Journal of Engineering Science and Technology
Vol. 12, No. 3 (2017) 725 - 755
© School of Engineering, Taylor’s University

AN OVERVIEW OF GAS-UPGRADING TECHNOLOGIES
FOR BIOHYDROGEN PRODUCED FROM TREATMENT OF
PALM OIL MILL EFFLUENT

IZZATI NADIA MOHAMAD', ROSIAH ROHANI'*,
MOHD TUSIRIN MOHD NOR?, PIETERNEL CLAASSEN?,
MUHAMMAD SYUKRI ABD. RAHAMAN",
MOHD. SHAHBUDIN MASTAR@MASDAR', MASLI IRWAN ROSLI*

!Department of Chemical and Process Engineering, Faculty of Engineering and Built
Environment, Universiti Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia
2UKM-YSD Chair for Sustainable Development, Faculty of Engineering and Built
Environment, Universiti Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia
*Corresponding Author: rosiah@ukm.edu.my

Abstract

To date, a high energy demand has led to massive research efforts towards
improved gas-separation techniques for more energy-efficient and environment-
tally friendly methods. One of the potential alternative energies is biogas
produced from the fermentation of liquid waste generated from the oil-extraction
process, which is known as palm oil mill effluent (POME). Basically, the gas
produced from the POME fermentation process consists mainly of a CO, and H,
gas mixture. CO, is known as an anthropogenic greenhouse gas, which
contributes towards the climate change phenomenon. Hence, it is crucial to
determine a suitable technique for H, separation and purification with good
capability for CO, capture, as this will reduce CO, emission to the environment
as well. This paper reviewed the current gas-separation techniques that consist of
absorption, adsorption and a membrane in order to determine the advantages and
disadvantages of these techniques towards the efficiency of the separation
system. Crucial aspects for gas-separation techniques such as energy, economic,
and environmental considerations are discussed, and a potential biohydrogen and
biogas-upgrading technique for industrial POME application is presented and
concluded in this paper. Based on the comparison on these aspects, water
scrubbing is found to be the best technique to be used in the biogas-upgrading
industry, followed by membrane and chemical scrubbing as well as PSA. Hence,
these guidelines are justified for selecting the best gas-upgrading technique to be
used in palm oil mill industry applications.

Keywords: Biogas, Biohydrogen, POME, Separation techniques.

725



726 I. N. Mohamad et al.

Nomenclatures

A Kinetic diameter

R Radius

L Thickness

Abbreviations

BOD Biochemical Oxygen Demand
CMS Carbon Molecular Sieve

CNTs Carbon Nanotubes

COoD Chemical Oxygen Demand

DEA Diethanolamine

EHC Electrochemical Hydrogen Compression
FFB Fresh Fruit Bunches

GPU Gas Permeation Unit

HRT Hydraulic Retention Time

GHG Greenhouse Gases

HyET Hydrogen Efficiency Technologies
ID Internal Diameter

IGCC Integrated Gasification Combined Cycle
MC Membrane Contactor

MDEA Methyldiethanolamine

MEA Monoethanolamine

NLPM Normal Liter Per Minute

PEM Polymer Electrolyte Membrane
POME Palm Qil Mill Effluent

PSA Pressure Swing Adsorption

SILMs Supported lonic Liquid Membranes
SLMs Supported Liquid Membranes
SLPM Standard Liter Per Minute
SMROG  Steam Methane Reforming Off-Gas
TEA Triethanolamine

VSA Vacuum Swing Adsorption

1. Introduction

Palm oil mill effluent (POME) is liquid waste generated from the oil-extraction
process from fresh fruit bunches (FFBs) in palm oil mills [1], which originate from
two main processes: (i) sterilization and (ii) clarification [2, 3]. POME consists of
95-96% water, 0.6-0.7% oil, and 4-5% total solids including 2-4% suspended
solids [4]. This effluent is a thick brown liquid with a biochemical oxygen demand
(BOD) and chemical oxygen demand (COD) 100 times higher than domestic
sewage [2, 5-7], high solid concentrations, and high acidity [1, 8], which make the
effluent highly polluting. The comparison of characteristics possess by domestic
sewage and POME is listed in Table 1.

Thus, the treatment process of POME is crucial in order to minimize the large
negative impact of POME on the environment. To date, POME treatment has
evolved into a new dimension, enhancing simultaneous bioenergy recovery
strategies such as energy recovery for electricity, heat, and transport which
currently has been applied by other renewable energy sources such as from
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biomass, biogases, and biofuels. Implementation of this approach could provide
many benefits, as it will reduce the wastewater treatment cost by producing green
energy sources as the by-products [9], including biohydrogen and biomethane. The
common conventional approach for POME treatment, for example in the ponding
system, has good potential for producing bioenergy. Further improvement of
POME treatment includes aerobic and anaerobic digestion, physicochemical
treatments, and membrane filtration [10].

Table 1. Characteristics of domestic and sewage for raw and discharge standard.

Domestic Sewage POME
Parameter Raw Discharge Raw Discharge
standard standard
[11] [12] [13] [13], [14]
COD (mgl/l) 800 200 15000-100000 -
BOD (mg/l) 350 50 10250-43750 100
pH 4-5 5.5-9.0 3.4-5.2 5-9

POME treatment through the ponding system under aerobic conditions is
simple and requires low-cost and low-energy input. However, this system has
several drawbacks such as high area demand, low treatment efficiency, long
hydraulic retention, high sludge production, and large emission of greenhouse
gases (GHG), including methane (CH,) and carbon dioxide (CO,) [15]. The
optimization of the POME treatment system using a more efficient anaerobic
digester could initiate POME to become one promising feed for producing
renewable energy in Malaysia, as it can produce and capture valuable biogases
such as biomethane and biohydrogen [1]. The treatment of wastewater is basically
aimed at reducing the discharge in order to recycle the treated POME and capture
the methane generated to reduce GHG emissions and, finally, to substitute the
nonrenewable fuels currently consumed in the palm oil mill [15]. The common
composition of biogas produced by several researchers is presented in Table 2.

Based on Table 2, the composition of biogas produced is dependent mostly on the
Hydraulic Retention Time (HRT). At lower HRT, the biogas produced will consist of
H, and CO, while for higher HRT the biogas produce will be CH, and CO,. This
paper focuses on various technologies used for separation and purification (after this
referred as upgrading) of biogas produced at lower Hydraulic Retention Time (HRT)
which consists of H, and CO,. The focused biogas upgrading techniques are
absorption, adsorption and membrane techniques. The advantages and disadvantages
of these techniques are identified in this work from various literatures in order to find
the most efficient separation system. Crucial aspects for gas separation technique
such as energy, economic, and environmental considerations are discussed in details
in order to determine the most potential biohydrogen and biogas upgrading technique
from POME treatment in oil palm industry.

Table 2. Composition of biogas produced by several researchers.

