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capture and removal of hydrogen sulfide: a critical
review
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and Khairiraihanna Johari *ac

Hydrogen sulfide is an extremely toxic, poisonous and flammable gas often found in natural gas streams

and crude oil reservoirs. Due to its hazardous and corrosive nature, it must be effectively removed to

protect human health and for economic reasons. To overcome these issues, various technologies

and methods have been implemented for efficient capture of H2S. This work presents

a comprehensive review of various up-to-date technologies and materials such as ionic liquids, deep

eutectic solvents, carbon-based adsorbents, zeolites, metal organic frameworks, membranes and

composite materials. Furthermore, an in-depth discussion for each technology and class of material

is also included. Besides, potential opportunities and limitations are also identified to further enhance

the development in future research. By evaluating eco-friendly and cost-effective techniques, our

work contributes to reducing harmful emission of H2S, protecting air quality and promoting cleaner

industries. Our work aligns with the UN's sustainable development goals, specifically SDG 7

(affordable and clean energy) and SDG 13 (climate action), by advocating for a cleaner and more

sustainable energy sector, as well as SDG 9 (industry, innovation, and infrastructure) through

innovative solutions for cleaner industrial processes.
Sustainability spotlight

To minimize the impact of global climate change and environmental degradation, it is of paramount importance to address the urgent need to capture and
remove hydrogen sulde, an extremely toxic and pollutant gas. Our review paper provides a comprehensive analysis of cutting-edge methods that promise
sustainable solutions for this critical issue. By evaluating eco-friendly and cost-effective techniques, our work contributes to reducing harmful emission of H2S,
protecting air quality and promoting cleaner industries. Our work aligns with the UN's sustainable development goals, specically SDG 7 (affordable and clean
energy) and SDG 13 (climate action), by advocating for a cleaner and more sustainable energy sector, as well as SDG 9 (industry, innovation, and infrastructure)
through innovative solutions for cleaner industrial processes.
1. Introduction

Hydrogen sulde (H2S) conversion and capture has presented
a persistent economic and environmental challenge
throughout the last century.1 H2S is a noxious, foul-smelling,
and toxic substance that frequently contaminates crucial fuel
gases.2 It is essential to eliminate this compound from these
streams due to both economic and safety concerns. The
natural tendency of H2S to create acidic solutions when
combined with water leads to corrosive damage in equipment
and pipelines.3 Additionally, the presence of H2S in fuel gases
rsiti Teknologi PETRONAS, 32610 Bandar

iriraihana.j@utp.edu.my

), Universiti Teknologi PETRONAS, 32610
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the Royal Society of Chemistry
diminishes the heating value4 and causes catalyst poisoning.4

Notably, the combustion of H2S generates sulfur dioxide and
other harmful sulfur oxides, which contribute to acid rain.5

Furthermore, as indicated in Table 1, H2S is a toxic gas that
poses hazards even at low concentrations.6,7 Prolonged expo-
sure to around 5 ppm causes irritation of the eyes and respi-
ratory system, while concentrations of 1000–2000 ppm result
in immediate fatality. Hence, it is crucial to control and limit
H2S emissions to enhance worldwide atmospheric chemistry
and improve overall life quality.8

Consequently, to utilize various fuel gases for generating
energy or chemical manufacturing, it becomes necessary to
purify them by eliminating and/or converting acid gases such as
H2S and CO2. The acceptable level of H2S in a gas stream relies
on the specic intended use and local regulations. For instance,
in the United States and Denmark, pipeline gas must contain
less than 4 ppm of H2S,9 whereas fuel cell and reformer
RSC Sustainability, 2024, 2, 757–803 | 757
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Table 1 Acute health symptoms at various concentrations of H2S6,7

Concentration (ppm) Acute health symptoms

0.0001–0.0003 Standard ambient levels
0.01–1.5 Minimum limit where the distinctive smell of rotten egg becomes noticeable
2–5 Extended exposure might lead to headaches, nausea and insomnia
20 May cause fatigue, headache, appetite loss, forgetfulness, irritability and nausea
50–100 Irritation to respiratory tract and slight conjunctivitis “gas eyes” aer 1 hour

Might lead to loss of appetite and digestive upset
100–150 Eye irritation, coughing and loss of smell within 2 to 15 minutes

Altered breathing and sleepiness aer 15 to 30 minutes
Sore throat aer 1 hour
The symptom severity increases steadily over several hours
Death possibility aer 48 hours

200–300 Evident conjunctivitis and irritation of breathing passages aer 60 minutes
Extended exposure may cause pulmonary edema to occur

500–700 Staggering, loss of coordination and collapse aer 5 minutes
Serious eye damage in 30 minutes
Death within 30 to 60 minutes

700–1000 Death within several minutes due to respiratory paralysis
Instant “knockdown” or collapse within a few breaths

1000–2000 Almost instant death
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applications typically need lower than 1 ppm of H2S.10,11 The
techniques for H2S capture can be categorized into several
classes such as absorption, adsorption, chemical conversion,
membrane separation and cryogenic distillation. This extensive
review focuses on the latest developments in each of these
technologies, with a particular emphasis on advancements
made within the past 5 to 15 years. Each technique has its own
sets of advantages and disadvantages inuenced by various
aspects, which will be elaborated upon in the following
sections. The summary of technology selection for this review is
presented in Fig. 1.
Fig. 1 The summary of technology selection for H2S removal and captu

758 | RSC Sustainability, 2024, 2, 757–803
2. Technologies for H2S capture and
removal
2.1. Absorption

Absorption is among the most established technologies in the
oil and gas industry for removal of acid gases such as H2S and
CO2 from natural gas streams using a liquid solvent.12 H2S
absorption involves transfer of H2S from the gas feed into the
physical or chemical solvent in the packed or plated conven-
tional absorption columns. In general, the reaction
re.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanisms for the absorption process can be divided into two
categories such as chemical and physical absorption, based on
the interaction strength between the solvents and H2S.

