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Significant attention has been given to biogas production, purification and upgrading as a renewable and clean
fuel supplement. Biogas is a product of an anaerobic digestion process comprising methane, carbon dioxide,
and trace amounts of other gases. Biogas purification removes trace gases in biogas for safe utilisation. Biogas
upgrading produces methane-rich biogas by removing bulk carbon dioxide from the gas mixture. Several carbon
dioxide removal techniques can be applied for biogas upgrading. However, chemical absorption of carbon dioxide
for biogas upgrading is of special significance due to its operation at ambient or near ambient temperature and

gf(gzriérading pressure, thus reducing energy consumption. This paper reviews the chemical absorption of carbon dioxide
Biofuel using amine scrubbing, caustic solvent scrubbing, and amino acid salt solution scrubbing. Each of these tech-
CO, capture niques for biogas upgrading is discussed. The paper concludes that an optimised implementation of the chemical
Absorption absorption techniques for biogas upgrading requires further research.

Amine scrubbing
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1. Introduction

Fossil fuel depletion, rapidly growing energy demands, combined
with greenhouse gas emissions encourage the development of renew-
able, sustainable, and environmentally friendly sources of energy [1].
For this, the production of fuel methane from biogas produced via an-
aerobic digestion (AD) interests researchers and environmentalists [2].
Biogas is a mixture of methane (CH,4), carbon dioxide (CO,), and traces
of hydrogen sulphide (H,S), ammonia (NH3), nitrogen (N,), hydrogen
(Hy), water vapour and other volatile compounds [3]. The methane con-
tent in the produced biogas decides its heat value when converted to
energy [4]. The presence of H,S may damage the equipment and
engines used in the conversion process due to its corrosive nature.
Therefore, removing H,S is an important step for biogas cleaning prior
to its utilisation [5]. This process of purification has been discussed in
several published works [5-9].

Since CO, is considered as an inert gas in terms of combustion, it
should be removed from biogas to increase its heat value. Removing
CO, from biogas, usually termed as biogas upgrading/enriching, is neces-
sary when the targeted utilisation requires a high methane content [10].

The standard composition of purified and upgraded biogas depends
on its target application and the country policy [11]. The main biogas
utilisation options include power generation in the combined heat and
power (CHP) unit, injection to natural gas pipelines and converting it
to vehicle fuel. When used as a vehicle fuel, biogas has a unique advan-
tage of producing low greenhouse gas (GHG) emissions [12].
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A major requirement for injecting biogas to natural gas grid or the
transformation of biogas to a vehicle fuel is the upgrading to have
more than 95% CH,4 content [13,14]. Moreover, comparing the low
heat value (LHV) between biogas and methane, biogas of 60 vol% CHy4
and 40 vol% CO, has a LHV of 17,717 (kJ-kg™ 1), while a 100% CH, gas
has a LHV of 50200 (k]J-kg~!) [15]. Hence, biogas upgrading is
performed not only to enable its usage in wider applications but also
to increase its heat value by the removal of non-combustible CO,.

CO, removal from gases has been performed for many years using
techniques such as chemical and physical absorption, membrane
separations, pressure swing adsorption (PSA), and cryogenic separation
processes. Even though there are numerous experimental data available
in literature discussing the CO, absorption, there is little published work
discussing the implementation of these techniques for biogas upgrading
[16].

This paper reviews the published works on CO, capture using chem-
ical absorption processes with special attention given to data from
biogas upgrading experiments. It highlights the potential chemical
absorption of CO, in upgrading biogas. Data, important findings, and
recommendations from each of the reviewed techniques are integrated,
tabulated, and made easy for researchers to estimate the suitability of
each technique.

2. Overview of CO, Chemical Absorption
2.1. Background

Absorption is a process of transferring a component from its gas
phase into a liquid provided that the gas is soluble in that liquid [17].
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In the case of CO,, the solubility of the gas is dependent on the solvent
physical and chemical properties. When the gaseous molecules of CO,
are attached to liquid molecules with weak intermolecular forces, the
absorption is described as physical absorption. Therefore, the physical
absorption process is usually operated at high pressure and low temper-
ature to increase the CO, solubility in the absorbing liquid. The chemical
absorption process is performed via absorbing CO, from biogas by cova-
lently bonding it into the molecules of the absorbing liquid [18]. The
strong covalent bonds between the chemical solvent molecules and
the CO, molecules make the chemical absorption process more efficient
in absorbing CO, even at ambient temperature and pressure.

2.2. Process

The chemical absorption process for CO, removal from biogas, per-
formed in a packed column like any other chemical scrubbing of any
gas, can be optimised by selecting the best solvent, best contactor
(tray or packing with respect to process conditions), best gas and liquid
flow rates, and best stripping conditions [17,19].

The column in which chemical absorption process is performed can
be represented with an ideal plug flow reactor where there is mixing
only in the radial direction and not in the axial direction [20]. Fig. 1
shows the flow diagram of a typical gas absorption process. The detailed
designs of the absorber, stripper, and solvent selection are governed by
the composition of the feed gas and the required composition of the
scrubbed (treated) gas.
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Fig. 1. Gas absorber using a solvent regenerated by stripping [19].

When using a packed column for absorbing CO, from biogas, a water
solution is usually prepared from the selected absorbent and is fed into
the top of the packed column while the raw gas is fed from bottom in a
counter current flow. The estimation of the column height and diameter
are dependent on other factors such as gas and liquid flow [21].

2.3. Solvent selection
Solvent selection is the most important step in the biogas upgrading

process. The suitability of a solvent to be used for absorbing CO,
from biogas is decided by the difference in solubility between CO, and

methane in that solvent. Water can be used to selectively absorb CO,
from biogas by a pure physical process [22]. The solubility of main bio-
gas components NHs, H,S, CO, and CHy4, in water at 25 °C and 0.1 MPa
partial pressure of diluted gas, is 280000, 1020, 340, and
13.2 mmol-kg~'-MPa~', respectively, as reported by [10]. In addition
to solubility gradient between CO, and CHy, the solvent has to comply
with other requirements of being available, cheap, environmental
friendly, having a high CO, load, easy to regenerate, and having low
viscosity [10].

