly(dimethylsiloxane) membrane
during H2/CO2 permeation was experimentally assessed. Firstly, a
commercial PDMS hollow-fiber membrane was exposed to binary
H2/CO2 mixtures with three different compositions. Afterward,
ternary gases were used containing various H2S concentrations
and fixed hydrogen/carbon dioxide ratio to reveal the effect of this
low concentration impurity. Besides feed gas composition, the
impact of recovery ratio on the separation performance has been
sought, as well. Although seeking the impact of minor gaseous
by-products (e.g. H2S) applying membrane separation technology
can be of practical importance [13,51], such experimental studies
in the area of fermentatively produced biohydrogen purification
are scantly reported and was the aim of this work.

2. Materials and methods

2.1. Membrane module

In this study, a commercial, non-porous PDMS membrane
(MedArray Inc., product reference code: PDMSXA-10) was
thoroughly employed in a cross-flow experimental arrangement,
as further specified in Section 2.3. The module contains 30 thin
membrane fibers built-in a polycarbonate jacket. The capillaries
have outer- and inner diameters of 300 lm and 190 lm,
respectively. The effective surface area is 10 cm2.

2.2. Preparation of binary and ternary gas mixtures

The feed gas mixtures with different compositions were pre-
pared in sealable gas bag. For the binary H2/CO2 mixtures (35,
50, 65 vol.% CO2 content), H2 (99.9%) and CO2 (industrial grade)

were applied. H2 and CO2 were filled in the preliminary vacuumed
container to get their appropriate ratios. The composition was ana-
lyzed by gas chromatography according to the method detailed in
our previous work [9].

To prepare the ternary mixtures containing H2S (25, 100,
175 ppm) next to hydrogen (50 vol.%) and carbon dioxide (50 vol.
%), the following procedure was applied. First, the balloon was vac-
uumed and subsequently filled with CO2. Thereafter, the gas bag
was attached to a Kipp generator, in which pure H2S was evolved
by reacting solid FeS with HCl solution. After finishing the addition
of H2S to CO2, the mixture was homogenized and actual H2S con-
centration in the CO2/H2S mixture was checked by Dräger X-am�

7000 device (Drägerwerk AG & Co. KGaA, measuring range for
hydrogen sulfide: 0–1000 ppm). If H2S concentration was still
higher than required, further amount of CO2 was supplemented
and H2S content was rechecked. These steps were repeated until
the pre-calculated concentration of H2S – taking into account the
diluting impact of H2 in the next stage – has been achieved. There-
after, the mixture of CO2 and H2S was complemented with H2 gas
in a several consecutive steps in order to carefully attain the proper
H2/CO2 ratio as well as desired H2S concentration for the measure-
ments. The final H2 and CO2 contents of the mixture were deter-
mined by gas chromatography method as referred in our earlier
work [9]. The mixing accuracy for H2 and CO2 was ±1 vol.%, while
for H2S it has not exceeded ±5 ppm. The necessity of this
multiple-step, mixing-diluting approach to deliver H2/CO2/H2S
mixtures was attributed to the sensitivity of electrochemical H2S
sensor in Dräger X-am� 7000 to the presence of molecular H2

gas. In other words, H2S concentration was possible to measure
and precisely adjust only before CO2/H2S binary gas was
complemented with H2.

2.3. Continuous gas permeation tests

Once the gases with proper compositions were prepared as
described in Section 2.2., the continuous feeding of the membrane
module has begun by a controllable peristaltic pump (Masterflex�,
Cole-Parmer Instrument Co.) in a constant temperature room
(25 ± 1 �C). The gases were delivered into the hollow-fibers at an
upstream-side pressure of 3 bar(a), which was adjusted by a
pressure reductor located in between the compressor pump and
the gas receiving side of membrane. Permeate was obtained at a
downstream side pressure of 1 atmosphere at one of the two pos-
sible spots on the shell (near to the retentate side of the module),
the other one (near to the feeding side) was closed. No sweep gas
was employed. The retentate and permeate side gas fluxes were
measured by individual soap bubble flow meters. The various ele-
ments of the test apparatus including the PDMS module, pressure
reductor and flowmeters were interconnected via glass tubes, only
short parts were made of Norprene� material (Masterflex�, Cole-
Parmer Instrument Co.). The scheme of the membrane system is
seen in Fig. 1, where it can be noticed that a needle valve was also
inserted to the set-up in order to control the recovery ratio (the
retentate flow rate divided by the feed flow rate). Similar gas per-
meation systems (Fig. 1) were designed and used to test hollow
fiber membranes by other authors, as well [37,38]. Photos about
the experimental set-up can be found in Fig. 2.