Chemical absorption involves strong chemical bonds that
are difficult to break, whereas physical absorption involves weak
intermolecular forces that are easier to overcome. Typically,
chemical absorption operates at low pressure, while physical
absorption requires high pressure to operate optimally. As
a result, physical solvents are preferable as compared to
chemical solvents under the conditions where the feed gas
contains high H2S concentrations and partial pressure. Physical
solvent systems are identical to chemical solvent systems but
are dependent on the gas solubility in the solvent instead of
reaction stoichiometry.

The solubility of acid gases such as H2S and CO2 is heavily
reliant on the gas partial pressure and reaction temperature of
the system. Higher partial pressures lead to higher gas solu-
bility. In contrast, low temperatures lead to higher gas solu-
bility. However, in general, temperature is not as critical as
pressure. Moreover, the solvents can be regenerated by adjust-
ing the pressure and temperature.13 Absorption methods can be
classied into ve major classes such as alkanolamines, phys-
ical solvents, ionic liquids (ILs), deep eutectic solvents (DESs)
and hybrid blends. Table 2 provides the summary of recent
studies on H2S absorption using the different classes of solvents
stated beforehand.

2.1.1 Alkanolamines. Alkanolamines are themost common
chemical solvents for acid gas removal via absorption from
natural gas streams.43 Absorption by alkanolamines is also
widely regarded as the most mature technology for acid gas
removal due to their widespread applications in the oil and gas
industry.44,45 Alkanolamine solutions such as diisopropanol-
amine (DIPA), methyldiethanolamine (MDEA), diethanolamine
(DEA), monoethanolamine (MEA), diglycolamine (DGA), trie-
thanolamine (TEA) and 2-amino-2-methyl-1-propanol (AMP) are
widely used as solvents for dissolving H2S and CO2 despite
having different absorption performances.46 Nonetheless, other
types of solvents such as sodium hydroxide (NaOH), potassium
carbonate (K2CO3), sodium carbonate (Na2CO3), sodium hypo-
chlorite (NaClO) and piperazine (PZ) have also been used for
H2S absorption14,47,48 in recent years.

Besides, there are also a large number of conventional
solvents available for acid gas absorptive removal such as ADIP,
ADEG. OASE, FLEXSORB, GAS/SPEC and UCARSOL series.
Privately owned amine processes of low energy by oil companies
such as Shell, i.e., ADIP and Sulnol;49 and ExxonMobil, i.e.,
FLEXSORB™SE50 and OASE®sulfexx™51 were able to selectively
remove H2S in the presence of CO2 commercially. The long-
established hot potassium carbonate (HPC) process was pio-
neered by Benson and Field, before being licensed by Universal
Oil Products (UOP) as the UOP Beneld™ process.52 On the
other hand, the CATACARB® process which utilizes enhanced
HPC technology is commercially proven, with over 150 plants in
30 different countries worldwide facilitating a variety of appli-
cations such as natural gas, ammonia, hydrogen and ethylene
oxide.52
© 2024 The Author(s). Published by the Royal Society of Chemistry
In chemical solvent processes, the acid gas feed enters the
absorption columns at high pressure between 5 and 205 bar and
low temperature between 35 and 50 °C, while the solvent enters
the regenerator at high temperature between 115 and 130 °C
and low pressure between 1.4 and 1.7 bar.53 Generally, primary
amines (MEA) and secondary amines (DEA) are more reactive
towards acid gas, whereas tertiary amines (MDEA) and sterically
hindered amines (AMP) are less reactive but possess higher
selectivity towards H2S.

MEA is the most widely used alkanolamine for removal of
acid gas due to certain factors such as low cost, low hydrocarbon
solubility, high reactivity and ease of recovery. However, MEA
suffers from various drawbacks such as strong affinity towards
CO2, zero selectivity towards H2S, stable carbamate formation,
and highly volatility, corrosivity and degradability, thus limiting
its absorption potential.54,55 Similarly, DEA has advantages
comparable to those of MEA but is less corrosive and has higher
vapor pressure.56 MDEA surpasses both DEA and MEA in
performance and efficiency due to its high loading capacity,
high selectivity towards H2S, low vapor pressure, low corrosivity
and high efficiency. Conversely, when MEA and DEA react with
CO2, they form stable carbamates, resulting in a reduced
hydrolysis rate to bicarbonate, consequently leading to low
absorption of H2S into the amines.57 In contrast, AMP reacts
with CO2 to form unstable carbamates, whereas MDEA does not
form any carbamates, making them more favorable choices
compared to MEA and DEA.58

Among these solvents, a combination of MEA and DEA is
commonly used in the sweetening process of natural gas
streams. Industrially, aqueous MDEA is mixed with primary or
secondary amines such as 2-tertiarybutylamino-2-ethoxyethanol
(TBEE), AMP, DGA, MEA, DEA and DIPA to obtain desirable
performance and effects. Primary or secondary amines were
used as they have higher reaction rates, whereas MDEA has
a higher equilibrium capacity. It is also common that three
different types of solvents were mixed to achieve the desired
target. The blended solvents offer a combined effect of a high
reaction rate and high equilibrium capacity. However, these
multi-solvent systems involve very complex chemical reactions
causing the solvents to be hard to regenerate. Moreover, the gas
stripping process at elevated temperatures is an energy inten-
sive process, leading to solvent losses due to thermal degrada-
tion and volatilization.59

Abdulrahman and Sebastine60 investigated the best solvent
for simultaneous removal of acid gases among MEA, DEA and
MDEA. They suggested that 35 wt% DEA is the best and most
cost-effective solvent for removal of both CO2 and H2S gases.
Another study by Mandal et al.61 revealed that MDEA performs
slightly better as compared to AMP in H2S absorption. Lu et al.53

discovered that the performance of an aqueous blend consist-
ing of 1.5 kmol m−2 of MDEA and 1 kmol m−2 of TBEE is far
higher than that of 2.5 kmol m−2 of MDEA alone for selective
removal of H2S. The authors also deduced that both primary
and secondary sterically hindered amines, i.e., TBEE and AMP,
exhibited comparable characteristics to tertiary amines such as
MDEA. Moreover, Li et al.19 and Du et al.19 investigated the
performance of AMP and 2-tert-butylamino ethanol (TBE) for
RSC Sustainability, 2024, 2, 757–803 | 759
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selective removal of H2S from a feed gas that contains 15% H2S
and 85% CO2. AMP has a higher performance and selectivity
towards H2S at low amine concentrations, whereas TBE
performs better at high amine concentrations and displayed
slightly higher selectivity towards H2S as compared to AMP.
Nevertheless, both AMP and TMP have a similar removal effi-
ciency for H2S.