POME Composition of biogas produced (%0)
fermentation Ref.
condition CH, H, CO,

7 days HRT, 55 °C, mixed culture 70.1 - 20.9 [16]
2 days HRT, 55 °C, mixed culture - 51.4 48.6 [17]
3 days HRT, 37 °C, mixed culture - 50 50 [18]
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2. Gas-Upgrading Techniques

The treatment process of POME used to reduce the COD before discharging into
the environment releases mixed gases, comprising of CH,, H,, and CO, [18]. The
vastly increasing concentrations of CO, in the atmosphere has raised concerns with
respect to the environment, which make mankind consider ways of controlling
emissions of this GHG into the atmosphere. To date, CO, is considered the main
anthropogenic contributor to the GHG effect, which is allegedly responsible for
60% of the increase in atmospheric temperature, commonly referred to as global
warming [18, 19]. Among the various sources of CO,, fossil-fuel power plants are
one of the major CO, contributors, which generate approximately 30% CO, from
the production process [18]. Thus, critical development of effective methods for
CO, capture and storage has become a major concern nowadays. The physical
properties of CO, and H, (the major gases that will be discussed herein) are listed
in Table 3 [20].

Table 3. Physical properties of CO, and H, [20].

Gas Molecular Kinetic  Critical Critical
weight Diameter pressure temperature (K)
(g mol™) A) (kPa)

CO, 44.0 3.30 7386 304.2

H, 2.0 2.89 1296 33.14

Recently, numerous methods of gas upgrading have been developed worldwide,
including absorption, adsorption, and membrane technology [21]. Gas absorption
using alkanolamine has been used for CO, scrubbing on an industrial scale for
decades, but it brings several drawbacks as it is highly energy intensive and
generates severe corrosion of the equipment involved [18]. Hence, better
technology for gas separation is being developed for better separation performance.
Currently, a novel technology for membrane separation has proven that it can be
considered as one of the most potential technologies for biohydrogen separation
and purification processes [22]. Membrane technology can play multiple roles in
the development of biological systems as well as in fermentative biohydrogen
technology. For example, membrane bioreactor employing a submerged or
externally (loop) connected porous-water filtration (micro-, ultra-, nanofiltration
and reverse osmosis) membranes are able to efficiently retain active biomass within
the fermenter. Thus, it has been discovered that membrane technology could assist
in overcoming the issue of low reaction yields by allowing in situ and continuous
removal of biohydrogen using membranes from the membrane bioreactor [22].

Removal of accumulated biohydrogen at the top of the bioreactor is mostly
required to be performed in a continuous system, mainly because of the high partial
pressure of hydrogen formed during the fermentation process. It is believed that
product inhibition may occur at certain biohydrogen concentrations and yields in
the bioreactor [22, 23]. As the biohydrogen concentration increases in the
bioreactor, the gas synthesis decreases and the metabolic pathways of the whole
cell biocatalyst shifts towards the formation of other by-products, such as lactate,
and other solvents, such as ethanol, acetone, butanol, and so on [22]. Therefore,
purification and enrichment of biohydrogen is desirable in order to ensure optimal
conditions for sustainable microbial biohydrogen production as well as an
appropriate concentration of H, for its end use, for example, in fuel cells [23].
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Thus, the following discussions will be focused on reviewing the techniques and
the outcome from several gas-separation technologies conducted by different
authors that have received great attention so far, which could each be used as a
potential technology for biohydrogen and biogas upgrading in the treatment of
POME. The main technologies included in this work are absorption, adsorption,
and membrane technologies. Since the separation of gas mixture containing H, has
been scarcely reported [24] (not many papers have reported on this so far), thus this
paper will critically review on various gas mixture consist of at least H, or CO,
such as CH,/CO, [25, 26], N,/CO, [27, 28] and other mixed gases [29] apart from
the real mixture of H,/CO, which are targeted from POME treatment [17, 30].
Therefore the separation of CO, will be highlighted the most in this paper due to
the said reason.

2.1. Absorption

Absorption refers to the separation process in which a gas is separated from a gas
stream by using a liquid. Gases will come into contact with liquid and will be
absorbed from the gas phase into the liquid phase in an absorption column [31].
Fig. 1 represents the schematic diagram of a gas-—liquid dispersion system in a
concurrent absorption process.

(a) (b)

Fig. 1. (a) Schematic diagram of gas-liquid dispersion system in concurrent
absorption and (b) Schematic diagram of mass transfer unit: bubble and liquid
film around it [32].

During the gas—liquid micro-dispersion, Fig. 1(a), the gas/liquid flows along the
channel and the relative velocity of the bubbles to the liquid phase is low [32].
Thus, multiphase dispersion flow could be considered as the accumulation of a
large number of microdispersion units. Each mass-transfer unit consists of a bubble
in the center with the radius designated as R and a liquid film around the bubble
with the thickness designated as L, Fig. 1(b). During the separation of biohydrogen
from a mixture of gases, CO, is usually absorbed into the stream, owing to the gas
affinity and solubility towards the solvent used, rather than the hydrogen.

Absorption generally consists of two different processes, namely, physical and
chemical process. For physical scrubbing, the process happens with no chemical
reaction between CO, and the solvent in the gas mixture, but using an external
energy, that is, pressure. Meanwhile, chemical scrubbing is based on dissolving
CO, from biogas in solvent, and is further associated with a chemical reaction
between the CO, and the solvent. In chemical scrubbing, the molecules of CO, are
generally taken up by the volume of the solvent and not by the surface [33]. In
chemical scrubbing, aqueous solutions, particularly alkanoamines, are commonly
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used [34], which are known as the absorbent. In general, alkanolamines encompass
the family of organic compounds of monoethanolamine (MEA), diethanolamine
(DEA), triethanolamine (TEA), and methyldiethanolamine (MDEA) [35], which
carry a hydroxy and amine functional group on an alkane backbone. Among these
amines, the most commonly used is MEA, owing to its low cost [31]. The
advantages associated with absorption by using alkanolamines include (i) the
process can handle low CO, partial pressure gas streams and (ii) the technology is
matured enough and reliable since there are already commercialized and available
in the market [31].

On the other hand, the absorption process using alkaline solution as the
absorbent has been extensively reported since the 1940s [36, 37]. This process has
been used again recently as a way to reduce CO, emission in industry, through
absorption of the CO, in the solution [38]. The most commonly used alkaline
solution is hydroxide solution. The reaction that occurs at the initial CO, absorption
time (first step) in an alkaline solution such as sodium hydroxide (NaOH) solution
can be expressed using Eq. (1) [38]:

2NaOH + CO, — Na,CO; + H,0 1)

From Eq. (1), the CO, absorption reaction produces sodium carbonate (Na,COs)
as the main product and water as the by-product. Subsequently, as CO, is
continuously fed into the NaOH solution, the Na,CO3 will also react with the CO,. At
this second step, the overall absorption reaction can be expressed as Eq. (2):

Na,CO3 + CO, + H,O — 2 NaHCO; (2)

After reaction (2) reaches equilibrium, a slight amount of CO, may be
absorbed, additionally, to physically cover up the shortage of unabsorbed CO, in
water during this reaction. Finally, as NaOH becomes the limiting reactant, the
total reactions of Eqgs. (1) and (2) can be summarized by Eq. (3):

NaOH + CO, — NaHCO; 3)

Hence, based on Eq. (3), the final product obtained from the absorption process
between CO, and NaOH solution is sodium bicarbonate (NaHCOj3), which has
various applications, such as it can be used as a food additive.

