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Abstract

The need of establishment of biohydrogen purification techniques is due the fact that biohydrogen production will be
completely transformed into industrial scale soon or later. For biohydrogen process development to be commercially feasible,
all the process involved, including purification should be low cost, practical and efficient; particularly when the biohydrogen
production is technically challenging. In any case, carbon dioxide and other gaseous impurities are usually evolved during
hydrogen production, and highly purified hydrogen is desirable in fuel cells application and other hydrogenation processes.
Particularly, is critical to achieve high purity of hydrogen especially in a fuel cell application where it requires 99.9% only
hydrogen. This paper reviews four main principle methods that are suitable for biohydrogen mixed gases, namely cryogenic
separation, absorption, adsorption and membrane separation. The comparison based on their strengths and weaknesses,
regarding the rate and yield of hydrogen, energy requirement and efficiency in terms of hydrogen selectivity, recovery and
purity for fuel cell application. Cryogenic separation is among the earliest technique used for hydrogen purification. Though,
due to the low temperature requirement, cryogenic separation is least preferred as gas separation is energy intensive and
costly. Cyrogenic separation is commonly combine with membrane separation. It was also acknowledged that the membrane
separation technique is widely used for biohydrogen purification. Most of research mostly in advancement of the membrane
for high selectivity for hydrogen and low selectivity for carbon dioxide. Another method, pressure swing adsorption (PSA) is
one of commonly used in conventional hydrogen purification. The hydrogen purity produced by PSA was higher than
absorption but the cost to operate it is the same at the expense of low hydrogen recovery. Also, chemical absorption of
hydrogen separation from mixed gaseous mixture is discussed due to its simplicity of operation and possible to operate using
existing common absorber.

Keywords: Biohydrogen production, hydrogen purification, pressure swing adsorption (PSA), absorbation, membrane,
sustainable, energy, fuel cell.

1.0 HYDROGEN AS AN ALTERNATIVE FUEL

Hydrogen is a universal clean and efficient secondary energy carrier with high energy value by weight (142MJ/kg), which
can be used for energy storage and transportation and converted into electricity via fuel cells with high efficiency without
carbon prints [1][2]. Hydrogen has been identified as an alternative energy carrier to the conventional fossil fuels because
it is clean, renewable and does no contribute to environmental problems like global warming resulting from profuse
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release of greenhouse gases.

Hydrogen can also be produced from biomass by using thermochemical or biological processes. Thermochemical
processes are much faster and offer higher stoichiometric yield of hydrogen. However, it requires high energy thus high
operating cost. Whereas, biological processes are more environmental friendly and less energy intensive, as they operate
under mild conditions [3]. Biological methods can be subdivided into three; biophotolysis, photofermentation and dark
fermentation. Between the three methods, dark fermentation produces the highest biohydrogen yield [1]. Hydrogen which
is produced by microbes through biological activities such as biophotolysis and fermentation can be classified as
biohydrogen. The various available processes to produce hydrogen is depicted in Figure 1.
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Figure 1Various hydrogen production methods

1.1 Gas Composition of Raw Biohydrogen versus Raw Conventional Hydrogen

Conventional hydrogen is typically produced from fossil fuels such as natural gas, crude oil and coal. As mentioned by
Debabrata et al. [1], 96% of world hydrogen production was from fossil fuel, whereas 3.9 % from water electrolysis and
0.1% from other production methods. Regarding biological methods of hydrogen production, they are still at advancing
stage, since reseaches are geared towards maximizing the yield of biohydrogen via improved microorganism, design of
bioreactor and advancement of bioprocess [4]. The differences between conventional hydrogen and biohydrogen are in
terms of reactants for their production, method of production, gas composition, and gas condition. The raw materials to
produce conventional hydrogen and biohydrogen are from different sources. Hence, the gas composition is expected to
be different as well. To understand how this will affect the product yield, each process is briefly explained later.

The widely reported methods of biohydrogen production are classified into biophotolysis and fermentation. Biophotolysis
is further categorized into direct biophotolysis and indirect biophotolysis, while fermentation is subdivided into dark
fermentation and photofermentation. Photofermentation and biopholysis are examples of light-dependent processes,
while dark anaerobic fermentation is an example of light-independent process [3] and [4].

Biophotolysis is a process of biohydrogen production where photoautotrophic organism such as microalgae and
cyanobacteria are used with the aid of sunlight to convert water into hydrogen and oxygen molecules. In direct
biophotolysis, sunlight is used as source of energy and carbon(lV) oxide as carbon source to break water molecule into
hydrogen (H») and oxygen (O2) under the anaerobic condition, as presented in Equation 1 [1][3][4]. The process is quite
similar to photosynthesis where water is splits into protons (H*) and electrons (e”) within phytosynthesis system.