An activator is typically added to the aqueous amine blend as
an additive to enhance the base amine performance. Piperazine
(PZ) is an example of a commonly used activator in amine
blends because of its high resistance to oxidative and thermal
decomposition.62 Sheng et al.63 and Lin et al.64 recorded a higher
reaction rate of PZ with CO2 as compared to that of other
conventional solvents such as MEA, DEA, MDEA and AMP.
Nguyen et al.65 and Dash et al.66 reported that the blends of
amines and PZ possess lower volatility than the amines alone as
the blends typically form non-ideal solutions. On the other
hand, Yunhai et al.15 evaluated the performance of MEA, MDEA,
a mixture of MEA and MDEA and a mixture of MEA, MDEA and
PZ for H2S capture from natural gas streams. They reported that
the performance of MEA was the highest followed by the
mixture of MEA, MDEA and PZ, the mixture of MEA and MDEA
and MDEA, respectively. The results proved that PZ could
improve the loading capacity of H2S but possesses lower selec-
tivity towards H2S in the presence of CO2. Meanwhile, Zhan
et al.17 investigated an aqueous blend of MDEA and PZ for H2S
absorption under different conditions. It was observed that PZ
has a higher reaction rate with CO2 as compared to MDEA. In
addition, it was also noticed that a higher concentration of PZ
has led to higher CO2 removal but a lower H2S removal effi-
ciency. Similarly, Haghtalab and Izadi67 also recorded a lower
H2S loading capacity with the addition of PZ to each aqueous
solution of MDEA and DIPA, respectively.

Lee et al.48 performed simultaneous absorption and
desorption of H2S and CO2 from a feed gas containing 50 ppmv
H2S, 35% CH4, and 15% CO2 with the remainder being N2 using
a total of 11 aqueous blends containing 4.5 wt% MDEA and
5 wt% activator. The activators used are AMP, PZ, bis(3-
aminopropyl)amine (APA), diethylenetriamine, tetraethylene-
pentamine, 1-dimethylamino-2-propanol, 2-amino-1-butanol, 5-
amino-1-pentanol, dibutylamine, N-propylethylenediamine and
1,4-diaminobutane. PZ was found to be the best activator for
CO2 absorption but poor for H2S absorption. On the other hand,
APA demonstrated excellent performance for H2S absorption
but does not show any selectivity towards H2S when CO2 is
present.

On the other hand, Zhan et al.17 discovered that when the
MDEA concentration rose above 1.68 mol L−1 in the aqueous
blend of MDEA and PZ, the removal efficiency of CO2 and H2S
declined sharply. Fu et al.68 and Foo et al.69 also stated that
higher concentration of MDEA led to an increase in viscosity,
which resulted in lower diffusivity of amine molecules in the
solvent. Consequently, it led to lower capacity and absorption
rate of the amine solvents. Similarly, Tian et al.70 recorded
a decreasing performance of MEA and DEA blends as the
concentration of MDEA increases at low partial pressure of H2S.
Thus, it can be deduced that there should be an optimal
764 | RSC Sustainability, 2024, 2, 757–803
concentration of MDEA that could lead to the highest perfor-
mance in any solvent containing MDEA. The viscosity of the
solvent also has a great impact on CO2 absorption as compared
to H2S absorption. Generally, H2S absorption is restricted by the
gasmass transfer, whereas the absorption of CO2 is restricted by
reaction kinetics and liquid mass transfer.53,61,71

Alkanolamines are extensively utilized for acid gas removal
via absorption methods due to their efficiency and versatility.
Despite their wide applications in the natural gas industry,
alkanolamine-based processes suffer from several drawbacks
such as alkanolamine degradation, losses due to volatility,
water presence in outlet gas and being energy intensive.72 These
limitations cause alkanolamine-based processes to be uneco-
nomic and unsustainable, which has led to limited adoption
outside the natural gas industry.

2.1.2 Physical solvents. In the chemical engineering
context, physical solvents refer to substances used for acid gas
or contaminant removal from the gas stream through the
physical absorption principle, where the solvents physically
interact with the polar CO2 and H2S molecules to capture and
separate them from the gas stream without involving any
chemical reaction. Generally, physical solvents operate at low
temperatures and oen require additional cooling, and operate
at high pressures reaching up to 50 bar with H2S partial pres-
sures exceeding 3 bar. Physical solvents are oen used when the
pressure of the acid gas in the feed is above 3.45–4.14 bar, at low
concentrations of heavy hydrocarbons, when there is a require-
ment for bulk removal of acid gas and when high selective
removal of H2S is needed. In addition, physical solvents can also
remove organic suldes, heavy hydrocarbons and carbonyl
sulde (COS). Nevertheless, physical solvent processes are only
regarded as economical when the H2S concentration is high,
and the gas treatment is conducted at high pressure.73

There are several processes that employ physical solvents for
H2S absorption such as Selexol, Rectisol, Purisol, Fluor, Geno-
sorb, Morphysorb, and Coastal AGR II processes. Selexol, Gen-
osorb and Coastal AGR II use dimethyl ethers in polyethylene
glycol (PEG), Rectisol uses methanol, Fluor uses propylene
carbonate, Morphysorb uses N-formylmorpholine and mor-
pholine derivatives, whereas Purisol process uses sulfolane and
N-methyl-2-pyrrolidone (NMP) as solvents, respectively.13,74