Another solution commonly used as the absorbent in the absorption process is
ammonia (NH;). The process starts when the CO, gas is transferred into the
ammonia solution by physical absorption before reacting with NHs;. The first
product formed from this reaction is ammonium carbamate, which is easily
hydrolyzed, whereby the main products are ammonium carbonate and ammonium
bicarbonate [39]. The reaction sequences involved in the process are presented in
Egs. (4) to (8):

CO, + NH; <> NH,COOH @)
NH,COOH + NH; — NH,COONH, (5)
NH,COONH, + H,0 <> NH,HCO; + NH, (6)
NH,HCO; + NH; <> (NH,),CO; @
NH,COONH, + CO, +H,0 «> 2NH,HCO; ®)

and the overall reaction can be described as Eq. (9):
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C02 + NH3 + H20 Ad NH4HC03 (9)

Using ammonia solution as the absorption solvent has many advantages such as
there is less degradation to the environment, a higher absorption efficiency in terms
of removal of one gas from the gas mixture, and there are no issues in terms of
equipment corrosion [31].

Based on this finding, though various absorbents have been reportedly used for
absorbing the CO, in an open literature, the best absorbent is still depending on
ones’ need whether efficiency, simplicity, economic, environment, safety and
others are of main concern.

Furthermore, though the absorption technique has widely been used in
industrial process for CO, absorption in various commercial applications, there is
still limited application in terms of separation and purification of H, from gas
mixtures containing CO,. Hence, more research on the separation of H, from CO,
must be conducted in order to determine the suitability of this technique and its
absorbent to be used in real industrial applications.

2.2. Adsorption

The next process that is well reported and used in industry for gas/liquid removal is
adsorption. It is a process in which molecules of gas or liquid will contact and adhere
to a solid surface in order to be adsorbed from the stream. Basically, it is the
enrichment process of gaseous or dissolved substances (the adsorbate) on the
boundary surface of a solid (the adsorbent). The active centers on surface adsorbents
are where the binding forces between the individual atoms of the solid structure are
not completely saturated. At these centers, the adsorption of foreign molecules takes
place. In order to understand the adsorptive solvent recovery, some fundamentals of
adsorption and desorption must be considered, as shown in Fig. 2 [40].

Gas phase Adsorption P Adsorbate

endoth | Desorption

)
=

gt S 2l Boundry surface
“ homogenous heterogenous Active sites

Solid phase

Absorbent
%z %

Fig. 2. Schematic of adsorption and desorption process [40].
Based on this figure, the adsorption of a gas or adsorbate on a solid surface

follows three steps. Firstly, the adsorbate (ions in the case of a solution) is
transported from the bulk to the external surface of the adsorbent. Secondly, the
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adsorbate is passed through the solid surface, and lastly, it interacts with the surface
atoms of the solid leading to (i) chemisorption (strong adsorbate—adsorbent
interactions equivalent to covalent bond formation) or (ii) weak adsorption (weak
adsorbate—adsorbent interactions, very similar to van der Waals forces) [40]. In the
case of porous solids, after passing the adsorbate through to the external surface,
the adsorbate will slowly diffuse into the pores and be adsorbed [41]. This will
allow the gases to be collected from the product stream.

Generally, cyclic processes involve continuous CO, capturing processes and are
often studied and applied to gas separation especially for adsorption techniques
[33]. Cyclic processes involve the exchange of an adsorbent in the absorption and
desorption steps. This switching is done by manipulating the pressure and
temperature. Pressure swing adsorption (PSA) and vacuum swing adsorption
(VSA) are two types of adsorption processes available in the market [33]. PSA is a
process in which the feed gas is compressed substantially above atmospheric
pressure to allow CO, to be recovered at atmospheric pressure later on. This
adsorption process is basically performed at pressures higher than atmospheric,
whereas the desorption process occurs at atmospheric pressure. On the other hand,
VSA is a process where the feed is slightly compressed up to a maximum of
1.5 atm and the CO, is recovered under vacuum conditions. This means that the
adsorption takes place at near ambient temperature and desorption happens at lower
pressure [29, 33, 42].

The PSA modelling framework was reported by Nikolic et al. [43] to design
and model several PSA configurations for the production of H, and CO, from
steam methane reforming off-gas (SMROG). Based on their study, new and
modified PSA cycle configurations consisting of two groups of adsorption columns
undergoing three cycle configuration steps have been designed and simulated, with
the difference being in the number of beds and the type of the pressure equalization
steps used compared to the existing process [43]. These new configurations offer
high H, and CO, purity and recovery (H, of 99.99% purity and 86.04% recovery,
and CO, of 99.94% purity and 86.21% recovery). These data showed that the new
design configurations could give a comparable separation quality to the existing
industrial systems and provide great alternatives for the adsorption technology.
Hence, the application of these configurations to the POME treatment in the palm
oil industry could represent huge potential for use in the future.

A summary of the gas-upgrading techniques using PVA and PSA, in terms of
their gas compositions, absorbents, operating conditions, and recovery obtained
from different reports, is presented in Table 4. Many authors such as You et al.
[44], Lopes et al. [48], Ahn et al. [49], Casas et al. [52], Garcia et al. [54], and
Casas et al. [56] have conducted a study on separation and purification for mixture
gas of H, and CO.,. It was found that You et al. [44] achieved the highest recovery
among other studies (presented in Table 4) with 99.99% H, purity and 80%
recovery. Their work was conducted using the cyclic sequences for the two-bed
PSA and pressure VSA (PVSA) processes, with activated carbon as the absorbent.
The PVSA process, which combined vacuum and purge/swing steps, could
improve the recovery by about 10% compared to the PSA process, which is
believed to be the factor responsible for achieving the good recovery in this study.
At present, activated carbon is used a lot in commercial applications and is the
most investigated material for absorbents [18].
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Table 4. Summary of gas upgrading via PSA and VSA techniques.
Feed Number of Absorbent  Operating Recovery Ref.
Compo-  bed; material; conditions
sitions dimension
CO,.CH, 1bed Activated Atm. CO, [25]
18cm length Carbon pressure selectivity
4cm diameter Fibers 77K (CO,/CH,) of
Glass column (ACF) 0.6-1.0 2.2 with total
SLPM CO,
absorbed
0.7 mmol
34% CO, 1bed Sepiolite 1.2x10°Pa >97% CH, [26]
66% CH,  0.19m length clay mineral purity
0.016m ID
2 mm column
wall thickness
13-16% Zeoliteand  35°C For 40% [27]
CO, 1bed CuBTC 0.26 NLPM breakthrough
84-87% 105 mm length 600 s time:
N, 10 mm ID breakthrough  68% CO,
(Purity time Purity
99.95%) (Zeolite)
63% CO,
Recovery
(CuBTC)
44.9% viv  tubular quartz Na-LTA Room >80% CO, [45]
CO, reactor, filled (4A) and temperature recovery
55.1% v/v  with 1.35 g of Na-FAU
CH, adsorbent (13X)
material in zeolite
pellets
88% Dry 3 beds 13X zeolite  Between >90% CO, [29]
air 12% Stainless steel 40°C and purity
Cco, 1m Length 50°C >60% CO,
7.7cmID recovery
5 mm wall
thickness
96.5% He Activated 310K 89.7% CO, [46]
3.5% CO, 11.62 m length carbon purity
7.38 m diameter  honeycomb 70% CO,
monolith recovery
1.9GJ/ton
17% v Stainless steel Olive stones 303 K 97% CO, [28]
CO, reactor and almond  130kPa recovery
83% v N, 203mm height shells
9mm diameter
15% CO,  0.202 m length Zeolite 5A 298 K 96% CO, [47]
85% N, purity
99% H, 2 beds Activated 3 SLPM 99.99% H, [44]
mixture carbon purity; 80%
and Stainless steel 6.5-9.5bar recovery
95% H, 99.96% H,
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mixture 100 ¢cm long and 0.1-0.2P/F purity; 78.4
2.15cm ID recovery
0.7 H, 1 bed Activated 0.1 SLPM 99.981% H, [48]
molar carbon and 5 SLPM  purity
fraction 0.267 m height 0.1-5 bar
and 81.6%
0.73 H, 25-150 °C recovery
molar
fraction
H,:CO,: 2 and 4 beds Zeoliteand 0.1-03P/F 96-99.5% [49]
CH4:CO: activated H, purity
N, Stainless steel carbon 20-25°C
(0.38:0.5: 100 cm long and 510 bar 71-85%
0.01:0.01: 35cmID 3-7SLPM recovery
0.1 vol.%)
80% CO, 1 bed Activated 298 K Zeolite 13X: [50]
20% N, Stainless steel Carbon, 211 kPa >99% Purity
0.3m length Carbon 220s Cycle >85%
0.027m ID Molecular time Recovery
Sieve CMS:
(CMY), >95% Purity
Zeolite 13X >40%
Recovery
12% CO, 1 bed Zeolite 13X 1 atm 91% purity [51]
88% N, 30°C
60% H, 120 cm length Activated 34 bar 88% purity [52]
40% CO, 5cmlID Carbon 35°C
15% CO, 30 cm height Carbon 25°C-100°C  97% purity [53]
85% N, 2.2 cm diameter  Nanotubes
(CNTSs)
COy:Hy: 1 Bed Activated 15 bar 91.5% purity  [54]
N, 9x10° m Carbon 45°C
(40:50:10  diameter 100 mL min™*
vol.%) (STP)
CO,:Ny: 10 m height Zeolite 1 bar 93% purity [55]
O, Ar: 8 m diameter 20°C 90.9%
SO,:H,0 recovery
(14.27:77.
84:4.61.0.
94:0.004:
2.33 vol %)
50% CO, 1.2 mlength USO-2-Ni 34 bar USO-2-Ni [56]
50% H, 0.025m MOF and 35°C MOF:
diameter UiO- 89.5% purity
67/MCM- 67/MCM-41
41 hybrid hybrid:

87.5% purity

2.3.Membrane technology

Membrane-based technology has great advantages over other gas-upgrading systems
and in terms of overcoming the difficulties for capturing CO, and for enhancing the H,
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purity in various gas mixture such as biogas mixture [21]. Membrane technology also
has the ability to separate chemical species without a phase change, with low thermal-
energy requirements, and with a convenient startup and shutdown procedure [21].
Currently, there are wide ranges of membranes available for hydrogen-separation
applications, which can be classified into organic (polymer) membranes and inorganic
(ceramic, metal, glass, clay and carbon molecular sieve) membranes [57]. These groups
can then be subdivided into porous and nonporous membranes. Basically, the
performance of a membrane system is largely determined by the characteristics of
permeability and selectivity [21, 58, 59]. Permeability is the flux of a specific gas
through a membrane, whereas selectivity is the preference of the membrane to pass one
gas species over another [58].

2.3.1. Membrane contactor

Nondispersive absorption using a gas—liquid contactor is a traditional absorption
method performed in scrubbers. This system is currently being used in a Membrane
Contactor (MC), which consists of a porous, organic (polymeric) membrane that
stands as a physical barrier between the gases to be separated and the absorption
liquid such as an aqueous solution of potassium carbonate (K,COs). The separation
is dependent on the attraction of gases to the absorbent employed and, therefore,
MCs can be described as devices combining membrane and absorption technology,
benefiting from the advantages of both technologies [22, 60]. A MC is a novel type
of gas-liquid contactor, which gives the possibility to provide a defined mass-
transfer area, larger interfacial area per volume, and independent control of the gas
and liquid flow rates without flooding and foaming [61]. The flow of the gas and
liquid phase is well separated by the membrane. The area of the membrane
corresponds to the mass-transfer area. By choosing proper geometries of the
membranes, a high volume-related area and low pressure drops can be achieved in
both phases [61].

A MC module for CO,/H, consists of an absorber and a desorber with a
continuous absorbent flow, as adapted from Beggel et al. [61] and presented in Fig. 3.
The membrane used by Beggel et al. for the unit is a polyvinyl trimethylsilane
(PVTMS) membrane, which was synthesized in-house. PVTMS polymer has been
known for more than 40 years as a polymer with a reasonable CO, permeability at
pressures of 40 to 44 bar [62]. In the MC system, external energy is necessary in
the desorption unit in order to increase the temperature of the absorbent and to
circulate the liquid using a pump. The CO, in the H,/CO, gas mixture entering the
absorber permeates through the membrane and is absorbed by the liquid absorbent.
The other gas component remains in the gas phase (unabsorbed) and leaves the
absorber as a clean gas. The loaded absorbent is pumped to the desorber where the
sweep gas (N,) is introduced to transport CO, out from the membrane contactor
whereby the absorbent will proceed for regeneration and will be transported back
to the absorber to allow continuous MC operation [60, 61].

On the other hand, Modigell et al. [60] reported on the separation of H, from
CO, using a membrane contactor in biohydrogen production. In this work, a
PVTMS membrane with a dense layer of 0.2 pm in thickness and PTMSP
membrane of 10 um were used. Both PVTMS and PTMSP are amorphous glassy
polymers with glass transition temperatures of Tg = 155°C and Tg = 230°C,
respectively. From the experiments it was pointed out that the developed
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membranes possessed high gas permeabilities and hence, they can be used for
membrane contactors in the field of biohydrogen purification as intended.
However, among these two membranes it was found that the synthesized PVTMS
membranes are the most suitable materials for effectively separating biohydrogen
from the H,/CO, mixture. The membranes used in this work possessed high CO,
permeability using 1 M K,CO3 aqueous solution as the absorbent [63]. Hence, it is
believed that this technique has high potential to be used for the upgrading of
biohydrogen from H,/CO, mixtures produced from POME fermentation.

Absorber
H, + CO, —— 1 Hy
L III
( Pump — /&
|I 3 A |
|
i
Absorbent PVYTMS-membrane
(H,04K,CO;) .
Sweep +CO, — "]_— Sweep

Desorber

Fig. 3. Schematic diagram of the CO,/H,
separation using a membrane contactor [61].