2H,0 + light energy — 2H + O, 1)
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Rahman et al. [3] reported that the hydrogen yield from direct biophotolysis was between 0.05 — 30 ml H, L h'L, Direct
biophotolysis is advantageous in a way that it does not require any organic carbon substrate for the growth of
microorganism [6]. Indirect biophotolyis involves separation of the hydrogen and oxygen evolution reactions into separate
stages [2] where light is used as energy source for the conversion of organic acids into CO» and H. as shown in Equation
2 to 4.

6H,0 + 6CO; + light energy - CgH1206 + 60, 2
CeH1206 + 6H,0 > 12H; + 6CO; 3)
Overall reaction: 12H,0 +light energy — 12H; + 60, 4

In photofermentation, carbon dioxide is produced during the process instead of oxygen [7] which the simplified chemical
reaction of photofermentation is as shown in Equation 5.

CH3COOH + 2H20 - 2CO; + 4H> (5)

Another biological process for biohydrogen is dark fermentation is a where hydrogen is produced by anaerobic bacteria
grown in the dark on carbohydrate-rich substrates, and it is considered the simplest process of obtaining biohydrogen, as
presented in Equations 6 and 7 [8][1][9-10]. This mixture is not suitable for direct use in fuel cell because the hydrogen
concentration is not sufficiently high (<99%) and the carbon dioxide present negatively affects their operation [11]. A
maximum of 4 mol/mol glucose is obtained when acetate is the end product, and half of this yield/mol glucose is obtained
when butyrate is the end product.

CeH1206 + 2H,0 > 2CH3COOH + 2CO0O; + 4H, (6)
CeH1206 + 2H,0 > CH3 CH,COOH + 3CO; + 4H,» (7)

In terms of classification by temperature, dark fermentation is categorized into four temperature range:
hyperthermophiles, 79 to 115 °C; thermophiles, 40 to 110 °C; mesophiles, 10 to 50 °C, and psychrophiles, 0 to 30 °C.
Schroder et al. [12] reported that dark fermentative conversion of glucose at temperature of 80 °C resulted to H, formation
close to 4 mol/mol glucose.

According Kraemer and Bagley [13], the H; yield must be at least 10 mol Ha/mol glucose for the production to be
commercially viable. Neither dark fermentation nor photofermentation is able to produce 10 mol Hz/mol glucose based
on their stoichiometric Equations 8 and 9, respectively. However, when dark and photo fermentation is integrated, it is
possible to produce theoretical maximum yield of 12 mol Ha/mol glucose, as presented in Equation 10 [14].

CeH1206 + 2 H,O > 2CH3COOH + 2CO0O; + 4H;, (8)
2CH3;COOH + 4H,0 = 4CO; + 8H; 9)
Over all reaction: CgH120s + 6H.0 > 6CO, + 12H> (10)

In general, biological hydrogen production is majorly associated with lower rate and yield as compared to the conventional
hydrogen production methods via thermochemical processes. This is in connection with partial pressure of hydrogen gas
in the produced mixed gas mixture, competing reactions, bioprocess technology, insufficient active hydrogenase enzyme,
inefficient hydrogen-producing cultures, and method of purification of hydrogen. The metabolic shift from acetic acid
generation to solvent of hydrogen-consuming organic acid generation, and consumption of hydrogen by uptake of
hydrogenase and homoacetogens, reduces biohydrogen production [5] and [15]. These bottlenecks could be eventually
overcome because extensive research and development was focusing on various solution such as development of
genetically modified microorganisms to ease the biosynthesis, improvement of the bioreactor design, molecular
engineering of the key enzyme hydrogenase, as well as the improvement of two stages dark and photofermentation
processes [16]. As for the composition of raw biohydrogen, not many reports were detailing out its composition. Most
reports mentioned biohydrogen mainly contain H, and CO, [17-18, 11]. It is possible due to the presence of CH, can be
eliminated by avoiding using methanogenesis bacteria for the fermentation. Moreover, it is very unlikely to use
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methanogenesis bacteria when the intent is to produce hydrogen since methanogenesis bacteria is selected when the
objective is to produce CHa. As for the H.S, it presence can be eliminated by selecting sulfur consuming bacteria. Most
of photofermentative bacteria consume sulfur except for purple non-sulfur bacteria.