Among the listed processes, Rectisol and Selexol are the most
outstanding due to their capability of acid gas deep removal and
reducing the concentration of COS and H2S to 0.01 ppm and
1 ppm, respectively. This makes Rectisol suitable for chemical
synthesis applications which require less than 1 ppm of sulfur
compounds. However, Rectisol is an energy-intensive process
and uneconomic as the recovery process of the methanol
solvent used needs a high cooling duty and large volume of
water for washing. In addition, the methanol used is also highly
volatile and has a low selectivity towards H2S over CO2. In
contrast, the Selexol process exhibits exceptional selectivity for
H2S, low vapor pressure, and demonstrates high thermal and
chemical stability. The only downside to the Selexol process is
its high viscosity at low temperature, which contributes to lower
efficiency and mass transfer rates.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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By comparing all conventional physical solvents, Purisol
demonstrated the highest selectivity towards H2S in the pres-
ence of CO2, making it highly viable for selective removal of H2S.
In addition, Purisol also possess a higher vapor pressure
compared to Fluor and Selexol. Nevertheless, similar to Rec-
tisol, Purisol needs water for washing in order to recover the
spent solvents. Fluor is suitable for CO2 bulk removal from feed
gas containing a low content of H2S with minimum loss of
solvents. Moreover, Morphysorb is also excellent for selective
removal of H2S but suffers from high volatility.75 The perfor-
mance of physical solvent processes in H2S absorption can be
improved by increasing the gas pressure, as the solubility of H2S
in the solvent is directly proportional to its gas phase partial
pressure.

Recently, nanouid application for gas absorption has
gained increasing attention. Nano-sized particles such as
alumina, silica, graphene oxide and carbon nanotubes (CNTs)
were mixed with solvents such as MEA, DEA and MDEA76 to
improve the mass transfer coefficient in three-phase systems
which consist of gas, liquid and solid phases. The gas adsorp-
tion by nanoparticles aids in sustaining the ow of gas from
areas of high concentration to areas of low concentration,
a phenomenon commonly referred to as the shuttle effect. The
collision between the gas–liquid interface and the nanoparticles
causes the diffusion boundary layer to become thinner and
inhibits bubble coalescence, resulting in higher contact surface
area between the gas and liquid interface. The performance of
Fe-5MEA-DES systems for H2S removal was quite promising;
nevertheless, the H2S removal efficiency dropped to below 50%
aer the third regeneration cycle.77 This showed the need to nd
better ILs which can maintain high desulfurization perfor-
mance and H2S removal efficiency aer multiple regeneration
cycles.

2.1.3 Ionic liquids. Ionic liquids (ILs) are liquid salts with
a melting point lower than 100 °C.78 They are a new class of
environmentally friendly solvents and are gaining widespread
recognition as novel solvents in chemistry due to their unique
properties attractive to a variety of applications including in gas
solubility, separations, catalysis, extraction, reaction media and
high-temperature pyrochemical processing.26,79,80 ILs possess
various intrinsic properties such as good thermal stability,
tunable viscosity and miscibility with organic solvents and
water, as well as good extractability for various metal ions and
organic compounds, which are highly dependent on their
special structures.81 ILs possess an extremely low or negligible
vapor pressure because ILs have charged anions and cations
that are held very strongly by coulombic interactions and are
very difficult to break. This causes ILs to have a very low vapor
pressure and remain in the liquid state without evaporating,
even at high temperatures up to 400 °C.82

In general, ILs consist of bulky, nonsymmetrical organic
cations such as imidazolium, pyrrolidinium, pyridinium,
ammonium or phosphonium and various different inorganic or
organic anions such as chloride and tetrauoroborate anions.
Compared to conventional solvents, ILs have many fascinating
properties that make them unique. Generally, ILs are colorless
liquids possessing relatively high viscosities. Under ambient
© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions, ILs exhibit very low vapor pressures contributing to
their effective non-volatile nature. Due to their non-volatility,
ILs have been advertised as green solvents.83 Additionally, ILs
are excellent solvents for a wide spectrum of organic, inorganic
and polymeric materials and are immiscible with numerous
organic solvents. The wide usage of ILs in various extraction
processes as organic solvent replacements is considered a hot
and interesting research topic.84 The fact that ILs are not
ammable and volatile makes them highly desirable for safer
process development. Moreover, IL physicochemical properties
such as hydrophobicity, polarity, viscocity and others can be
tuned85 by interchanging their constituent cations and anions.
ILs are oen regarded as “designer solvents” due to their
tunable nature, which increases their potential uses.86 Gener-
ally, ILs can be further divided into two major classes, ordinary
ILs and task-specic ILs.

Among the rst to study H2S absorption using ILs, Jou and
Mather39 prepared [Bmim][PF6] and classied it as a physical
absorbent. They also deduced that ILs could be used for bulk
removal of acid gas at high pressures. Pomelli et al.41 investi-
gated the H2S solubility in [Bmim][NTf2] and recorded a low
correlation between H2S solubility and Kamlett–Ta parame-
ters. They deduced that the strength of anion interactions with
H2S is similar to that of hydrogen bonds and the H2S solubility
in ILs is less affected by the cations. Furthermore, the capacity
and regenerability of any particular IL can be tuned by changing
the anions of the IL. Wang et al.26 found out that pyridinium-
based ILs performed excellently for selective absorption of
H2S over CO2 due to the presence of hydrogen protons in H2S
molecules. The solubility of H2S and CO2 was also found to have
increased as the length of alkyl chains of cations increased. The
solubility of H2S increases in the following order of [BF4], [C4Py],
[C4Py][NO3], [C4Py][SCN], [C6Py][SCN] and [C8Py][SCN], respec-
tively. By comparing the anions with similar cations, [SCN]−

displayed the highest H2S over CO2 selectivity value of 8.99 at
30 °C. which is far higher than that of imidazolium-based ILs.
On the other hand, Jalili et al.27 reported that [Emim][BF4]
possesses similar absorption capacity for H2S to that of other
[BF4]-based ILs and similar selectivity to other types of ILs such
as [Emim][eFAP],87, [C4mim][PF6],88, [C8mim][NTf2]89 and
[C8mim][PF6].90 Nevertheless, conventional ILs act as physical
absorbents and exhibit reduced absorption capacities for H2S
and CO2 under low to moderate pressures.