2.3.2. Membrane gas permeation

The membrane used in a gas-permeation unit is responsible for gas separation, as it
determines the permeability and selectivity of the process. The permeation process
will occur by contacting the gas and the solid (membrane). Hence, no liquid is
required as the solvent during the permeation process, unlike the one used in MC.
According to Luis et al. [64] the important components for gas permeation include
the permeability of the gas mixture, the separation factors, the structure and
thickness (permeance), the membrane configuration (i.e., flat, hollow fibers), as
well as the module and system design, which include many variables to be studied.
Organic polymers, as asymmetric nonporous membranes, are typically used for gas
separation. The driving force of CO, permeation through a gas membrane is the
partial pressure difference between the feed and the permeate side (Fig. 4) [65].
The major challenge to be overcome for their implementation in industry is the
large scale of the process with large membrane areas, owing to the high volume of
the gas stream to be treated, and the low concentration of CO, in the gas stream
that leads to a low CO, driving force [65]. There are ways to increase the driving
force: (i) increase the feed pressure using a compressor, (ii) increase the CO,
concentration in the feed by recirculating an enriched CO, stream, (iii) decrease the
permeate pressure using a vacuum pump, and (iv) decrease the CO, concentration
in the permeate using a sweeping gas [65]. However, these involve high energy-
consumption costs. Therefore, an economic evaluation is essential for the overall
process under specific operating conditions in order to find the best alternative
processes or techniques.
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Fig. 4. Principle of gas separation membrane via pressure driving force [65].

Kumbharkar et al. [66] demonstrated H, and CO, separation at high
temperatures (up to 400°C) using a developed polybenzimidazole (PBI)-based
asymmetric hollow-fiber membrane. With an increase in temperature, these
membranes showed a relatively large increase in H, permeance compared to CO,
permeance, thereby enhancing the H,/CO, selectivity at higher temperatures. This
effect was attributed to the rigid structure of the PBI polymer and the smaller
kinetic diameter of H, compared to CO,, which led to increase diffusion as the
temperature increased. The highest H, permeability was recorded at 400°C with 2.6
GPU and a H,/CO, selectivity of 27.3. These results depicted that PBI, in
combination with its excellent inherent properties (high thermal stability and rigid
structure) and ability to show good separation characteristics, is an attractive and
potential candidate for high-temperature H,/CO, separation. Thus, these developed
membranes could have potential in the future for the purification of biohydrogen
produced from POME fermentation.

2.3.3. Supported liquid membranes (SLMs)

SLM systems represent another type of membrane in which a defined solvent or
carrier solution immobilizes and embeds inside the porous structure of a polymeric
or ceramic membrane [67-69]. This solution stays in the porous structure by
capillary forces, which separate the feed phase from the receiving phase, as
illustrated in Fig. 5 [67-69]. The transport of the permeating species occurs through
a solution diffusion/mass—transfer mechanism [69]. This configuration has received
great attraction, because it combines the processes of extraction and stripping into
one single stage, and the amount of solvent used is much less than in conventional
solvent-extraction process [67, 70].

However, SLM is rarely and scarcely applied in industry, mainly owing to
concerns about SLM stability and long-term performance, leading to a reduction in
gas permeance, solute flux, and membrane selectivity [67, 69-71]. These events
happen because of the loss of solvent (organic phase) from the supporting
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membrane, either by evaporation or dissolution/dispersion into the adjacent phases,
pressure differences, emulsion formation, or attrition of the organic film through
lateral shear force [68, 70-72]. Recent studies have suggested the use of ionic
liquids (ILs) to overcome these drawbacks [72]. ILs are thermally stable liquid salts
at room temperature, which constitute an organic cation and either an organic or an
inorganic anion. The use of ILs as immobilized phases in porous supports produces
supported ionic liquid membranes (SILMs), which are particularly interesting,
owing to their nonvolatile properties under most conditions and because ILs are
insoluble, which lead to stable SLMs without any observable loss of the ILs to the
atmosphere or the contacting gas phases [67, 72]. SILMs possess a higher stability
than conventional SLMs, because of the greater capillary forces associated with the
high viscosity of ILs, which could reduce the displacement of the liquids from the
micropores under pressure. In addition, the utilization of ILs as membrane-
supported materials could make the permeance of the gas components different in
terms of the receiving phase [67].

\ Microporous

structure J
' L
izt ]
Aqueous ——————— Aqueous
Feed el Strip

Solution | Solution

Supported
Organic ——
Phase \‘

s —1

-

Fig. 5. Schematic diagram of a general
supported liquid membrane process [67].

Separation of CO, and H, mixtures using facilitated SILMs at high
temperatures was presented by Myers et al. [73]. An amine-functionalized IL
encapsulated in a SILM was reported used to separate CO, from H, with a higher
permeability and selectivity was recorded than any common membrane system
[73]. This separation was accomplished at elevated temperatures using facilitated
transport SILMs. The selectivity was found to increase with increasing
temperature. At separation temperatures of 85°C and above, initially, complex
dissociation (CO, molecular network breakup with ILs) overshadowed the CO,
separation, but after some time, it was eclipsed by CO, diffusion as the rate-limiting
step in the separation. The effect is enhanced by a simultaneous breakup of the
molecular CO, network formerly present in the IL, which leads to an increase in H,
permeability. The maximum selectivity corresponds to the lowest temperature at
which the complex readily dissociates. At temperatures above 85°C, the selectivity
shows the expected decrease with temperature, which is associated with the
domination of diffusive selectivity over solubility selectivity at high temperatures,
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normally observed in solution diffusion membranes. This finding has shown the
potential of the SLM technique to be used in the purification and separation of
biohydrogen produced from POME fermentation in near future. Reasonable
temperatures and operating conditions of the SLM system are expected to give a
desirable CO,/H, separation.

2.3.4. Electrochemical hydrogen compression (EHC) using catalyzed
membrane

Membrane technology using membrane gas permeation and a MC is commonly
reported to separate biohydrogen from CO, [65]. However, a catalyzed membrane
separation technique with EHC is new and currently receiving great attention for
the separation and purification of H, from mixed gases [74]. This EHC technology
is registered under the name of HyET (Hydrogen Efficiency Technologies), which
was founded in 2008 by the late inventor, Sir Erik Middelman in Arnhem, The
Netherlands. HYET has made significant progress, making proprietary membranes
and membrane cell systems specifically for EHC. HyET obtained the first
compression breakthrough at a pressure 400 bar in early 2010, selectively
extracting and purifying any H, content. Later on, it was superseded by a pressure
of 800 bar in 2011, and then the pressure even reached 1000 bar in 2013. EHC is
particularly suitable for purifying H, from mixtures, as it enables operation across a
wide range of operating pressures [74].

EHC compressors use a direct current (DC) to pull the H, through an
impermeable membrane. This technology is very efficient and highly selective for
hydrogen. Only H, molecules that come into contact with the catalyzed membrane
surface are freely dissociated into two protons (H") and two electrons (g"). Protons
diffuse through the acid membrane, whereas the electrons travel through an external
circuit when a current is applied. At the opposite catalyzed membrane surface, the
protons and electrons recombine to form hydrogen molecules again. This process
continues as long as the driving force behind the current exceeds the internal energy.
This mechanism allows only H, transport across the membrane, which means that
other gaseous species are effectively filtered out. Therefore, the hydrogen is purified.
Further details on the type of membrane and catalyst used in their system are not
disclosed. Fig. 6 shows the illustration of the overall EHC process.

EHC developed by HYET has a superior advantage, as it can transport H, against
its concentration gradient at pressure ranges from 1 — 700 bar. By having this
advantage, it can transport from low to high concentrations of H, by using an
electrical current as the driving force. In addition, the electrochemical removal of H,
directly from the reactor greatly improves the productivity of hydrogen-producing
bacteria [74]. By doing so, other gases, such as CO, from the gas stream in the
fermentation process, could be purified in the retentate stream and further utilized.