Prior to conducting the measurements, leakage tests were
successfully performed and the reliability of the apparatus was
validated. To monitor the composition of retentate and permeate
under various experimental sets, samples were taken in appropri-
ate time intervals by gastight Hamilton� syringe (500 lL) and the
already mentioned gas chromatography method [9] was used.
The H2 and CO2 permeabilities in Barrer (1 Barrer equals to
10�10 cm3 (STP) cm cm�2 s�1 cmHg�1) as well as CO2/H2 selectivity
values presented thoroughly in this study were calculated as
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detailed in a previous work [22] and refer to steady-state perme-
ation conditions. Steady-state – when outlet gas flow rates and
compositions (H2, CO2) have not changed with time any longer
[39] – was reached within 3–4 h for all the experimental runs.
According to our recent paper [22], mass balances for H2 and CO2

were computed that supported the reliability of the results. Unlike
for the case of H2 and CO2, the transmembrane migration of H2S
was not followed and thus, hydrogen sulfide permeability could
not be given. The measurements (Table 1) were executed at least
in duplicates and standard deviations were less than 5 %.

3. Results and discussion

3.1. PDMS membrane performance with binary (H2/CO2) and ternary
(H2/CO2/H2S) mixtures

Dark fermentative biohydrogen is formed together with other
gases among which carbon dioxide is the most particular. How-
ever, other low-concentration components e.g. H2S can contami-
nate the mixture too [29–31].

In the first series of the constant pressure and temperature
tests, the PDMS membrane was subjected to binary H2/CO2 gas
mixtures encompassing 35–65 vol.% H2. This range covers the typ-
ical and expectable gas concentrations that potentially occur in
continuous, steady-state hydrogen producing bioreactors [14]. In
the second series of the investigation, H2S was added to CO2 and
H2 to obtain ternary mixtures. Besides varying feed composition,
three different recovery values were adjusted according to Table 1.
Recovery was chosen to study because it has been found a critical
parameter when purifying biohydrogen by membrane technology

Fig. 1. The scheme of the gas separation membrane system 1: gas container, 2: feed
gas sampling; 3: compressor pump, 4: pressure reductor, 5: membrane module, 6:
retentate side needle valve, 7: retentate sampling, 8: permeate side sampling, 9:
retentate side soap flow meter and 10: permeate side soap flow meter.

Fig. 2. The image of the gas separation membrane system.

Table 1
The experimental boundaries of this study.

Feed H2S (ppm) Feed CO2 (vol.%) Feed H2 (vol.%) Recovery (R/F) value

0 35 65 0.34
0 35 65 0.84
0 50 50 0.54
0 65 35 0.34
0 65 35 0.84

25 50 50 0.34
25 50 50 0.84

100 50 50 0.54
175 50 50 0.34
175 50 50 0.84
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[14,22]. To interpret and discuss the trends regarding the impacts
of feed gas composition and recovery, individual plots were cre-
ated both for binary (Figs. 3 and 4) and ternary gas (Figs. 6 and
7) experiments based on the results obtained for Table 1.

Figs. 3 and 4 illustrate the CO2/H2 selectivities for the CO2-
selective PDMS membrane considering feed composition and
recovery as independent variables, respectively. According to these
graphs, higher CO2 content in the feed and higher recovery posi-
tively affected and hence improved the binary CO2/H2 selectivity.
This dependency pattern is similar to that found in our earlier work
[14], where a H2-selective polyimide membrane could be operated
with better selectivity by increasing recovery and H2 concentration
in the gas to be separated.

Fig. 5 illustrates a comparison with regards to the separation
features of the tiny PDMS module using binary H2/CO2 and ternary

H2/CO2/H2S mixtures. The data of Fig. 5 were obtained under sim-
ilar conditions (transmembrane pressure gradient: 2 bar(a), tem-
perature (25 �C), recovery: 0.54 as can be seen in the 3rd and 8th
lines of Table 1), the only difference was in the feed gas composi-
tion: in the first case 50 vol.% H2/50 vol.% CO2 without H2S and in
the second case, 50 vol.% H2/50 vol.% CO2 with 100 ppm H2S. It
has turned out that the addition of 100 ppm hydrogen sulfide
resulted in the increase of CO2 and H2 permeabilities, however,
by different extents (58% and 48%, respectively). Because of the rel-
atively larger increment of CO2 permeability, CO2/H2 selectivity has
been enhanced by 7%. Since the change of permeabilities was
higher than could have been caused by the measurement error, it
is attributable to the 100 ppm H2S content.