To upgrade biogas to a vehicle fuel, several chemical absorption
techniques have been used. Few liquids have been used for upgrading
biogas including amines, caustic/alkaline solvents, and amino acid salts.

3. Chemical Absorption Techniques for Biogas Upgrading

Since solvent selection is the most important step in the chemical
absorption of a gas, the techniques discussed in this section are
categorised based on the solvent used. For each of the amine scrubbing,
caustic solvent scrubbing, and amino acid salt scrubbing techniques,
the theory, the early work, and the most recent improvements are
discussed. The following review includes the process applied for CO, ab-
sorption with special attention to solvents and techniques performed
for biogas upgrading.

3.1. Amine scrubbing

3.1.1. Theory and background

Amine scrubbing of CO, is where CO, is absorbed by an amine-
based solution. The absorption is a chemical absorption process
since covalent bonds are formed between the amine and CO,. The
most common amines used for CO, removal are monoethanolamine
(MEA), diglycolamine (DGA), diethanolamine (DEA), triethanolamine
(TEA), methyldiethanolamine (MDEA), and piperazine (PZ) [10,18].
MEA is the most used amine for absorbing CO- as a scrubbing agent.
Egs. (1) and (2) summarise the possible reactions using MEA
mentioned by many researchers [23-25].

2RNH, + CO, = RNH;" + RNHCOO™ (Carbamate route) (1)

RNH; + CO, + H,0 = RNH3 "+ HCO3; ™~ (Bicarbonate route)  (2)

The amine solution absorbs CO, both physically to the liquid and
chemically. However, the mass transfer of CO, from the gaseous phase
to the liquid phase is increased by the chemical reaction between CO,
and the amine. The chemical reaction consumes CO, in the liquid
phase to maintain the concentration gradient of CO, in the two phases
[26]. One recommendation while performing amine scrubbing is to
keep the molar flow of amine at a rate of at least four times of the
molar flow rate of CO, [18]. More about the mass transfer and the
thermodynamic of the process is discussed by [23,27].

An early use of amine scrubbing for CO, removal was reported in
1930 by [28]. The amines recommended for the CO, scrubbing were
primary, secondary, and tertiary and may contain a carboxyl group
[28]. Other early studies examining amine-based CO, scrubbing
used monoethanolamine, triethanolamine, and diaminoisopropanol
[29], di- and tri-ethanol amine [30], ethylaminoethanol [31],
methyldiethanolamine [32], piperidine methanol/ethanol/propanol/
butanol or pentanol [33], and hydroxyethyl piperazine [34]. One early
study claimed that the effectiveness of monoethanolamine and
diaminoisopropanol is twice that of triethanolamine [29].

More recent works emphasised the use of the sterically hindered
amines for CO, removal from the mixture of gases [35-37]. It was
claimed that steric hindrance gives amines higher thermodynamic
capacity and faster absorption rates when CO, concentration is high
[37]. Nevertheless, it was later claimed that hindrance of amines
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increases their absorption capacities but decreases the rate of absorp-
tion especially at low CO, concentrations [35].

Some studies used piperazine-based amine mixtures as CO, scrub-
bing solvents instead of MEA-based mixtures. One famous study used
a mixture of PZ and MDEA [38]. The mixture was claimed to be capable
of removing other impurities present in gases such as H,S [38]. The PZ-
MDEA solution contains a tertiary amine (MDEA) and a secondary
amine (PZ) and is proven to have an overall faster reaction with CO,
when compared to MEA or a blend of MEA and MDEA [39]. The presence
of a secondary amine increases the overall amine-CO, reaction rate
while the presence of the tertiary amine reduces the energy of regener-
ation due to its low reaction energy [18].

3.1.2. Amine regeneration

The three most common challenges faced when performing amine
scrubbing are reducing energy consumption (during regeneration),
inhibiting corrosion, and preventing the amine degradation [40]. Energy
consumption and degradation of amines mainly occur in the regenera-
tion step.

As indicated earlier, a small group of amines have the abilities of
chemically bonding acidic gases at low pressure. These amines may
later be regenerated by raising temperature [28,41] or reducing
pressure [42] to free gases. In the case of CO, scrubbing, the reaction be-
tween CO, and amine in the scrubbing solution is regarded as exother-
mal. The regeneration of the scrubbing solution can be performed by
stripping with water vapour or air after heating to 100-120 °C. Pure
CO; can be produced after stripping if water is condensed from the
stripper vapour leaving CO, in a gaseous phase [43].

Decreasing process energy consumption is the main challenge when
producing or enriching an energy source. There are several comparisons
between the various amines in terms of their regeneration abilities to
reduce energy consumption of the process. Some studies claimed that
itis easier to regenerate tertiary amines [ 18] and the satirically hindered
amines [44] than regenerating primary and secondary amines.

Energy saving in the absorption process can be obtained by either in-
creasing the absorption capacity of the absorbent, thus reducing the
amount of liquid to be regenerated, or by lowering the regeneration pro-
cess energy requirement. Options for lowering energy cost during regen-
eration were discussed by several researchers focusing on the type and
design of stripper and regeneration conditions [26,45,46]. Other studies
emphasised the use of high volatility liquid as a stripping carrier to re-
duce energy use in the regeneration of the CO, rich amine [47].