Similar technologies were also reported by Strobel et al. [75]. They described a
system that uses an electrochemical cell for the compression of hydrogen. This
electrochemical hydrogen compressor operates at a lower hydrogen flux than
mechanical hydrogen compressors. Further development of the polymer electrolyte
membrane (PEM) fuel cell could afford good prospects for realizing
electrochemical compression on a competitive basis. A specialized gas-diffusion
layer established the possibility to pressurize the cathode volume up to 54 bar [75].
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The working principle of EHC is shown in Fig. 7. Owing to the applied potential
difference, hydrogen at pressure P, (from the left cell) is oxidized at the anode to
H*, transported through the PEM, and reduced at the cathode to hydrogen at
pressure P, (from the right cell) (refer to Fig. 7). If the cathode compartment (V) is
tightly sealed, the formation of hydrogen at the cathode results in an increase of the
pressure P.. The advantages of the electrochemical system, apart from the
efficiency, include the noiseless operation, purified hydrogen produced, and
simplicity of the cooling system.

low pressure

Membrane o LU N )

high pressure
Fig. 6. EHC process using an electrolyte
catalysed membrane in presence of voltage [74].
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Fig. 7. Principle of the electrochemical hydrogen compressor [75].

Other research performed by Grigoriev et al. [76] concerned the development and
characterization of an EHC based on PEM technology. In their compression system,
pure H, was supplied to the anode, and then pure pressurized (potentially several
hundred bars) H, was collected at the cathode. Based on this study, EHC has been
targeted for extracting hydrogen from different gas mixtures and waste gases such as
from outlet gases of fuel cells and products of organic fuel conversion. Various
operating parameters such as water vapor partial pressure, current density, and
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operating temperature on the maximum output pressure are of concern and should be
addressed for such EHC [76]. The maximum output pressure of PEM hydrogen EHC
was calculated as a function of membrane thickness, current density, and operating
temperature. It was found that the most significant parameters to be considered for
designing and operating a hydrogen compressor are current density, operating
temperature, and membrane thickness [76].

The gas upgrading using membrane techniques are summarized and presented
in Table 5. Different gas combinations and membrane materials were used in the
studies. Many authors such as Modigell et al. [60], Kumbharkar et al. [66], Smart et
al. [79], Sandstrom et al. [80], Ramirez-Morales et al. [81],Qi et al. [83], Franz and
Scherer [86], Wang et al. [91], and Xing and Ho [92] have conducted a study on
separation and purification for mixture gas of H, and CO,. The highest selectivity
for H, over CO, was obtained by Wang et al. [91] with selectivity of 28 at 25 oC (1
bar) using aminated titania nanotubes into sulfonated poly(ether ether ketone)
membrane. The permeability of H, recorded was 2.5x10° barrer. The finding is
followed by Kumbharkar et al. [66] with a selectivity of 27.28 at a temperature of
400°C using PBI hollow fiber membranes. Under these conditions, the best
permeance for CO, and H, were 0.096 and 2.6 GPU, respectively. On the other
hand, Teramoto et al. [77] reported CO, separation and concentration by using a
capillary-type facilitated membrane for a mixture of CO, and N,. The recovery and
purity of CO, were 76% and 99.8%, respectively. The selectivity of CO, over N,
was up to 8000. For separation between CO, and CH,, Blinova and Svec [78]
found that CO, permeability over CH, is 3460 higher with a selectivity of 540 for a
feed gas of 90% CH4/10% CO, at 128 kPa.

Table 5. Summary of gas upgrading via membrane separation techniques.

Technology Condition Recovery Ref.
MC for efficient ~ 79% CO,, 21% H, 92% H, purity [60]
CO, removal, CO, 35700 barrer
MEA as liquid H, 7100 barrer
carriers
Cobalt oxide Feed binary mixture of Permeate gas [79]
silica membrane H,/CO, for 90/10 and concentration > 98 vol%

80/20 at 600°C
Poly Pure gases of H, and O, H, permeance 2.6 GPU  [66]
benzimidazole were tested in sequence at  CO, permeance 0.096
based 400 °C GPU Selectivity
asymmetric (H,/CO,) 27.28
hollow fiber
membrane
MFI membrane Equimolar CO,/H, The highest CO, flux [80]
for CO, mixtures, total pressure of ~ was 657 kgm?h™ at
separation 600-3000 kPa with ratio total feed pressure 3000

of 5 at room temperature
(295 K). The pore size of
MFI1:0.55 nm, thickness:
0.7 um.

kPa, highest CO,
permeance is 93x10”
mol m?s™*Pa™ at total
feed pressure 1000 kPa.
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Two gas Feed gas: 10% H,, H, concentration in [81]
membrane 90%CO,. Pressures retentate 14.68% (feed
modules for ranging from 10 to 80 pressure 180 kPa),
fermentative H, kPa, Different feed mean values of
separation: pressures of 110 to 180 permeability
PDMS and kPa, permeate pressure at  coefficients CO, 3285
SAPO-34 101.3 kPa, 296K. 160 and H; 569 + 65
barrer

Multi tube Operate at 400°C for For feed of 0.8H, and [82]
membranes at binary gas mixture 0.2Ar:
high temperature  separation. The feed and 97.07 H, yield
for H, and Ar permeate pressure: 6 atm  0.96 H, purity
separation and 1 atm respectively. 0.61 H, recovery
PANI composite  Feed gas: 90% CH,, 10%  CO, permeability 3460  [78]
membranes for CO,. Operating gas Barrer
CO, and CH,4 pressure 128 kPa for the Selectivity 540
separation (feed) less than 100 kPa

(permeate). He as sweep

gas.
MC with dense 15 vol% CO, and 85 0.5M K,CO3/0.5 MPZ  [61]
membranes for vol% N,, liquid flow rates  removes CO, almost
CO, separation of 1-20 ml min* and a completely. End
using K,COs, constant feed gas flow of  concentration in the
piperazine (PZ) 200 ml min™. Absorption  retentate is 0.01 at 5 ml
as absorption temperature is 25°C. min™.
medium.
Microporous Hybrid silica membranes, H,/CO, [83]
Niobium-BTESE  150kPa steam, 200°C, permselectivities
hybrid silica total period of 300h. (>700)
membrane
H2 permeation H, pressure differences Permeance of [84]
and recovery ranged 1.0-4.0 atm. H, 0.0220.359. >46% H, is
from H,-N, concentration in Hy-N, recovered. No less than
mixture by using  ranged 50-100 vol%. 65%, at least 92% of H,
two Pd Membrane temperature can be recovered from
membranes ranged 320-380°C. the feed gas.
CO, separation PP membrane contactor CO, removal efficiency  [85]
from flue gas by  was operated for 40h. about 90% by using
PP hollow fiber aqueous PG solution.
MC - no wetting
CO, separation Gas CO, and N,. Feed: 76% CO, recovery, [77]
by capillary atm pressure, permeate: 9-  99.8% purity. The
transport 27 kPa. selectivity of CO,/N,
membrane from about 800 to 8000.
CO, separation in  Flue gas, CO, 36.4%, H,  85% H, recovery [86]
Integrated 56.8%, up to 400°C
Gasification
Combined Cycle
SPEEK CO,/CH4(30% CO,) and  Selectivity of CO,/CH,;  [87]

membrane for

CO,/N, (10% CO,). Gas

and CO,/N, were 56.8
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CO, separation test at 30 °C and 1.5 bar and 62.0 respectively
Polybenzoxazole  Mixed gas 15 mol% CO,, CO, permeance of [88]
membranes for 75 mol% N,. Feed 2500GPU and CO,/N,