In addition to the observation that H2S could accelerate gas per-
meation relatively to that determined with binary gas mixture
(Fig. 5), it is also to notice that the influence of H2S was
concentration-dependent. In Fig. 6, it is depicted that the gradually
increasing H2S content of the ternary gas (from 25 ppm to
175 ppm) led to higher CO2/H2 selectivity. The dependency of
membrane selectivity on recovery can be characterized by a similar
trend than in case of binary gases, since higher recoveries (mean-
ing that permeate was drawn in smaller volumes) were coupled
with improved CO2/H2 selectivity values (Fig. 7).

For comparison purposes, Fig. 8 (constructed by merging Figs. 4
and 7) indicates the CO2/H2 selectivity for the binary (35–65 vol.%
CO2, no H2S added) and ternary (fixed 50 vol.% CO2, 25–175 ppm
H2S) mixtures referring to identical recovery (R/F: 0.34, 0.54,
0.84) settings. As it can be seen in Fig. 8, the selectivity values in
the latter case were tendentiously higher, which implies the con-
tribution of hydrogen sulfide toward better performance.
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Fig. 4. Effect of recovery on CO2/H2 selectivity using binary CO2/H2 mixture.
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Fig. 7. Effect of recovery on CO2/H2 selectivity using ternary CO2/H2/H2S mixture.
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The causes and responsible phenomenon concerning the effect
of H2S are likely associated with the changes in diffusivity and sol-
ubility properties of the permeating gases. Generally, considering
non-porous, dense membrane materials such as PDMS, the perme-
ability and selectivity are the products of diffusivities and solubil-
ities of the individual gases. These intrinsic parameters are related
with kinetic diameter and condensability (critical temperature) of
the molecules [33], however, can significantly vary with gas com-
position due to gas–gas and gas–polymer interactions. Therefore,
the overall performance of a given membrane may alter when sub-
jected to (i) single gases and (ii) binary, ternary or even more com-
plex mixtures [13], where the competition of permeating
compounds for the sorption sites in the polymer matrix can play
a key role [26]. As a summary, laboratory experiments with artifi-
cial mixtures that resemble the composition of real-case gases to
be purified (e.g. biogas at an anaerobic digester; post-combustion
flue gas at a power plant; gaseous biofuel (hydrogen) at up-
scaled bioreactor [40]) give a more practical and accurate measure
of the membrane’s (expectable) performance.

Although more in-depth research will be needed to clearly
unravel the effect of hydrogen sulfide on membrane behavior in
this study, it may be ascribed to the swelling (plasticization) of
PDMS material. Basically, swelling is induced by compounds with
relatively higher condensabilities and solubilities (such as H2S).
As a result, it is accompanied by the increased permeability of
the substances in the gas mixture, which has been observed for
CO2 and H2 herewith (Fig. 5). Though plasticization many times
causes the deterioration of selectivity due to the overall lowered
gas transfer resistance of the membrane [13], the results of this
work showed that the increase of CO2 permeation – in the presence
of H2S – was greater than that of H2 and thus, higher CO2/H2 selec-
tivity could be attained. This outcome (pertaining the occasionally
positive role of swelling) is supported by literature data where it
would appear that in some cases, polymeric membrane perfor-
mance for H2 purification could be aided by plasticization [52].
Furthermore, Stern et al. [53] experienced improved CO2/light
gas (methane) separation by 6FDA-HAB and 6FDA-4,40-PDA poly-
imide membranes when ternary (CO2/CH4/H2S) gas was used
instead of binary (CO2/CH4) one (35 �C, feed pressure: 10 atm),
which is a similar behavior that was recorded in this investigation.

3.2. Assessment and comparison of the results with the literature

According to manufacturer’s data, pure CO2 and H2 permeabili-
ties for the PDMS membrane used in this work are 3250 Barrer
and 650 Barrer, respectively. Similar values (CO2: 3285 Barrer,
H2:569 Barrer) were found in our previous research (at 23 �C and

80 kPa transmembrane pressure difference) with a highly
CO2-dominant binary mixture (90 vol.% CO2 and 10 vol.% H2)
[20]. As a matter of fact, these permeabilities for CO2 are compara-
ble to those (3800–5404 Barrer) reported in the literature by other
authors [40–43]. Nonetheless, it can be deducted from the CO2 and
H2 permeabilities obtained in this study with binary gases (Fig. 5)
that the permeation through PDMS can be strongly feed composi-
tion dependent, since the permeability values (CO2: 937 Barrer;
H2: 314 Barrer) appeared to be rather lower than those previously
determined either with pure or binary gases, as given above. This
observation correlates well with the results of Scholes et al. [26],
who encountered a more than 50% reduction in CO2 permeability
for a PDMS membrane when a binary mixture (10 vol.% CO2,
90 vol.% N2) was applied instead of pure CO2. This was associated
with the competition of N2 and CO2 under mixed gas circum-
stances, causing that the free volume of the polymer matrix was
notably occupied by N2, which hindered CO2 transport across the
membrane.