3.1.3. Amine degradation

Degradation of amines refers to the action when amines bind with
CO, [48], oxygen, or other gas components [10] to form a compound
in an irreversible reaction. The degradation process causes solvent
loss, decrease in the solvent absorption capacity, foaming, increased
viscosity, increased disposal cost, and increased corrosion [49].
Researchers have suggested different mechanisms explaining amine
degradation pathways [49-53]. Their focus was on identifying the
degradation products with no clear recommendation on how to
decrease the degradation process [49,51,53].

Some studies suggested few practises to be implemented for the sake
of degradation hindrance such as lowering CO, loading, increasing amine
concentration, and lowering temperature at reboiler to be below 110 °C
[50]. Other studies recommended using amines with higher resistance
to thermal degradation compared to MEA and DEA such as piperazine
[52] and MDEA [54]. The common recommendation is that the process
of degradation of amines used to absorb CO, cannot be controlled by
few factors of the process. Rather, the degradation is controlled by param-
eters interacting with each other including the type of amine, stripping
temperature, pressure, CO, loading, and amine concentration.

The oxidative type of solvent degradation was discussed by [55].
Oxidative degradation is believed to be more dominant than thermal
degradation in the pilot scale in comparison to lab scale [56]. A recent

study claimed the ability of inhibiting MEA oxidation by compounds
such as, 2,5-dimercapto-1,3,4-thiadiazole (DMCcT), diethylenetriamine
pentaacetic acid (DTPA), hydroxyethylidenediphosphonic acid
(HEDP), and methyldiethanolamine (MDEA) [57]. The researchers
tested these inhibitors on the MEA solution at low temperatures
only, thus, they are yet to be confirmed at high temperatures.

Other than binding irreversibly with CO,, amines degrade when
there are other impurities in the gas such as solid particles, SO,, NO,,
and oxygen [10]. The prior removal of these impurities from gas can
halt solvent degradation. In the case of biogas upgrading, solvent
degradation is considered an important factor due to the high CO,
concentration and the presence of other impurities which may lead to
unfavourable irreversible reactions.

3.1.4. Corrosion

Another important challenge when implementing amine scrubbing
for CO, removal is corrosion. Some amines, such as MEA, have corrosive
nature especially at high temperatures [40]. Also, amines can degrade
into corrosive products when reacting with CO, [58]. The MEA corrosive
power is estimated to be maximum at the inlet and outlet of the stripper
atarate of 1 mm per year for carbon steel in a pilot plant with a capacity
of removing not less than 1 t CO, per hour [58]. It has been further
claimed that highest corrosion occurs at a set of parameters combining
high temperature with high CO, loading, high O, partial pressure, high
amine concentration, and rough surface condition [58,59].

3.1.5. Recent improved processes

The recent most amine scrubbing techniques focus on the possibility
of lowering energy consumption, inhibiting corrosion, and preventing
amine degradation. Many studies have sought to overcoming solvent
degradation by using a mixture of amines as a solvent. In most of
these studies, MEA was used as a benchmark. One study claimed the
ability of preparing a new degradation-resistant amine mixture [60]. It
has been claimed that the new amine is sterically hindered and has a
higher stability in terms of oxidative degradation since it absorbs CO,
by forming the bicarbonate anion without forming the carabamate
one [60].

Another study performed for the CO, capture from post-combustion
of coal and natural gas verified the use of a mixture of 2-amino-2-
methyl-propanol (AMP) and piperazine. The authors claimed that by
using this mixture, compared to MEA, the overall process energy loss
decreased significantly [61].

One novel method suggested for reducing the amine regeneration
cost is the application of concentration swing absorption (CSA). The
heat consumption for regenerating CO, rich solvent is reduced by
swinging the amine and the CO, concentration in the solvent [62]. The
CSA is performed by implementing a conventional absorption process
at the normal amine concentrations (up to 30% for MEA), then the
rich solvent concentration of MEA is increased by removing water
[62]. A study applying the CSA using MEA for CO, absorption has
shown that increasing the MEA from 30% to 60% has decreased the
energy consumed for removal of 1 kg of CO, by 34% [62].

3.1.6. Cases of amine scrubbing for biogas upgrading

Most works on amine scrubbing for CO, capture were for post-
combustion capture, natural gas processing, and coal gasification. How-
ever, there is a lack of published work on applying amine scrubbing for
biogas upgrading. Many variables must be analysed to design an amine-
based optimal biogas upgrading unit [63]. Nevertheless, there are few
published studies on biogas upgrading using amine scrubbing. These
studies include both simulation based studies and experimental based
studies.

Some studies concerning biogas upgrading involved the use of some
software for simulating the whole process. A group of researchers
compared DGA to five other amines and amine-blends (MEA, DEA,
DGA, MDEA) and mixtures of (MDEA + MEA, MDEA + DEA), using
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the process simulator ProMax®. The study concluded that the most
promising amine for CO, capture from biogas is DGA with the greatest
advantages in terms of achieving better yields (97.3% CH,) with lower
power consumption [63].

Other published works on performing amine scrubbing on biogas
and landfill gas such as the works of [64,65], [66], [67], [68], [69] and
[70] are reviewed in Table 1.

All cases reported in Table 1 showed that amines in general have the
ability to efficiently remove CO, from biogas. The amine scrubbing of
CO, was performed in a counter current flow using column reactor
packed with different types of packing in cases 1, 2, 3, 5, and 6. However,
case 4 verified the use of bubble column reactor for biogas upgrading.
But as expected, this type of reactor cannot support the scrubbing of
CO,, at high flow rate.

The cases comparing the performance of different amines have all
shown that using MEA has yielded the highest methane purity as
compared to DEA [68] and MDEA [64,65,70]. However, compared to
MEA, a lower energy consumption was recorded for DEA [71] and
MDEA [64,70].