CO,/N, pressure from 1 to 6 bar at  ideal selectivity of 16
separation 25°C
CO, separation Mixed gas CO,/N, selectivity of [89]
using thermally (CO»:N»:0,=15:80:5) for 20 at 25 °C at dry
rearranged temperature range of 25—  condition. CO,/N,
membranes 75°C selectivity of 16 at 25

°C for wet condition
Sod-ZMOF/ Mixed gas 50:50 The best CO, [90]
Matrimids mol%CO,/CH, permeability and
MMMs for CO, CO,/CH, selectivity
separation (13.79 barrer and 43.4)
Mg-MOF- Mixed gas 50 ml min*H,, H, permeability 2.5 x [91]
74/CPO-27-Mg 50 ml min™ CO,, N, as 10° barrer
membrane for sweep gas 50 ml min?, 1 H,/CO, selectivity 28
H,/CO, bar, 25 °C
separation
PVA Mixed gas 20% CO, and Membrane with 22.3 [92]

polysiloxane/
silica membranes
with amines for
CO,/H,

80% H, flow rate
165cm®/min respectively.
Ar as sweep gas
30cm®/min, 107 C and

wt% FS loading:
CO,/H, selectivity 87
CO, permeability 1296
barrer

separation 220 psia

Based on the findings discussed, it can be concluded that the separation of mixed
gases for various gas components such as H,, CH,4, CO, and others can be done using
absorption, adsorption, and membrane techniques. Each technique has its own
advantages and disadvantages, depending on the type of solvent, absorbent, or
membrane materials, as well as the separation conditions, which include temperature,
pressure, flow rate, and other parameters. Gas upgrading using PVA and PSA shows
that the highest recovery could be achieved by You et al. [44] with 99.99% H, purity
and 80% recovery (Table 4). The separation of gases from H, and CO, in a
membrane with a selectivity of 27.28 at a temperature of 400°C using PBI hollow-
fiber membranes was recorded by Kumbharkar et al. [66]. Whereas, Blinova et al.
[78] found that the CO, permeability over CH, is 3460 with a selectivity of 540 for a
feed gas of 90% CH,/10% CO, at 128 kPa using functionalized polyaniline (PANI)-
based composite membranes. These findings could lead to the application of this
technique in real-scale industrial applications for gas separation, especially for the
separation of CO, and H, using the different techniques mentioned.

2.4. Current status of gas separation using different separation techniques

Separation and/or removal of CO, in order to purify biogas [34], biohydrogen [60],
and other gases [78] using the membrane technology has been repeatedly reported.
Sufficient information could also be obtained for separating CO, from the mixed
gases using PSA and PVA techniques [25]. The advantages and disadvantages of
different techniques for the separation and/or removal of CO, from gas mixtures
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(mainly CH, here) are presented in Table 6. Based on the findings in Table 6, it can
be concluded that chemical absorption with amines is likely to be the best
technique for CO, removal, as it gave the highest efficiency with more than 99%
CH, purities and very low CH, losses. However, absorption using amines such as
MEA, DEA, and MDEA could bring several drawbacks such as corrosion to the
system, decomposition and poisoning of the amines by O, or other chemicals [34],
high solution circulation rate and solution degradation [93].

Table 6. Advantages and disadvantages of gas upgrading
techniques for CO, removal from biogas mixture [34].

Upgrading Advantages Disadvantages
Absorption with e High efficiency o Expensive investment
water (>97% CH,) o Expensive operation
o Simultaneous removal e Clogging due to bacterial
of H,Swhen H,S < growth
300 cm®m™® e Possible foaming
¢ Easy in operation o Less flexible towards variation
e Capacity is adjustable of input gas
by changing pressure
or temperature
o Possible regeneration
o Low CH, losses (<2%)
Chemical o High efficiency e Expensive investment
absorption (>99% CHy,) o Heat required for regeneration
with amines o Cheap operation e Corrosion
¢ Regenerative e Decomposition and poisoning
¢ More CO, dissolved of the amines by O, or other
per unit of volume chemicals
(compared to water) e Precipitation of salts
e Very low CH, losses e Foaming possible
(<0.1%)
Adsorption o Highly efficient e Expensive investment
(PSA/VSA) (95-98% CHy) e Expensive operation
¢ H.,S is removed e Extensive process control
o Low energy use: high needed
pressure, but e CH, losses when
regenerative malfunctioning of valves
e Compact technique
o Also for small
capacities
e Tolerant to impurities
Membrane e H,S and H,0 are ¢ Low membrane selectivity:
technology removed compromise between purity of
Gas/gas e Simple construction CH, and amount of upgraded

a) Membrane for
gas permeation
Gas/liquid A

a) Membrane

o Simple operation

o High reliability

o Small gas flows
treated without

biogas

e Multiple steps required
(modular system) to reach high
purity CH, losses
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Contactor proportional e Little operational experience
b) Supported e increase of costs
Liquid Gas/gas
Membranes o Removal efficiency:
(SLMs) e <929% CH, (1 step) or
>96% CH,
e H,0 is removed
Gas/liquid
o Removal efficiency: >
96% CH,
e Cheap investment and
operation
e Pure CO, can be
obtained

Adsorption on the other hand brings a huge potential for CO, from gas mixtures
with high efficient (95-98% CH,). However, adsorption would require high cost of
investment, operation and process control which leads to the finding of new
potential technology for better separation and purification in near future.
Membrane technology currently shows a good potential but the application is still
limited and require more operational experience in real industry.

3. Energy, Economy and Environmental aspects for Gas-Separation
Techniques

In determining the suitability of a gas-separation/-upgrading technique to be
applied in real- or industrial-scale application, there are several aspects that have to
be considered, namely energy, economy, and environmental concerns. Andriani et
al. [94] reviewed a few gas-upgrading techniques and reported the aspects of
energy and economy that may influence it. Energy aspects refer to the energy
requirements for the operation of each technique, whereas the economy aspects
include general data related to the investment and operating costs for each
technique [95]. A summary of the energy requirements as well as the technical and
involved costs for each of the separation techniques are presented in Tables 7 and
8, respectively. In general, both tables give the overall data for the individual
aspects of each technique that should be taken into consideration in evaluating gas-
separation technology. This technology consists of water scrubbing, chemical
scrubbing, PSA, and membrane technique.

Table 7 summarizes the energy requirements for absorption, adsorption, and
membrane techniques, as reported by Andriani et al. [94]. Based on Table 7,
Persson [96] reported that the lowest energy requirement for the biogas-upgrading
technique was using chemical scrubbing with a value of 0.15 kWh/m® for the
upgraded biogas. However, no energy value has been reported for using the
membrane technique. The lowest energy requirement reported by Beil [97] is
similar to that of Persson [96], which used a chemical scrubbing technique with
0.12 kwh/m® for the upgraded biogas, whereas the PSA technique showed the
highest energy requirement with 0.24 kWh/m? for the upgraded biogas.