20 HYDROGEN PURIFICATION TECHNOLOGIES SUITABLE FOR BIOHYDROGEN MIXED GAS

In this review, biohydrogen purification is refers to a system which allows hydrogen (particularly from biological
processes) to be isolated from the mixed gas stream (composed of hydrogen, CO2, and other gases) and used as a clean
fuel or feedstock. The process selected based on the previous proven studies including other establish method of hydrogen
purification that applicable to biohydrogen mixed gasses subsequently from the production process. The distinguish
properties of biohydrogen from typical hydrogen gas was taken into consideration on purification methods where
biohydrogen that commonly came from wet medium has significant moisture content. Since the biological process has
not well established yet, it is quite difficult to determine the real composition of biohydrogen in the gas production. The
highest biohydrogen composition produced from biological process found in the literature review was reported by Morsy
[18] where the biohydrogen composition obtained from the fermentation process at 35°C and 1 atm was 56% of H. with
the rest 44% was CO;. Hence, generally if the biological process is successful, the composition of gas mixture will be
mainly H, and CO,. In the recent past, methods for separating hydrogen from other gases (such as CO,) are mainly
pressure swing adsorption (PSA), cryogenic distillation and adsorption with either amines or aqueous solutions of calcium
carbonate and ionic liquids as absorbents with high selective capacity for CO, separation from other gases [19].

2.1 Cryogenic Separation

In the earliest day, cryogenic separation was used to separate hydrogen from air. Cryogenic is a technology which utilizes
low temperature condition below 120 K (-153 °C) to produce so called “cryogenic temperature” that have effects on the
materials properties and system behavior [20]. In cryogenic separation system, it involves compression, refrigeration and
separation with the influence of phase transition characteristics of gas mixtures, in order to have relatively low energy
penalty and high purity [21]. For a multi components gas stream involving biohydrogen, it is possible to use cryogenic
separation as hydrogen has the lowest boiling point among all components in the gas stream. In addition, it is attractive
because it is a clean and safe technology, which does not involve chemical additives [22]. However, it is energy intensive,
because of the amount of energy required to provide the refrigeration necessary for the process, particularly for more
dilute CO; streams. And it requires large equipment size. The main issue with this technique is CO- sublimate (phase
change of gas to solid) at pressure of 1 atm. To overcome this problem, the operating pressure is increased to a point
where the phase change is gas to liquid. Another problem with cryogenic separation is that hydrogen sulfide (H2S) must
be removed before feeding the gas into cryogenic system. This is mainly because H,S will solidify at the cryogenic
condition and will lead to clogging of the system [23] and damage to rotating equipment. For industrial scale of hydrogen
production, it is being replaced with a pressure swing adsorption (PSA) system [24], which has lower operating cost,
simpler to operate, easier to maintain and produce higher hydrogen purity [25] than cryogenic separation.

2.2 Pressure Swing Adsorption (PSA)

In a PSA, hydrogen stream purity is increase by adsorbing the impurities using solid adsorbents through adsorption
mechanism, which physically binds impurities molecules onto the adsorbents surface [26]. PSA is commonly applied to
purify hydrogen to a required level depending on the difference of binding forces of gas molecules with the adsorbent.
During the PSA process, the hydrogen is revered and purified at a pressure close to the feed pressure, while adsorbed
impurities are removed by lowering the pressure[27]. There are four steps involve in operating a PSA system. They are
adsorption, depressurization, blowdown and pressurization. Brief explanations on the steps are as follows:

a. Adsorption : Crude hydrogen gas is fed from bottom of the vessel and impurities will be adsorbed onto adsorbent
as it pass through the multilayer packed bed producing high purity hydrogen gas.

b. Depressurization: Once switching is completed, the adsorbent vessel will be depressurized down to a pressure
slightly above atmospheric pressure [26].

c. Purging: Once depressurization is completed, the adsorbent is purge using depressurized gas from
depressurization vessel, and onward purge with pure H; to desorb any remaining impurities that might still bind
with the adsorbent.

d. Pressurization: Lastly, the adsorbent is re-pressurize with product gas prior reintroduction of the raw gas.
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According to Moon et al. [28], the PSA recovery is between 73.3 to 77.64%. The multistep in PSA is controlled using a
multiple control valves, a complex network of instrumentations and control systems. However, PSA for hydrogen
purification has a drawback of low hydrogen recovery [29]. It is on this premise that membrane gas separation is desirable.