Table 1 shows that few cases have examined the use of blends of
different types of amines (primary, secondary, tertiary and sterically
hindered) for the removal of CO, form biogas. Also, the cases reviewed
in Table 1 have not presented enough details describing the stripping
conditions of CO, or the energy cost associated with regenerating the
different amines and blends of amines. Hence, future studies should an-
alyse in more depth the difference in performance between various
amines, blends of amines, and amines with special additives to optimise
the absorption-stripping process.

Moreover, future studies should focus on the possibility of
minimising amines degradation when used to upgrade biogas since bio-
gas has the high potential to degrade amines due to the high CO, partial
pressure and the presence of other impurities in biogas that promote
degradation. In conclusion, more research is required in the field of
optimising the integrated process of scrubbing and stripping of CO,
from biogas by different amines and amine mixtures.

3.2. Caustic solvent scrubbing

3.2.1. Theory and background

Caustic solvents (sodium hydroxide, potassium hydroxide, and cal-
cium hydroxide) are the second most abundant solvents which can
chemically absorb CO, from a mixture of gases after amine solutions.
These alkaline solutions have been examined by several researchers
for their ability to absorb CO, for more than 50 years. The early works
on caustic solutions focused on measuring the solubility of CO, at differ-
ent concentrations as well as studying the kinetics and the thermody-
namics of the absorption process. The early works were discussed,
analysed, and reviewed by several researchers [31,72-74].

Many of the early published work on CO, absorption by caustic
solutions focused on the use of sodium hydroxide [72,74-76]. Other
early works investigated the use of potassium hydroxide [77,78].
However, less attention was given for the use of calcium hydroxide
[73]. This section reviews the theory involving the three caustic solvent
reactions with CO, as well as the abundant, available, and potential
techniques implementing caustic solutions for CO, absorption. More
attention is given to the techniques performed for CO, absorption
from biogas.

Sodium hydroxide, the most repeatedly used caustic solvent, is
categorised as a strong alkaline; therefore it is completely ionised in
water to Na* and OH™ [79]. Sodium hydroxide (NaOH) has been
reviewed as an efficient CO, absorber by many researchers [79-81].
Compared to MEA, NaOH has the advantage of being cheaper, more
available and possessing a greater theoretical CO, capture capacity [79].

Similar to amines, other than being physically absorbed with the
NaOH, CO, is chemically absorbed via the reaction given in Eq. (3).

2N30H(aq) + COZ(g) - N32C03(aq) + HZO(I) (3)

CO, absorption with NaOH has been performed conventionally using
a packed column by many researchers [76,79,82,83]. However, column
packing supplement method has been suggested by other researchers

Table 1
Published cases implementing amine scrubbing for biogas upgrading
Case/[reference] 1/[64,65] 2/[71] 3/[67] 4/168] 5/[69] 6/[70]
Amine and 15% MEA 20% DEA 10% MEA 30% MEA and 20% 0.1 M MEA 40% MDEA, 40% MDEA +
concentration 50% MDEA DEA (0.6% MEA) 2% PZ, 10% MEA, 20% MEA,

Apparatus Packed Column Packed column, H = 8 m, PVC Packed column,
Packing: pall D=045m
rings Packing: plastic
polypropylene jacks

Operating conditions Gas flow rate: Gas flow rate 25 m*-h™!

H=24m,D=0.067m
Packing: polyethylene

Gas flow rate 60 m>-h™!

30% MDEA + 10% MEA
Packed column, H =3.5m
Packing: BH-packing

2000 m?-m~3

Bubble column Pyrex glass Packed
column,H=1m,

D =0.07m

Packing: plastic bioballs
Ambient temperature

Gas flow rate Amine flow rate:

51.9 kmol-h~! Temperature 25 °C Temperature 25 °C 1.6L-h~! 30°C 0.096-0.12 m3-h~!
Temperature: Pressure 0.1015 MPa Pressure 0.1015 MPa Temperature 30 °C  Pressure 0.1 MPa Gas flow rate:
20°C 3.6-54m3-h!
Pressure:
0.1015 MPa
Feed gas composition CH,4:58.0% CH4:51.1% CH,4:60% CH,4:52% CH,4:53.1% CH,4:79%-68%
(CHy4, CO,) C0,:36.6% C0,:46.0% C0O,:40% C0O,:48% C0,:46.8% C0,:21%-32%
H,0:2.9% H,S:2150 x 10~°
H,S:80 x 10~
Product purity CH,:98% CH4:98.4%, CO,:0.1% CH4:90%, CO, < 10% CH4 > 95% CH4:98% CH4:87%-100%
(highest CHg, CO,<2% H,0:1.5%, H,S <100 x 1076 CO,<5% C0,:1.3% C0O,:0%-13%
lowest CO,) H,S:0.1 x 10~° H,S:0
Regeneration/recycle NAQ® Desorption at 180 °C and NA® Complete recycle  Recycle without NA®
0.8 to 2 MPa with regeneration regeneration

Important findings MDEA has a lower Operating at low pressure

consumption of  saves 50% of the energy

power required when
pressurising is performed

and methane produced

by additional drying

Including an amine
scrubber to biogas power
plant can reduce the cost of capacity
energy from 0.024
USD-(kW-h)~1t0 0.015
could be increased to 100% USD-(kW-h)~!

100% removal of CO, with
20% MEA, 10% MEA and
30% MDEA +10% MEA. In
general MEA yields a
higher CO, removal
efficiency and 20% MEA has
the best performance

MEA has a higher Higher methane
CO, absorbing concentration with
MEA compared
DEA has a higher

cycling capacity

@ NA: not available.
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[84]. The method is based on the idea of using spray nozzles with the abil-
ity of producing a fine spray of the solvent. The later method has been
claimed to allow for the high rate capture of CO, using NaOH at low pres-
sure drop, reduced capital cost and decreased water loss [84].

Potassium hydroxide (KOH) is the second most abundant caustic
solvent used for CO, scrubbing. KOH reacts with CO, by the reaction
given in Eq. (4).