Apart from the separation efficiency and energy requirement for each of the
technology presented, further key factors that can be used to determine the
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suitability of the biogas-upgrading technique include the technical availability per
year, maintenance costs, and the estimated cost per m® associated with the
upgrading technologies for a 1000 m%h of raw biogas-upgrading plant [98]. Table
8 summarizes all available data for the commonly known technologies for gas
upgrading based on the report by Beil [97]. The highest technical availability per
year (98%) was identified using a membrane technique, which was followed by
water scrubbing (96%), PSA (94%), and lastly chemical scrubbing (91%) [97].
Water scrubbing is the one that requires less maintenance costs among the other
techniques with 15,000 €/yr compared to chemical scrubbing and PSA that can be
associated with costs more than three times that. The highest cost per m* for an
upgrading technique was determined to be the PSA technique with 0.26 €/m®,
Overall, water scrubbing has the lowest costs for maintenance per m®, with lower
technical availability than membrane techniques. Membrane techniques, on the
other hand, possess an average-level maintenance cost and cost per m® compared to
the rest, but they have the highest technical availability.

Table 7. Energy requirements for different biogas upgrading techniques [94].
Energy requirement

Techniques (kWh/m?® of upgraded biogas)
[96] [97]
Water absorption 0.3 0.2
Chemical absorption 0.15 0.12
Pressure swing adsorption 0.5-0.6 0.24
Membrane - 0.19

The next important aspect commonly considered for gas upgrading is the
environmental aspect, which is indicated by the level of methane loss associated
with a chosen gas-upgrading technique. Any methane lost during the process does
not only represent a loss of revenue, but also a significant contributor to climate
change, as methane has the potential to lead to the occurrence of global warning
[95]. Table 9 summarizes the environmental aspects for gas-separation techniques,
as reported by Niesner et al. [95]. The main consideration for selecting specific
techniques is the amount of energy required to upgrade the raw biogas to
biohydrogen. It is crucial to ensure that the energy consumption is as low as
possible so that more net energy is available for the end use [98]. Methane losses
(as a percentage) associated with gas-upgrading techniques were summarized by
Niesner et al. [95] based on different literature sources [99-101]. All of the sources
confirmed that chemical scrubbing gives the lowest methane losses, whereas the
highest is given by the membrane technique. Water scrubbing and PSA give
intermediate losses (%). All sources reported a similar pattern in terms of methane
losses, but it is still limited and more research needs to be carried out.

Based on all of the techniques presented, the absorption technique
(water/chemical scrubbing) clearly has the best performance in terms of energy
requirement, cost, and environmental aspects. Niesner et al. [95] revealed that the
most favored biogas-upgrading technology in the European region is water
absorption, followed by PSA and chemical scrubbing. Water scrubbing/absorption
are proven to be used in real applications, as it involves a simple process and is
universally applicable for various flow rates. The absorption technology seems to
be well established, but is conventional [95]. Of all the technologies we are
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focusing on, PSA and membrane techniques could offer various potentials, as they
are currently used for medium- or large-scale plants only.

Table 8. The technical availability per year, maintenance cost
and estimated cost per m® for different gas upgrading techniques [97].

Maintenance Cost per m’

CTpeny Tetmem Y e o)
(€lyr) (*RM/yr) (*RMlyr)

Water scrubbing 96 15000 63000 0.15 0.63

Chemical 91 59000 250000 - -

scrubbing

Pressure swing 94 56000 240000 0.26 1.09

adsorption

Membrane 98 25000 110000 0.22 0.92

*The cost in RM is based on the latest currency exchange from € of 1€=RM4.18

Table 9. Summary of methane losses associated
with different biogas upgrading techniques [95].

Methane losses (%0)

Techniques [99] [101]  [100]
Water scrubbing Medium 4.7 <2
Chemical scrubbing Low 0.03 <0.1
Pressure swing adsorption ~ medium 5.5 2
Membrane high - >10

4. Potential Biogas-Upgrading Technique for Palm Oil Mill

It has previously been found that the chemical scrubbing technique has the lowest
energy requirement, with 0.12 kWh/m*® for upgrading biogas compared to
membrane and water-scrubbing techniques, which require 0.19 and 0.2 kWh/m?®,
respectively (Table 5). On the other hand, the membrane technique has the highest
technical availability of 98%, which is followed by water scrubbing with 94%
(Table 7). However, water scrubbing brings the lowest maintenance cost of 15,000
€/year and a cost per m® of 0.15 €/m® (Table 8). According to the summaries in
Tables 7 to 9 in Section 3, the performance criteria for all commonly chosen
techniques are presented in Table 10. A scoring system is introduced, using the
Likert scales method to find the best technique for gas upgrading after considering
various factors. This method is a non-comparative scaling technique and is
unidimensional, where it only measures a single trait. Generally, the Likert scales
use a 5-point scale, whereas some practitioners advocate the use of 7 to 9-point
scales, which add additional granularity. However, sometimes a 4-point scale is
used to produce a forced choice, where no indifferent option is available. Each
level on the scale is assigned a numeric value or coding, usually starting at 1 and
incremented by one for each level [102].

According to Table 10, it can be observed that the highest total score is owned
by water scrubbing, with score of 16, followed by membrane, chemical scrubbing
and finally PSA, with scores of 14, 11, and 9, respectively. Therefore, it can be
concluded that water scrubbing is found to be the best technique to be used in the

Journal of Engineering Science and Technology March 2017, Vol. 12(3)



748 I. N. Mohamad et al.

industry. This is followed by membrane scrubbing, chemical scrubbing, and PSA
based on the highest total score obtained. Hence, water scrubbing is the most
potential technique to be applied for upgrading the biohydrogen from oil mill
effluent by taking into consideration to this finding.

Table 10. Different performances criteria for well-known
gas upgrading techniques identified by using Likert scale.

Performance Criteria

Technique Energy Technical Maintenance Cost MethaneTotal
Requirement availability cost per m® losses

Water 2 3 4 4 3 16
absorption

Clnii ezl 4 1 1 1 4 1
absorption

Pressur(_e swing 1 2 2 5 2 9
adsorption

Membrane 3 4 3 3 1 14

Rank: 1 is the worst and 4 is the best following Likert Scale

5. Concluding Remarks

Treatment of POME is crucial as it possesses a high biochemical oxygen demand
(BOD) and chemical oxygen demand (COD) with 100 times more than domestic
sewage, a high solids concentration, and it is highly acidic, makes the effluent to be
highly polluting POME treatment through aerobic digestions may produce mixed
gases (methane/CO, and biohydrogen/CO,) that could be used to work towards a
greener environment upon upgrading.

Various gas-separation techniques have been developed and presented in this
review. A technique can be chosen based on several aspects, which include the
energy, economy, and environmental aspects. Commonly chosen techniques include
water/chemical scrubbing, PSA, and membrane techniques. Based on these criteria
and review, water scrubbing is found to be the best technique to be used in the
biogas-upgrading industry, followed by membrane and chemical scrubbing as well as
PSA. Hence, these guidelines are justified for selecting the best gas-upgrading
technique to be used in palm oil mill industry applications.
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