To mitigate current deciencies of ordinary ILs, new
subcategories of ILs are introduced known as task-specic ionic
liquids (TSILs). TSILs are specically designed for a particular
purpose of reaction such as for H2S absorption applications.91

Typically, TSILs are prepared by tethering one or more func-
tionalized groups that could improve their physicochemical
properties.92 As a result, their chemical interactions with H2S
can be tailored to improve the absorption capacity of TSILs,
exceeding that of ordinary ILs. Huang et al.93 synthesized 1-
alkyl-3-methylimidazolium carboxylates as TSILs for H2S
absorption. The TSILs exhibited a higher solubility of H2S than
ordinary ILs, reaching up to 0.6 mol mol−1 at room temperature
and pressure. Nonetheless, the H2S selectivity over CO2 is
unsatisfactorily low reaching only 1.0 at 30 °C. Consequently,
RSC Sustainability, 2024, 2, 757–803 | 765
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Huang et al.94 also synthesized dual Lewis based-ILs (DLB-ILs)
for selective H2S capture over CO2. [N2224][IMA] exhibited
a H2S solubility of 0.85 mol mol−1 and selectivity of 10 for H2S
over CO2 at standard temperature and pressure. Despite their
advantages, DLB-ILs arevery viscous with over 2500 cP at room
temperature and require complex synthesis procedures.

Furthermore, Huang et al.95 prepared protic ionic liquids
(PILs) by combining alkanolamines such as MDEA and DMEA
with acetic and formic acids for selective removal of H2S over
CO2. The synthesized PILs displayed a high selectivity of 8.9 to
19.5, and absorption capacities of 0.04 to 0.16 at 30 °C and 1
bar.96,97 Additionally, they are also less viscous as compared to
the common ILs. Zhao et al.25 synthesized ten carboxylate-
based PILs and recorded low viscosities of 4.3 cP at 25 °C
and high absorption capacities of H2S. However, these PILs
are not thermally stable as most of them can be easily
decomposed below 50 °C, making them unsuitable for
regeneration and H2S removal at higher temperatures. Simi-
larly, Huang et al. prepared hydrophobic PILs functionalized
with tertiary amines for selective removal of H2S. The results
showed that these PILs are highly selective towards H2S with
minimum absorption of CO2. Consequently, Huang et al.98

attempted to create hydrophilic PILs by replacing the tertiary
amines with carboxylate groups. They observed that the
solubilities of the hydrophilic PILs increases in the following
order from [BMEE][Ac] to [TMEDA][Ac], [TMPDA][Ac] and
[BDMAEE][Ac], respectively. As the concentration of PILs and
temperature increased, the solubilities of H2S and CO2 were
also found to have increased. Moreover, these PILs can be
diluted by mixing with water.99 Despite having a high H2S
absorption capacity of 1.044 mol mol−1, aqueous PILs have
a low selectivity of 1 to 2 only.

Huang et al.23 also studied the selectivity and solubility of
phenolic ILs for selective removal of polar gases, e.g., CO2 and
H2S over non-polar gases, e.g., CH4. They found out that the ILs
are more soluble towards polar gases as compared to non-polar
gases, leading to higher selectivity of H2S and CO2 over CH4.100

In addition, phenolic ILs also exhibited a decent absorption
capacity of 0.6 mol mol−1 at 0.1 bar, which increases slightly to
0.85 mol mol−1 at 1 bar. Among all phenolic ILs, [TMGH][PhO]
demonstrated the highest selectivity of 9.4 for H2S absorption
over CO2. Nevertheless, phenolic ILs possess several drawbacks
such as the toxic nature of phenolic compounds and high
viscosities between 125.7 and 435.1 cP at 30 °C. Zhang et al.21

studied four azole-based PILs for simultaneous removal of CO2

and H2S at 30 °C and 1 bar. [DBNH][1,2,4-triaz] has a high
potential of becoming an excellent absorbent for H2S due to its
high absorption capacity of 1.2 mol mol−1 and a rather low
viscosity of 42.6 cP at 40 °C. On the other hand, Xiong et al.22

prepared four superbase PILs (SPILs) such as [DBUH][Im],
[DBUH][Pyr], [DBNH][Im] and [DBNH][Pyr] for acid gas removal
from natural gas.101 SPILs possess low viscosity at 40 °C and
demonstrated a remarkable H2S absorption capacity of 6.81 mol
kg−1 and excellent selectivity of H2S and CO2 over CH4,
respectively. However, their low thermal decomposition
temperatures of around 80 °C hinder their regeneration capa-
bilities and absorption at high temperatures. For example,
766 | RSC Sustainability, 2024, 2, 757–803
[DBNH][Im] lost 25% of its original absorption capacity aer
being regenerated four times.

Most of the ILs reported so far did not undergo a rigorous
selection process to select the best IL for the H2S absorption
process but mostly rely on the trial-and-error method.102 This is
not only ineffective but failed to identify better possible
combinations of anions and cations. In addition, the selection
process via experimental methods is not realistic considering
the huge amount of time and costs needed for completion.103

Thus, a preliminary screening to identify desirable physical and
thermodynamics properties is necessary to narrow down the
selection of ILs from a vast array of possible ILs. One of the most
effective ways of nding the most optimal ILs is by using
a predictive model based on computational chemistry such as
conductor-like screening model for real solvents (COSMO-RS).
Mortazavi-Manesh et al.104 used a COSMO-RS approach105,106

and the Peng–Robinson equation of states107 to screen 425 ILs
for selective removal of H2S over CO2. From their ndings,
cations such as PMG, TMG and N4111 and anions such as
CH3SO4, NO3 and BF4 were suggested as the best IL candidates.
Zhao et al.108 also utilized COSMO-RS to screen over 10 000 ILs
but not for absorption of H2S. Santiago et al.109 integrated Aspen
Plus with COSMO-RS to select from over 700 ILs with absorption
process simulation using the selected ILs. The authors identi-
ed [Emim][DCN] as the IL with the highest absorption
performance. By using similar methods, Lemus et al.110 found
out that hybrid blends of 75 wt% [Emim][DCN] and 25 wt%
[Bmim][Ac] were able to recover over 98% of H2S at 10 bar.