2KOH 3q) + CO3(g) — K2CO3(aq +H20, (4)

The chemical absorption process of CO, using KOH is no different
from the process applied using NaOH. KOH is more expensive than
NaOH, however, it is reported that KOH is advantageous to NaOH due
to the formation of K,CO3 which has several industrial applications
[85]. Therefore, KOH cost can be reduced if the first product of Eq. (4)
(K5CO0s) is sold [85].

The third caustic solvent verified for its ability to absorb CO, is
calcium hydroxide (Ca(OH),). The reaction of Ca(OH), with CO, is
given by the reaction in Eq. (5).

Ca(OH)y(aq) + COzg) — CaCOs(5q) + H20) )

A suspension of lime (Ca(OH), solution) for the absorption of CO,
has been performed by [73]. In their study, the researchers used a bub-
ble column with agitated contactors. In general, less attention was given
to CO, absorption using Ca(OH), due to the low solubility of the first
in water which makes it not suitable to be used at higher CO,
concentrations.

3.2.2. Solvent regeneration

A common challenge faced when implementing any technique for
CO, absorption is the solvent regeneration in terms of possibility, effi-
ciency, and cost. Regeneration of aqueous NaOH and KOH is considered
very difficult, when compared to MEA regeneration. NaOH and KOH
regeneration difficulty is due to the formation of thermally stable
Na,C0s3 and K,COs as the final products of CO, absorption.

Considering the regeneration of NaOH, a considerably low tempera-
ture of 160 °C is needed to decompose NaHCO5 into Na,COs3, H,0 and
CO,, whereas, a very high temperature of 800 °C is required to form
Na,O which is considered a suitable source of NaOH [79].

The conventional NaOH regeneration from Na,COs is performed by
treating the later with lime in a process usually called causticisation
which is described by reactions in Egs. (6), (7), and (8) [81].

Na,CO; + Ca(OH), = 2NaOH + CaCOs, AH;gp -c = —5.3 k] - (mol CO,) !
(6)

CaC03 = CaO + CO,, AHqgp «c = 178 K] - (mol CO,)™ (7)
Ca0 + H,0 = Ca(OH),, AHygg «c = —65 K] - (mol CO,)™" (8)

The reactions in Egs. (7) and (8) are also included in the regenera-
tion process of KOH and Ca(OH),. Therefore, the regeneration of the
three caustic solutions is costly due to the high energy requirement
explained by Eq. (7).

In addition to the high temperature demand, causticisation of
sodium hydroxide using lime has intolerable drawbacks of limited
efficiency and the production of low alkalinity solvent [81]. Therefore,
several researchers have studied the possibility of implementing a
novel method for regenerating NaOH from Na,CO3 [79].

Some researchers [81] suggested the use of sodium tri-titanate in a
direct causticisation process to regenerate sodium hydroxide from
sodium carbonate. They claimed that their novel technique requires
half of the energy required by the conventional causticisation process
using lime and the same with energy required to regenerate MEA
after CO, absorption [— 130 k- (mol CO,)~']. It was claimed that the

regeneration process using sodium tri-titanate has produced a concen-
trated sodium hydroxide which will in turn reduce the water loss [81].

3.2.3. Mineral carbonation

The process by which CO, is stored in the form of CaCO3; when
reacting with calcium oxide (Ca0) or calcium hydroxide (Ca(OH),) is
called mineral carbonation. The reaction between calcium oxide (CaO)
and CO, is an exothermic reaction (the reverse reaction of Eq. (7)) as
shown in Eq. (9) [86].

CaO(S) + COz(g) = CaC03(S), AH]OO °Cc = —178 1(] . (mol COz)_] (9)

In the presence of water, the aforementioned process is called aque-
ous mineral carbonation for which a standard detailed procedure has
been recently explained by [87]. The reaction of lime (Ca(OH),) with
CO, is given in Eq. (5) as an exothermic reaction with the heat of
reaction (AH;9 -c) equals — 109 k- (mol CO,) ™" [88].

The use of a solution containing dissolved and suspended lime
(Ca(OH),) for the absorption of CO, is considered a slow process in
the ambient temperature and pressure [87]. The increase of the rate of
reaction for the process may be obtained by increasing both tempera-
ture and pressure [89] and running the process at the best liquid-to-
solid ratio [87,89].

The common term usually used in the field is accelerated carbon-
ation which refers to the process of CO, sequestration using calcium hy-
droxide at high rate of reaction. Research in this field has presented
various ways for accelerating the absorption process. One method to
accelerate the process is to use a gravity pressure vessel reactor to
accelerate the carbonation process [89].

Another controversial issue when using mineral carbonation is
raised regarding the source of lime used in the process. Due to the fact
that synthetic calcium oxide or calcium hydroxide is usually produced
via a reaction that produces CO,, there have been several trials to find
a way of using calcium-containing waste as a source of CaO or
Ca(OH),. Cheap and environmentally friendly source of calcium oxide/
hydroxide has been targeted by many researchers. Among the famous
calcium-containing sources examined in the field of CO, capture in gen-
eral are; the fly ash obtained from coal burning [90], slag from ground
steel [91] and blast furnace [92], dust from cement kiln [93,94], waste
combustion residues [95], bottom ash from municipal solid waste incin-
erator [96], and paper mill effluent [97]. Other calcium-rich waste to be
considered for the CO, capture and storage are reviewed by [95,98,99].

3.2.4. CO, absorption using carbonate solutions

Sodium carbonate (Na,COs) and potassium carbonate (K,COs), the
products of Egs. (3) and (4) respectively, are known for their ability to
chemically absorb CO,.

CO, is usually absorbed by the carbonate solutions at relatively high
pressure values when compared to other methods. The process is
operated at a pressure swing absorption-desorption cycle rather than
at a temperature swing absorption process [100]. When a carbonate
solution is used to absorb CO,, the overall reaction can be written as
Eq. (10).