2.3 Chemical Absorption

There are two main sections in an absorption process; the absorber and the stripper. At the absorber section, the raw gas
is fed at the bottom and leaves the absorber at the top, whereas lean solvent is fed at the top side of the absorber and rich
solvent exits through the bottom of the absorber. Such flow arrangement is necessary to create counter-current which
would optimize the absorption [30]. Upon exiting the absorber, the rich solvent is sent to the stripper section to be
regenerated by flashing out the impurities. The stripper is normally set at higher temperature and/or lower pressure than
the absorber which is preferred operating conditions, as it will optimize the impurities removal from the solvent.

The temperature of the biohydrogen is expected to be within the mesophiles region, which is between 20 to 45 °C, while
the pressure is expected to be slightly above atmospheric pressure. In view of this temperature and pressure of the feed
gas, separation by chemical absorption can be one of option. This is mainly because, with chemical absorption, it is
possible to be operated at low pressure while producing high purity product stream. Factors affecting absorption include
pH of the solvent and the concentrations and temperatures of both the gas and the solvent. A solvent is considered
economically attractive if it is has low energy requirements, can be regenerated easily, does not impose environmental
impacts and cost effective [31].

One of previous work [32], the chemical absorption by using piperazine (PZ) as an activator in methyldiethanolamine
(MDEA) solution in the first stage and caustic or NaOH solution in the second stage was used to prove a success in
producing 99.9% purity of hydrogen gas from the initial gas mixture containing 50 mol% Hzand 50 mol% CO..This
method is feasible to be adopted in biohydrogen production as, with chemical absorption, it is possible to be operated at
low pressure while producing high purity product stream. The possible reaction path for PZ regeneration and CO;
transport into MDEA is as proposed in Figure 2. As shown in Figure 2, at the interface CO, molecules react with PZ to
form PZ carbamate and protonated PZ. Then, as the PZ is nearly consumed by CO,, the carbamate will now release the
CO, to MDEA phase [33] regenerating back the PZ. Within the MDEA phase, CO, molecules will undergo base catalyst
hydration with the water and MDEA molecules to form bicarbonate and protonated MDEA. The negative charged PZ
will react with protonated PZ hence regenerating PZ molecules.

PZ carbamate Protonated PZ
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Figure 2 Proposed reaction path for PZ regeneration and CO; transport into MDEA phase

Though, that reaction needs a polishing stage by using caustic (NaOH) as shown in Equation 11. The reaction is not
reversible where NaOH will be consumed in the process.

CO, +2NaOH — Na,CO; + H,0 (11)

Though, the drawbacks of those complex chemical absorptions are high energy requirement and severe corrosion
problems [34].

2.4 Membrane Separation

Among biohydrogen purification technology, membrane separation is the vastly reported in the literature and the most
recent technology of interest [35]. Membrane separation separates impurities based on relative permeability of the
impurities and the desired gas. The typical parameters of differentiating among the hydrogen separation membrane are
composition, diffusion mechanism, driving force, operation temperature, relative permeability, typical selectivity and
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relative cost [36].

From technical view, permeability and selectivity are the two most important criteria for evaluating the performance of a
membrane. Microporous membranes posses’ relatively high permeability with considerable selectivity and promising
thermal and chemical stability. High permeability of hydrogen with low permeability of CO; is desired in order to consider
the membrane as selective for the specific mixed gas separation [34]. The permeability and selectivity depend on operation
conditions such as temperature, pressure, humidity and gas compositions, among others. Permeability acts as a selective
barrier, which only allow certain component to pass through easily than others [36].There are many factors affecting the
rate of permeability such as gas compositions, membrane material of construction, partial pressure of permeate across
membrane and the operating condition such as temperature and pressure [37]. Besides permeability, another important
criterias in assessing membrane performance is the selectivity. By definition, selectivity is the ability of the membrane to
separate two components in input mixed gas stream. It is used to measure the differences in permeability of two
components [35]. It was found that higher selectivity produced higher purity product [25] but reduction in permeability
resulted to lower gas yield.

There are many types of membrane used in hydrogen separation and purification. It can be categorized in accordance to
the material used for its fabrication such as polymeric membrane, dense metal membrane or microporous membrane [38,
3]. Furthermore, inorganic membrane is more suitable for high temperature operation such as hydrogen production by
water gas shift (WGS) [25]. Polymeric membranes dominate the hydrogen separation membrane market in preference to
metal and inorganic membranes because of their lower material and manufacturing cost, easy accessibility and mild
operation conditions [39]. The most common hydrogen separation membranes are made from commonly available
polymers such as cellulose acetate, polysulfone, polyethersulfone, polyimide, polybenzimidazole, polyetherimide etc. In
recent times, polyimide and polybenzimidazole-based membranes are very attractive for hydrogen separation because of
their improve performance, promising structure and thermal stabilities under hasrh operation conditions. Compared with
conventional technologies, the use of emerging polymer membranes in separation processes can lower energy
consumption, reduce maintenance requirements, and increase selectivity. The hydrogen selectivity of a membrane can be
increased if the membrane surface has dense and pose free microstructure.