Apart from IL screening, several researchers compared
industrial processes with IL-based processes to study the
potential commercialization of ILs in industrial applications.
Kazmi et al.111 performed comparisons of imidazolium-based
ILs with aqueous MDEA for simultaneous removal of acid gas
from natural gas at a high pressure of 68 bar and 30 °C. The
activation energies of ILsbased processes and MDEA were
determined to be around 3981 kW and 18 619 kW, respectively.
A huge reduction in activation energy of the IL-based processes
was found to signicantly reduce thermal energy usage by
78.6% and total annual cost by 59.8%. Additionally, the ILs are
recoverable by passing through ash drums while removing the
absorbed CO2 and H2S completely. However, the maximum
absorption capacity of the ILs was not determined, making the
performance hard to assess realistically. Wang et al.112 and Yang
et al.113 compared the Rectisol process with [Bmim][NTf2] for
simultaneous removal of acid gas from syngas. They discovered
that the process utilizing ILs is far better in terms of solvent
recovery, cooling energy consumption and CO2 capture. Based
on a review by Haider et al.,114 there is promising potential for
applications of ILs in acid gas removal at lower cost as
compared to the conventional methods.

It is very clear that ILs have huge potential as both CO2 and
H2S absorbents due to their remarkable properties. The only
drawbacks hindering them from being used in industries are
the scalability costs and the commercialization of processes
based on ILs due to their high costs of production, complex
synthesis procedures, high viscosity, toxicity, etc. High viscosity
is the main limitation of ILs,115 as it limits the gas–liquid mass
© 2024 The Author(s). Published by the Royal Society of Chemistry
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transfer and decreases the diffusion rates of gases across the
liquid. As a result, the process requires a longer reaction time
and larger size of the absorption column. Furthermore, high
viscosity requires high pumping power and initial cost of
storage for the solvent. Thus, it is necessary to nd solutions to
lower the viscosity of ILs. One such way is by mixing ILs with
low-cost solvents to reduce the viscosity of ILs signicantly and
efficiently.116 Other concerns regarding ILs are their high
toxicity and poor regeneration capability that lead to additional
losses as the spent ILs could not be recovered and will lead to
environmental pollution. These issues can be tackled by further
investigating and designing ILs that could function not only as
solvents, but also as catalysts that can be regenerated multiple
times without needing to be discarded. Finding an ideal
balance between viscosity, regeneration capability and ease of
synthesis should denitely be research goal to further enhance
the development of ILs for adoption in the oil and gas industry.

2.1.4 Deep eutectic solvents. Deep eutectic solvents (DESs)
are a relatively new class of solvents,117,118 with signicantly
reduced melting points as compared to its constituent compo-
nents. DESs have emerged as potential alternatives to ILs in
various elds of applications.119 Typically, DESs consist of
hydrogen bond donors (HBDs) and acceptors (HBAs).120 DESs
share many positive traits with ILs such as many possible
combinations of liquids, high thermal stability, low volatility,
excellent tunability, etc. Nevertheless, DESs are more advanta-
geous as compared to ILs since DESs are much easier to
synthesize, cheaper, more environmentally friendly and biode-
gradable.118,121 In general, DESs are less toxic and in some cases,
their toxicity is still unknown as compared to ILs.122 So far, DESs
have been widely used for ammonia, sulfur dioxide and CO2

capture.123,124 However, DESs are rarely used for H2S capture
applications.

Liu et al.28 prepared a series of DESs using choline chloride
(ChCl) and urea in various ratios, such as 1.5, 2 and 2.5 for the
concurrent removal of H2S, CH4 and CO2. They found that these
DESs undergo physical absorption and as the ratios between
ChCl and urea decreases, the solubility of H2S also decreases.
They also discovered that selectivity of H2S and CO2 over CH4 is
easily tunable by changing the ChCl and urea ratios. The DES is
also rather stable thermally with a decomposition temperature
of 176.85 °C. Wu et al.29 prepared two types of DESs by mixing
tetrabutylammonium bromide (TBAB) and ChCl with carboxylic
acids (CA) for H2S capture. Both DESs were acting as physical
absorbents with similar trends. TBAB-CA performed better as
compared to ChCl-CA due to strong hydrogen bond interactions
in ChCl-CA contributing to its lower free volume for absorption.
The carboxylic acid-based DESs also outperformed other re-
ported DESs28 and many ordinary ILs.

Similar to TSILs, DESs can also be functionalized to create
more chances of chemisorption to increase the selectivity and
absorption capacity. The functionalized DESs are known as
task-specic deep eutectic solvents (TSDESs). Shi et al.30 devel-
oped ve TSDESs of quaternary ammonium salts with tertiary
amines and azoles. Among them, only [C4-TMEDA][Cl]-1,2,3-
triaz has a viscosity below 100 cP at 40 °C making them unfa-
vorable for industrial applications. Despite this, these TSDESs
© 2024 The Author(s). Published by the Royal Society of Chemistry
showed a high selectivity towards H2S ranging from 5.2 to 12.1.
Nonetheless, [C4-TMHDA][Cl]-[Im] displayed the highest
absorption capacity of 0.996 mol mol−1 at room temperature
and pressure. Moreover, [C4-TMHDA][Cl]-[Im] also can be
regenerated ve times while retaining 92% of its capacity at 69 °
C and 0.1 bar. Shi et al.31 also prepared a series of TSDESs
containing chemical dual sites such as acetate and ternary
amine anions to form dual chemisorption sites with H2S. [C1-
TMHDA][Ac]-[MDEA] exhibited the highest absorption capacity
for H2S followed by [C1-TMHDA][Ac]-[Pyrol], [C1-TMHDA][Ac]-
[AA] and [C1-TMHDA][Ac]-[Im], respectively. These TSDESs
also displayed a high selectivity for H2S over CO2 ranging from
6.9 to 9.3 and can be regenerated up to six times while main-
taining their absorption capacity of 92%. Furthermore, [C1-
TMHDA][Ac]-[Pyrol] and [C1-TMHDA][Ac]-[Im] possess viscosi-
ties lower than 75 cP at 40 °C, increasing their potential for
industrial applications.