COyg) + CO32~ + H,0 = 2HCO;~ (10)

Several early works discussed the use of carbonate solutions in
absorbing and capturing carbon dioxide [101-105]. Some other more
recent published works were focusing on the use of potassium carbon-
ate solution for CO, absorption and storage [106-109].

The absorption of CO, using carbonate solutions has many advan-
tages, such as the low volatility, low corrosion rate, and the possibility
to absorb other impurity gases [110]. Nevertheless, a major drawback
associated with the process is the slow absorption rate of CO, compared
to amines and caustic solvents [110].
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Recent researches suggested improvements to speed up the process
of CO, absorption using carbonates solutions. The recommended
improvements included promoting the absorption process by adding
piperazine [111], monoethanolamine [112], boric acid [113] and
amino acids such as glycine, sarcosine and proline [114] to the carbon-
ate solution.

The slow absorption rate of CO, makes the carbonate solutions less
suitable for the removal of CO, from (40% CO, containing) biogas unless
a tangible improvement is obtained. In fact, there is little published
work discussing the use of carbonate solutions for the biogas upgrading
process. Hence, there is a lack of experimental data to establish a fair and
useful evaluation for the possibility of using the carbonate solutions for
biogas upgrading.

3.2.5. Cases of caustic scrubbing and mineral carbonation for biogas
upgrading

Chemical absorption of CO, using a caustic solvent for biogas
upgrading can be classified into two types with respect to the regener-
ation procedure of the rich solvent. The first type is the one utilising a
fresh caustic solution (NaOH or KOH) and the process is performed by
the conventional regeneration method explained in the solvent regen-
eration section. Whereas the second and more novel type is performed
using a waste source of calcium for the sake of solvent regeneration or
environmentally friendly storage of CO,.

Several researchers have focused on the use of various types of waste
residues as a source of lime to regenerate KOH or NaOH. The direct use
of raw lime for the caucticisation of alkaline solutions such as NaOH and
KOH is not favourable from the environmental point of view since the
production of lime releases CO,. Therefore, using calcium-containing
waste for the causticisation of alkaline solvent has several advantages
in terms of reducing the environmental impact of the regeneration
process [115]. A group of cases reported using of caustic solutions for
biogas upgrading are listed in Table 2 and Table 3.

Table 2 reviews the work of [85],[69] and [ 70]. The cases reviewed in
Table 2 prove the ability of the three caustic solutions in obtaining a
biogas with 94%-97% methane content. The highest methane purity is
obtained by case 1 when a 53% KOH solution is used; however, this is
a very high concentration of the solvent which makes the process
more costly. Ambient or near ambient temperature and pressure is
maintained in the three cases reviewed. The absorption is performed
using packed columns with different types of packing operating in a
counter current flow.

The reviewed cases in Table 2 included a satisfactory discussion of ab-
sorption process and the results obtained; however, more justification
should be given for the fast saturation of Ca(OH), concluded in case 2.
In addition, more information and discussion should be presented re-
garding the fate of the rich solvent used and the regeneration choices.

Table 3 reviews cases of biogas upgrading involving mineral carbon-
ation performed by [116],[117,118]and [115]. Case 1 is performed by the
direct storage of CO, in the form of CaCOs. The authors have called this
process bottom ash for biogas upgrading abbreviated as BABIU [116].

From Table 3, in Cases 2 and 3 CO, is absorbed by caustic solutions of
NaOH and KOH while a waste source of calcium is used for the regener-
ation of the rich solvent. The authors of Cases 2 and 3 have called this
process alkaline with regeneration abbreviated as AwWR [115,118,119].

Alkaline with regeneration (AwR) and bottom ash for biogas
upgrading (BABIU) both used mineral carbonation (as explained previ-
ously). BABIU is represented by the reaction in Eq. (9), while AWR is rep-
resented by the reactions in the Egs. (6), (7), and (8). It is claimed that
both AwR and BABIU use waste as inputs to the process with the attrac-
tive advantage of enriching biogas and stabilising metals using waste
[120].

Some studies highlighted the environmental impact of several
biogas upgrading techniques including the two processes BABIU and al-
kaline with regeneration (AwR) [121-123]. It was concluded that BABIU
has the lowest environmental impact then alkaline scrubbing (scrub-
bing with a caustic solvent). On the other hand, AWR had the highest
environmental impact in 11 of the 12 categories reviewed by [121].

In a nutshell, caustic solutions are promising solvents to be used for
CO, removal from biogas. However, the process needs more attention
focusing on the use of novel regeneration procedure to reduce energy
consumption and additional solvent requirement. Likewise, techniques
incorporating the use of waste source of calcium for the permanent stor-
age of CO, (such as BABIU) are thought to be promising if more novel
calcium-rich waste materials are tested. Nevertheless, the AWR process
seems to have high environmental impact compared to other tech-
niques and has to be optimised to be more environmentally friendly.