Bakonyi et al. [40] reported that the feasibility of a membrane based gas purifictation system is dependent on three main
factors: 1) material selection for membrane fabrication, 2) design and configuration of membrane modules, 3) operation
conditions. The factors the govern the separation process for a given membrane module made of a certain material are: 1)
gas composition, 2) pressure, 3) temperature.

Gas composition: The composition of the gas to be separated is a key factor that can affecting separation efficiency to be
achieved. This is because the interactions take place between the gas molecules themselves and /or the gas molecules and
the polymer will alter the permeation behavior of the individual gas species [41]. The separation of hydrogen from
complex biological gas mixtures is a challenging task because several compounds, such as CO», hydrogen sulphide, water
vapour, etc. pose a threat to achieve the required enhancement efficiency [42][11].

Pressure: Partial inlet/ outlet pressure of hydrogen, as well as temperature, are the best parameters for membrane process.
Gases such as oxygen, nitrogen and hydrogen can permeate through the polymer without modifying the polymer’s
properties due to their relatively low solubility in the polymer. Therefore, with the pressure’s increase, the gas
permeability slightly decreases. Conversely, highly sorbing gases like carbon dioxide can induce a swelling of the
polymer matrix (plasticization effects), leading to a large increase of the gas permeability with increase in pressure [43-
441[34].

Temperature: Dense polymer membranes are suitable to isolate hydrogen from gas mixtures at moderately lower
temperature around 110°C [40]. Depending on the polymer, the membrane performance can be improved by an increase
of temperature. The permeability coefficient of nitrogen, methane and hydrogen increases with increasing temperature,
while for carbon dioxide, it decreases with increasing temperature. Permeate flux is very sensitive to the feed temperature.
Permeate flux increases as the feed temperature increases, due to the decrease of feed viscosity with an increase in the
feed temperature [43-44].

In general, the advantages of membrane gas separation over other traditional gas upgrading processes (like pressure swing
adsorption (PSA), and cryogenic distillation) are higher energy efficiency, simplicity in operation and control, low cost
of installation and maintenance, compactness and portability[11][45].

2.5 Comparison of All Methods

Each method has both advantages and disadvantages for the purification of biohydrogen, especially when the variability
of crude fermentation gas is taken into account. The method to be chosen for biohydrogen purification from fermentation
process is depending on the variation of gas produced from the main fermentation process. Advantages and disadvantages
of the processes are summarized in Table 2.
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Table 2: Summary of advantages and disadvantages for all types of hydrogen purification technologies

Technology Advantages Disadvantages
Cryogenic separation e Suitable for high CO,, concentration in e Process is energy intensive
feed gas (~90 mol%) e Water need to be removed prior
« Enable production of liquid CO, feeding into the process or it will cause

clogging and equipment damage.

Chemical Absorption e High CO, recovery (98%) o High energy requirement for solvent

regeneration

e Suitable for low pressure gas stream
e Loss of solvent

e Suitable for biomass feed gas
e Less energy requirement for H, gas

compression as CO, is removed upfront

Adsorption e Produced high purity H, 99.5 - e High energy, complex and high

99.9999% pressure system.
e Low product recovery (75 — 90%)

e Economical for high H, concentration
feed gas (~ 80 mol%)

Membrane separation e No moving parts and simple operation e Low product purity and low product

e Minimal utility requirement recovery (<90%)
e Required pre-filter and coalescer
e Clogging due to bacterial growth
e (Gas compression is required to
maintain differential pressure across
membrane

3.0

CONCLUSION

In this review, four different methods of hydrogen production have been highlighted and evaluated in terms of their
weakness and strength in purifying biohydrogen from a mixed gas mainly contains CO,. Among the hydrogen separation
techniques researched on, membrane separation is preferable, especially if the membrane is made of advanced materials
with high selectivity for hydrogen and low selectivity for carbon dioxide. The other three methods, cryogenics, pressure
swing adsorption and chemical absorption were also feasible due to the maturity of the technology, and possible to utilize
the available facilities in the gas separation industries. It is also possible to utilize integration of any methods in purifying
biohydrogen from mixed gas, so that each strength and weaknesses could complement one to another.
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