Another method to evaluate the interactions between DESs
and H2S molecules is by computational methods such as ab
initio calculations, and molecular dynamics (MD), Monte Carlo
(MC) and COSMO-RS simulations. These methods could prove
useful in cases where there is a lack of experimental data.
Karibayev et al.125 applied ab initio calculations and MD simu-
lations to evaluate the interactions in four DESs made up of
TBAB, tetrabutylammonium chloride (TBAC), caprolactam
(CPL), ChCl, urea, MEA and methyltriphenylphosphonium
bromide (MTPB) to form TBAB-CPL, TBAC-CPL, ChCl-urea and
MTPB-MEA. The authors discovered that the TBAB-CPL DES
demonstrated stronger affinity towards H2S over CH4, due to
stronger interactions between CPL and H2S as compared to
CH4. As a result, TBAB-CPL can selectively remove H2S effi-
ciently from CH4. However, these DESs require a high pressure
of 10 bar to operate optimally. Salehi et al.126 predicted the
solubilities of H2S, CO2, H2 and N2 in ChCl-ethylene glycol and
ChCl-urea DESs by MC simulations. Their results showed that
both DESs are highly soluble in H2S followed by CO2, CH4, CO,
H2 and N2. On the other hand, Stupek et al.127 predicted the
thermodynamic properties of 23 cost-effective DESs for biogas
upgrading using COSMO-RS. ChCl-urea and ChCl-oxalic acid
were found to be the best DESs to remove CO2, H2S and silox-
anes effectively.

DESs are an interesting class of solvents with high potential
to replace traditional solvents in various applications both from
economics and sustainability viewpoints. Nonetheless, the
applications of DESs in H2S capture are still at the grassroots
level and require further research to address issues such as high
viscosities124 and low H2S absorption capacities.128 Overcoming
these limitations would make DESs highly viable for industrial
adoption. TSDES development has demonstrated that chemi-
sorption can be initiated to achieve greater absorption capacity
and reduced viscosity. TSDESs have been applied for removal of
other contaminant gases but are yet to be explored for H2S
absorption.129–131 Therefore, more studies should be carried out
in this area to further enhance the potential of TSDESs in the
near future.

Despite their signicant potential for H2S removal applica-
tions, DESs are showing concerning signs of toxicity and
RSC Sustainability, 2024, 2, 757–803 | 767
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ecotoxicity. Recent studies by Jung et al.132 have revealed that
ChCl-based DESs with urea contain ammonia, which contrib-
utes to their toxic effects. Similarly, Lomba et al.122 also
concluded that the individual toxicity of the initial components
cannot serve as a predictive factor of DES ecotoxicity. Further-
more, Hayyan et al.133 discovered that the cytotoxicity of DESs
was much higher than that of their individual components such
as ChCl and glycerine, indicating that their toxicological
behavior is different. These ndings highlight the importance
of assessing the safety and environmental impact of DESs
before their widespread adoption. Further research is crucial to
thoroughly investigate the potential risks associated with DES
usage, particularly focusing on safety and ecotoxicity, in order to
ensure their responsible and sustainable application in H2S
removal processes.

2.1.5 Hybrid blends. As elaborated previously in Sections
2.1.1 to 2.1.4, different classes of absorbents possess different
benets and limitations. Their limitations can be overcome by
mixing them together to form a hybrid blend.134 Hybrid blends
refer to a combination of two or more different types of solvents,
resulting in a new blend that exhibits a higher performance for
H2S absorption than the constituent solvents. By combining
physical and chemical solvents to form a hybrid blend, various
added advantages of both solvents can be achieved such as
a shorter separation column, lower energy requirement for
solvent recovery, and higher absorption capacity and higher
removal efficiency for acid gas and sulfur compounds. Some of
the conventional hybrid blends widely used are Sulnol-D
(water, DIPA and sulfolane) and Sulnol-M (water, MDEA and
sulfolane) developed by Shell, Amisol (methanol and alkanol-
amine) developed by Lurgi and Flexsorb PS (physical solvent,
sterically hindered amine and water) developed by
ExxonMobil.74

The limitations of most ILs such as high viscosity and cost
can be overcome by blending the ILs with more affordable
solvents, i.e., physical solvents and alkanolamines, to decrease
the viscosity of ILs and enhance mass transfer. Several
researchers14,32,70 studied the effect of additional activators such
as [N1111][Arg], [N1111][Gly] and MEA within 7.5 to 30 wt% on the
performance of MDEA solution for H2S removal at low partial
pressure. All activators were observed to enhance the MDEA
solution capacity for absorbing H2S due to the increased avail-
ability of interaction sites. [N1111][Arg] recorded the highest
removal efficiency and capacity followed by [N1111][Gly] and
MEA, respectively. On the other hand, Afsharpour and Hagth-
alab33 prepared a hybrid blend of [Bmim][Ac] with DIPA for
simultaneous removal of CO2 and H2S. They noticed that both
solvents are highly selective towards H2S, thus leading to higher
solubilities of H2S at high pressures. Moreover, Lemus et al.110

discovered that a hybrid blend of 75 wt% TEGDME and 25 wt%
[Bmim][Ac] displayed an excellent removal performance of H2S
due to low viscosity of TEGDME and high absorption capacity of
[Bmim][Ac].

2.1.6 Summary of absorption. The advantage of H2S
removal via the absorption process is it can produce a combined
effect of a high reaction rate and equilibrium capacity by
blending the solvents together. Nevertheless, the absorption
768 | RSC Sustainability, 2024, 2, 757–803
processes suffer from a few disadvantages such as being energy
intensive and high operation and regeneration costs due to loss
of solvents via thermal degradation and evaporation. Further-
more, these alkanolamine-based solvents are also expensive,
corrosive, highly toxic and pose environmental threats. Some of
these solvents are also non-regenerable. Besides, the applica-
tion of a multi-solvent system can lead to the formation of very
complex chemical reactions causing the solvent to be hard to
regenerate and equipment failure due to corrosion.46–48,59

Chemicals not adhering to green chemistry principles can
cause signicant negative environmental impacts throughout
their lifecycle, from production to disposal. Many conventional
solvents like chlorinated solvents (e.g., dichloromethane and
chloroform), aromatic solvents (e.g., benzene and toluene), and
volatile organic compounds (VOCs) contribute to air pollu-
tion,135 soil and water contamination,136 and harm wildlife.137