3.3. Amino acid salt solutions

3.3.1. Theory and background

Amino acids can replace the use of alkanolamines for CO, capture
due to the presence of the amine group [124]. When amino acids react
with alkaline salts such as lithium, sodium or potassium hydroxide,

Table 2

Published cases implementing caustic scrubbing for biogas upgrading
Case/[reference] 1/[85] 2/[69] 3/[70]
Solvent and concentration 53% KOH 0.1 mol-L~! NaOH (0.4%) 10% NaOH

0.1 mol-L~"'Ca(OH), (0.74%)

Packed column

H=099m

D=0.08 m

Liquid flow rate = 50 L-h~!
Gas flow rate = 20 m>-h™!
Temperature = 45 °C

Apparatus

Operating conditions

Pyrex glass packed column, H=1m, D = 0.07 m
Packing: plastic bioballs

Ambient temperature 30 °C
Pressure 0.1 MPa

Packed column,H = 1.8 m,D = 0.3 m
Packing: polyethylene balls 25 mm in
diameter

Ambient temperature 30 °C

Pressure 0.1 MPa

Feed gas composition (CHy, CO,) CH,4:50% CH,4:53.1% CH,4:60%
C0,:45% C0,:46.8% C0,:40%
Na:5% H,S:2150 x 106
Product purity (highest CH4 and CH4:97% NaOH/CH4:95.5% CH,4:94%
lowest CO,) CO,<3% C0,:3.2% C0,:6%
H,S:0
Ca(OH),/CH4:95%
C0O,:4%
H,S:0
Regeneration/recycle NA® Recycle of solvent used without regeneration NA®

3

Important findings Used energy is 1 kW-h-m™

Ca(OH), is saturated more rapidly

Concluded NaOH is not suitable for
biogas upgrading due to continuous
addition of solvent

@ NA: not available.
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Table 3

Published cases implementing BABIU and AWR
Case/[reference]  1/[116] 2/[117,118] 3/[115]
CO, absorbent Wet MSWI BA (22.3% water)® 3.8 mol-L~! NaOH KOH
Calcium source MSWI BA air pollution control (APC) residues® APC residues

Two times 990 kg of BA with density of 1660 kg-m 3
Inlet gas 58.2 vol% CH,, 40.8 vol% CO, and 95 x 1075 H,S

Experimental
details

- Production of 99% CH,, 0% CO», and 1.4 x 10~ H,S
gas with 13.9 kg CO, per tonne of BA.

Important
findings

than 5 x 10~ even at high gas flow rate, hence no
need for biological desulphurisation.

- BA biogas upgrading has relatively low
environmental impacts

Drawback 1- Large amount of CO, rich BA produced

Washing APC residues for 10 min
Gas flow rate = 20 m>-h™!
Inlet gas is 42 vol% CO,

90% CO, removal

Regeneration efficiency decreases with higher
- An added advantage of using BA is H,S content is less NaOH concentration in the absorbent solvent,
while CO, removal decreases

1- Limited NaOH concentration max

from a waste incineration plant (35.6% Ca), SSS
from AOD (38.3% Ca)® and BA from the landfill
of biogas production (21.9% Ca)

Washing alkaline residues with water to wash
salts especially chlorides

Then react residues slurry (Ca(OH),) with K;CO5
to release KOH

- Washed APC has the highest KOH regeneration
capacity (65%-70% of KOH used as absorbent).

- Estimated overall CO, absorption capacity
(stored as calcite) is 200 g CO, per kg washed
APC residues

K,CO5 regeneration to KOH is not complete

2- Relatively low specific CO, uptake of 13.9 kg CO, per 4 mol-L~! in the absorbent solvent

tonne of BA

as an inert material for civil constructions.
2- Use BA of lower metal and organic content

2- Low NaOH regeneration efficiency 50%-60%
Recommendation 1- CO, rich BA is non-hazardous waste and can be used 1- Use a multi stage procedure using two or
more columns in series.

2- Dry washed APC residues before contacting

Improve APC residues washing or using residues
with higher lime but lower chloride content

with rich solvent

@ MSWI BA: municipal solid waste incinerator bottom ash.

@ APC is air pollution control, SSS is stainless steel slag, AOD is argon oxygen decarburisation unit, and BA is bottom ash.

the carboxylate group of the amino acid is neutralised forming amino
acid salt (AAS) [124]. The conventional amino acid neutralisation to
AAS is performed by reacting the later with potassium hydroxide
[125]. In addition to reacting with potassium hydroxide, AAS can be pre-
pared by reacting with amines to produce an amine-based AAS [126].

Even though AAS are considered expensive compared to other CO,
absorbing solvents [125], they have the same or better advantages in ab-
sorbing CO, from biogas, than alkanolamines [127]. Due to their ionic
nature, amino acid salts perform similar to amines in absorbing CO,
while having lower volatility [127]. Holding a lower volatility reduces
the expected absorbent loss during the regeneration of the solvent
[124,127].

In addition, amino acid salts have the advantage of being naturally
occurring, offering a higher resistance to oxidative degradation, and
being biodegradable which enables the easy and environmentally safe
disposal [124,125,127]. Nevertheless, a key disadvantage in the use of
amino acid salts is their high molecular weight which may lead to an in-
crease in the absorber size especially when CO, fraction is high as in the
case of biogas [127].

The reaction mechanism between amino acid salts and CO, is similar
to the mechanism explained for the reaction of the later with
alkanolamines. The kinetics of the reaction between amino acid salts
and CO, are discussed by [124,125,128].

3.3.2. Amino acid salts for CO, absorption

Among the early studies on the potential that amino acid salts have
in reactively absorbing CO, are [129-131]. Other early works examining
the kinetic of the reaction between CO, and AASs were reviewed by
[125]. More recent works about the use of AASs for CO, absorption
has been discussed in many studies [124-126,132-134].

The recent studies have verified the use of various potassium-based
AASs for the absorption of CO,. Among the recently recommended
AASs are potassium salts of taurine and glycine [125,134], sarcosine
[135,136], proline [124], alanine [137], serine, and a-aminobutyric
acid [133].

Other recent studies recommended amine-based AASs as effi-
cient absorbents of CO,. For instance, sarcosine neutralised with 3-
(methylamino)propylamine (MAPA) was claimed to have a relatively
good performance in absorbing CO, from a mixture of gases [126,138].

In general, amine-based AASs have an additional advantage of lower en-
ergy requirement when compared to potassium-based AASs [126,138].