As for outcomes on PDMS membrane with gas mixtures con-
taining CO2, H2S and H2, few papers can be referenced. For exam-
ple, the results of Scholes et al. [26] led to the conclusion that
during simultaneous H2S and CO2 permeation in a binary
(CO2/H2S) mixture system, H2S was a trigger of decreased CO2

permeability (by an average of 8%) due to possible competitive
transport, as proposed by the authors. However, these findings
are in contrast with those presented in this work, where H2S
seemed to assist faster CO2 permeation. In our opinion, this contra-
diction might have been caused by the differences in separation
conditions, in particular (i) inlet H2S concentration (500 ppm vs.
25–175 ppm), (ii) the complexity of the feed gas (lack/presence
of H2) and (iii) the design of the experimental apparatus (e.g. use
of sweep gas, recovery/stage-cut adjusted, driving force applied).
In addition, Merkel et al. [35] investigated CO2, H2 and H2S perme-
ation in PDMS membrane with model syngas mixture consisting of
H2S (1.5%), CO2 (10.5%), H2 (42%), and CO (46%). Based on the
results, it could be concluded that the PDMS membrane was more
permeable to H2S and CO2 than to H2. However, it was shown that
permeabilities and hence CO2/H2 as well as CO2/H2S selectivity val-
ues were quite sensitive to the separation temperature [35]. Lately,
in a research by Ren et al. [44] PDMS was successfully combined
with other materials (PEI, PEBA1657) to manufacture multi-layer
composite membranes that had increased permeances for CO2

and H2S, making them potential candidates for sour gas separation
that can have industrial importance.

It is interesting to compare the outcomes of current study with
those recently obtained [22] using a same module and raw gas
mixture from a steady-state hydrogen producing bioreactor. In
the course of bioreactor-off gas permeation (composition:
51.3 vol.% H2, 47.0 vol.% CO2, 1.7 vol.% undetermined accompany-
ing compounds), CO2 and H2 permeabilities were 1624 Barrer
and 452 Barrer, respectively under test circumstances applied in
this research too (temperature: 25 �C, recovery: 0.54, transmem-
brane pressure difference: 2 bar(a)). Under these conditions, as
shown in Fig. 5, CO2 and H2 permeabilities were 1486 Barrer and
465 Barrer, respectively. Since (i) the measurement conditions dur-
ing the present and previous [22] investigations were identical and
(ii) inlet CO2 and H2 concentrations were almost the same, the
differences in membrane behavior may be associated with the
quantity and quality of minor impurities in the gases. In this study,
the only added background gas was H2S, while in case of the real
bioreactor [22], a much more complex, multi-compound trace
gas composition can be assumed, potentially comprising of N2,
water vapor, NH3, H2S, etc.

For instance, among these compounds, water vapor was found
to have permeability as high as 40,000 Barrer for PDMS at 30 �C
[45], which is one-two order of magnitude higher than CO2 and
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to color in this figure legend, the reader is referred to the web version of this
article.)
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H2 permeabilities commonly reported for this polymer. Attributed
to this extreme permeation rate, moisture may induce concentra-
tion polarization [46] and due to its special characteristics it can
alter the behavior of other gaseous substances in the membrane
[13].

Therefore, experiments should be carried out with these low
concentration substances in order to better understand the observ-
able differences in membrane performance during the permeation
of binary, ternary and raw gas mixtures containing (bio)hydrogen.
Moreover, these tests ought to be conducted in long-terms to
reveal the components effect on membrane integrity and durabil-
ity/stability since exposure to certain aggressive substances may
cause the deterioration of separation properties over time
[13,47]. These practical data can be quite useful for possible future
implementations and also to perform cost-benefit analysis for
cases when dark fermentative hydrogen is aimed to be purified
by gas separation membrane applications.

It must be noted that the commercial PDMS membrane in this
work was not capable of ensuring high enough hydrogen concen-
tration for direct utilization in fuel cells, which is just similar that
was experienced with a commercialized polyimide module inves-
tigated earlier [14]. The highest steady-state H2 concentration of
the retentate in this study was 73.75 vol.% (recovery: 0.34; feed
composition: 35 vol.% CO2, 65 vol.% H2). This implies that cascade
membrane technology should be established for satisfactory purifi-
cation efficiency or alternatively, membrane gas separation may be
complemented with post-treatment methods e.g. classical
absorption.