3.3.3. Amino acid salts for biogas upgrading

AASs are believed to have potential in the biogas upgrading process
not only due to the high efficiency of CO, absorption but also due to
their high selectivity between CO, and CH,4. AAS selectivity between
CO, and CH4 was reported to be twice of the selectivity of MEA [139].
There is little work published on the use of amino acid salts for biogas
upgrading. However, some of the recent cases implementing amino
acid salts are listed in Table 4.

Table 4 reviews the work of [127], [140] and [ 141]. The cases listed in
Table 4 have shown the ability of AAS to efficiently obtain a biogas of up
to 99% methane content. The first two cases in Table 4 investigated the
use of potassium-based AAS for biogas upgrading. However, the third
case highlighted the use of amine-based amino acid salt as a CO,
absorbent for the upgrading of biogas.

Case 1. verified the use of potassium glycinate (PG), potassium L-
argininate (PA), potassium L-prolinate (PP), potassium L-ornithinate
(PO) and potassium sarcosinate (PS) in a bubble column at near ambi-
ent temperature and pressure and concluded that PO and PG have the
advantages of high absorption kinetics, very low absorbent loss, and
high regeneration efficiency. In addition, increasing basicity increased
CO, absorption rate but decreased CO, regeneration efficiency [127].

Case 2. investigated the use of 20% PA using a hollow fibre membrane
contactor for biogas upgrading and compared it with MEA using the
same apparatus. This study concluded that CO, absorption capacity of
PA is four times that of MEA [140]. Having high CO, absorption capacity
is a key advantage which makes this solvent a promising solvent to
replace alkanolamines if the whole absorption-desorption process is
well optimised.

The third case listed in Table 4 (Case 3) verified the use of two
amine-based AASs (MEA-based L-ornithinate (MEAORN) and MEA-
based glycinate (MEAGLY)) and compared their performance to MEA
and PZ. The study has concluded that MEAORN and MEAGLY both
have higher CO, absorption capacity compared to MEA and PZ; and
MEAORN had the highest value for CO, absorption capacity among all
solvents [141].
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Table 4
Published cases implementing AAS scrubbing for biogas upgrading

Case/[reference] 1/[127]

2/[122]

3/[141]

AASs and their concentration potassium glycinate (PG), potassium
L-argininate (PA), potassium L-prolinate
(PP), potassium L-ornithinate (PO) and
potassium sarcosinate (PS)

Apparatus Bubble column

20% potassium L-argininate (PA)

Membrane contactor: hydrophobic hollow

30% MEA-based L-ornithinate (MEAORN) and
MEA-based glycinate (MEAGLY)
Compared to MEA and PZ

Bubble column

fibre microporous polypropylene (PP)
membranes
D =10.018m

H=04m
Gas flow rate = 30.62 kmol-m~2-h~! to

Operating conditions Gas flow rate = 0.12 m>-h~!

Absorption at atmospheric pressure and 35 °C

Temperature = 35 °C 70.54 kmol-m~2-h~! temperature
400 g of solvent Temperature = 30 °C
Pressure = 110-200 kPa
Feed gas composition (CHy4, CO;)  CH4:60% CH4:60% CH4:60%
C0,:40% C0,:40% C0,:40%
Product purity (highest CH4 and CH4:99% CH4:99.15% CH4:99%
lowest CO,) CO,<1% CO,<1% CO,<1%

Regeneration by heating to 75 °C and NA®
recycling solvent
By increasing basicity, CO, absorption

Regeneration/recycle
Important findings

decreases PO and PG have the
advantages of: high absorption kinetics,
very low absorbent loss, and high
regeneration efficiency

Optimal CO-, loading may be
rate increases but regeneration efficiency 0.17-0.22 mol-mol ™~ 'for MEA and
0.69-0.78 mol-mol ™' for PA

Regeneration by heating to 75 °C and
recycling solvent

MEAORN had the highest value for CO, cyclic
capacity of 0.733 mol CO,-(mol MEAORN) !

@ NA: not available.

In brief, the process of applying AAS scrubbing for biogas upgrading
is a promising technology due to its relatively high stability. The process
can be further optimised if the effect of basicity is studied intensely. AAS
scrubbing technology requires more comprehensive and detailed evalu-
ation of the techno-economic feasibility with special concern given to
the regeneration energy cost, environmental impact and efficiency.

4. Conclusions

Chemical absorption of CO, is a promising technology for biogas
upgrading. Several cases implementing chemical absorption of CO,
using amine scrubbing, caustic scrubbing, and AAS scrubbing have
shown the ability to upgrade biogas to a methane-rich gas. The afore-
mentioned techniques might be considered mature in the field of CO,
capture and removal from post-combustion gases but they are still
at the beginning of biogas upgrading. Among the three techniques
reviewed in this study, amine scrubbing is the most mature. However,
it requires more research to overcome the solvent degradation and en-
ergy loss when used for biogas upgrading in large scales. Future studies
are required to evaluate the feasibility of using blends of amines (prima-
ry secondary, tertiary and sterically hindered) for biogas upgrading. The
caustic solvent scrubbing is believed to have a higher CO, loading capac-
ity than amine scrubbing but still requires improvements to lower the
energy consumption during the regeneration step. Future works should
focus on the possibility of converting the spent solutions into value
added products rather than regenerating them. AASs are the least
studied for their ability to upgrade biogas but they have attractive
advantages of being resistant to oxidative degradation and having low
volatility. However, AAS implementation for upgrading biogas in plant
scale still requires extensive research due to the large absorber size
required when using them. After all, the current data on chemical ab-
sorption for biogas upgrading is insufficient to use them at industrial
plant scale with optimised performance. Therefore, chemical absorption
techniques need more focused research to analyse the possibility of
their optimised implementation in the field of biogas upgrading.
Current efforts should be focused on the energy consumption and envi-
ronmental impact of each technique when applied for biogas upgrading

and the possibilities of reducing them by comprehensively analysing
the different parameters of the absorption-regeneration process cycle.
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