Recently, Lassmann et al. [48] addressed the upgrading of dark
fermentative gas mixture by polymer membranes. In essence,
three different, two-step gas purification systems – involving inter-
mediary retantate or permeate recirculations as common elements
of cascade gas separation using membranes [49,50] – were
designed and assessed employing either H2- or CO2-selective
membranes. The conclusion was that online gas purification was
possible, but the process has depended on the stability of the fer-
mentation. This is consistent with our results published lately
[22], where a buffering tank was built-in between the fermenter
and the membrane separation unit to stabilize feed gas
composition and ensure a smooth process operation. Furthermore,
Lassmann and colleagues [48] enlightened that the insertion of a
second-stage membrane application could considerably enhance
product (H2) quality as compared to single-stage system. It was
also suggested that CO2-selective materials are favored for
H2-enrichment because of the lower specific energy requirement
of the purification. According to these findings, the H2-rejective
PDMS applied in this work can be a feasible and worthy material
for further research to construct more sufficient H2-recovery
technology.

4. Conclusions

In this work a commercial PDMS membrane module was
evaluated for hydrogen separation with binary and ternary gas
mixtures and various recovery ratios. It was demonstrated that
gas composition had a significant impact on both (i) gas permeabil-
ities and (ii) membrane CO2/H2 selectivity. The results indicated
that the presence of trace gas, in particular H2S in the model biohy-
drogen mixture notably influenced the permeability of gases as
compared to those determined in binary gas experiments. The
PDMSmembrane investigated in this study showedmodest perfor-
mance (which is consistent with previous literature reports) and
with further design considerations (e.g. in multi-stage arrange-
ment) may be used to construct efficient downstream systems
for biohydrogen technology.
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Jansen, P. Izák, Simultaneous hydrogen sulphide and carbon dioxide removal
from biogas by water–swollen reverse osmosis membrane, Sep. Purif. Technol.
131 (2014) 108–116.

[48] T. Lassmann, M. Miltner, M. Harasek, A. Makaruk, W. Wukovits, A. Friedl, The
purification of fermentatively produced hydrogen using membrane
technology: a simulation based on small-scale pilot plant results, Clean
Technol. Environ. Policy (2015), http://dx.doi.org/10.1007/s10098-015-
0997-7.

[49] R. Pathare, R. Agrawal, Design of membrane cascade for gas separation, J.
Membr. Sci. 364 (2010) 263–277.

[50] J. Hao, P.A. Rice, S.A. Stern, Upgrading low-quality natural gas with H2S- and
CO2-selective polymer membranes Part II. Process design, economics, and
sensitivity study of membrane stages with recycle streams, J. Membr. Sci. 320
(2008) 108–122.

[51] C.A. Scholes, S.E. Kentish, G.W. Stevens, Effects of minor components in carbon
dioxide capture using polymeric gas separation membranes, Sep. Purif. Rev. 38
(2009) 1–44.

[52] H. Lin, E.V. Wagner, B.D. Freeman, L.G. Toy, R.P. Gupta, Plasticization enhanced
hydrogen purification using polymeric membranes, Science 311 (2006) 639–
642.

[53] S.A. Stern, H. Kawakami, A.Y. Houde, G. Zhou, Material and process for
separating carbon dioxide from methane, US Patent 5591250 A (1997).

228 P. Bakonyi et al. / Separation and Purification Technology 157 (2016) 222–228

http://refhub.elsevier.com/S1383-5866(15)30339-7/h0110
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0110
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0110
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0115
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0115
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0120
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0120
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0120
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0120
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0125
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0125
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0130
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0130
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0130
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0135
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0135
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0135
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0140
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0140
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0140
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0140
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0145
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0145
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0150
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0150
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0155
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0155
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0160
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0160
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0160
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0160
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0165
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0170
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0175
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0175
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0175
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0180
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0180
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0180
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0180
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0180
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0185
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0185
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0185
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0185
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0190
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0190
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0190
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0190
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0190
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0195
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0195
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0195
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0195
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0200
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0200
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0200
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0205
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0205
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0210
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0210
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0210
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0215
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0215
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0215
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0220
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0220
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0225
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0225
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0225
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0230
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0230
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0235
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0235
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0235
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0235
http://dx.doi.org/10.1007/s10098-015-0997-7
http://dx.doi.org/10.1007/s10098-015-0997-7
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0245
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0245
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0250
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0255
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0255
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0255
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0260
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0260
http://refhub.elsevier.com/S1383-5866(15)30339-7/h0260