Long-term exposure to certain solvents can lead to health risks
such as respiratory issues, neurological disorders, and
cancer.138 Some toxic solvents can severely impact ecosystems,
leading to soil and water contamination, disrupting ecosystems,
and harming aquatic life. Improper disposal of solvents con-
taining heavy metals can lead to environmental contamination,
affecting soil quality and agricultural productivity. Highly toxic
metals such as mercury and lead can pose serious health risks
to humans, especially through food and water
contamination.139

Therefore, adopting sustainable and environmentally
friendly alternatives is crucial. Green solvents140–142 such as ILs
and DESs offer advantages such as enhanced selectivity,
improved absorption capacity, reduced environmental impact,
and alignment with green chemistry principles, which aim to
minimize hazardous substance use and generation, thereby
reducing environmental pollution and protecting human
health and ecosystems. A summary of conventional H2S
removal absorption processes is provided in Table 3.
2.2 Adsorption

Adsorption is a process in which the molecules of a uid are
adhered to a solid surface.152 The molecules that adhere to the
surface are referred to as adsorbates, whereas the surface where
the molecules accumulate is the adsorbent. Adsorption can be
divided into two different classes such as physisorption and
chemisorption.153,154 Physisorption, also known as physical
adsorption, is a rather weak interaction where the molecules of
adsorbates were adhered to the surface of the adsorbent by van
der Waals forces,i.e., dipole–dipole interactions and London
dispersion forces.155 Physisorption involves rather low energy
and gets stronger at lower temperatures. Furthermore, phys-
isorption is a reversible process, which means that the adsor-
bates can be desorbed easily from the adsorbent surface by
increasing the temperature or reducing the pressure. On the
other hand, chemisorption or also known as chemical adsorp-
tion is a stronger interaction as compared to physisorption due
to the formation of bonds such as covalent or ionic bonds
between the adsorbate molecules and the adsorbent surface.156

Generally, chemisorption requires an activation energy which is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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specic to both the adsorbate and the adsorbent. Unlike phys-
isorption, chemisorption is mostly irreversible and needs high
temperatures and drastic conditions to desorb the molecules
from the adsorbent.

In general, gas adsorption by solid adsorbents was governed
by ve different mass transport mechanism stages such as
external, pore, lm, intraparticle and surface adhesive diffu-
sion.157 The process of H2S adsorption from a gas stream is an
exothermic process and occurs under dry conditions without
requiring an extremely high temperature to operate. There are
various adsorbent materials commonly used for large scale H2S
removal, including carbon-based adsorbents, zeolites, metal
oxides, metal organic frameworks (MOFs) and composite
materials. These materials were used mainly because of their
high removal capacity, good selectivity and thermal and
mechanical stability.158,159 The removal efficiency of H2S is
signicantly affected by the adsorbent properties such as
porosity and surface chemistry; and operating parameters such
as mixture gas concentration, temperature, gas hourly space
velocity and relative humidity.160

2.2.1 Carbon-based adsorbents. Currently, porous carbon-
based materials such as activated carbons (ACs) and biochar
have been successfully applied for H2S adsorption at the
industrial level due to their green origins and low production
costs as they are easily available from waste materials and
biomass.161 These materials have a large specic surface area of
higher than 1000 m2 g−1,162 high pore volume that promotes
catalytic reactions and thermal stability. Besides, these mate-
rials also possess tunable surface chemistry and structural
morphologies that facilitate effective sorption sites. The ACs
were impregnated with alkaline chemicals such as sodium
hydroxide (NaOH) or potassium hydroxide (KOH) to improve
their catalytic properties, reduce porosity and increase H2S
adsorption.163 The surface modication of ACs is to promote
reactive adsorption and chemical bond formation with the
adsorbate. H2S removal occurred by H2S dissociation into HS−

ions, and then oxidation by NaOH or KOH to form elemental
sulfur or sulfuric acid. The surface reactions on the impreg-
nated ACs were expressed using the following equations.164

NaOH + H2S / NaHS + H2O (2.1)

2NaOH + 2H2S / Na2S + 2H2O (2.2)

NaHS + 0.5O2 / S + NaOH (2.3)

Na2S + 0.5O2 + H2O / S + 2NaOH (2.4)

2NaOH + H2SO4 / Na2SO4 + 2H2O (2.5)

The exothermic reaction releases heat that may damage the
adsorptive sites. H2S oxidation is reported to be inuenced by
surface chemistry and local pH. An acidic carbon surface will
result in higher yield of water-soluble products, but at the same
time lower the total sorption capacity. When the adsorption
performance of H2S using impregnated ACs with various alka-
line solutions such as K2CO3, Na2CO3, KOH and NaOH was
compared, NaOH-activated carbons outperformed the other
RSC Sustainability, 2024, 2, 757–803 | 769
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alkaline solutions, despite the drawbacks mentioned earlier.165

Recently, Ahmadi et al.166 developed an N–S rich jute-derived
nanoporous carbon activated by KOH; which possesses excel-
lent gas adsorption capacity and high cycling performance.
Meanwhile, Wang et al.167 synthesized Cu-impregnated peanut
shell-based AC for H2S adsorption in an enclosed area, which
displayed good regenerability with a 90% removal rate. A ZnO–
MgO-based AC adsorbent investigated by Yang et al.168 exhibited
an impressive adsorption capability of 96.5 mg g−1 under dry
conditions. Nevertheless, the regeneration capability of the
adsorbent was not studied.

Yang et al.169 also developed a ZnFe2O4-based AC adsorbent
which demonstrated a 122.5 mg g−1 breakthrough capacity with
an optimum loading of 10%, able to be regenerated three times
with small capacity reduction aer being treated thermally at
500 °C. Similarly, Yuan et al.170 synthesized leover rice-based
ACs that displayed a 12.11 mg g−1 breakthrough capacity with
50 wt% loading. On the other hand, Pan et al.171 prepared 2D
nanostructures of CaO/CH carbonized at a temperature of 700 °
C and above. CaO/CH-700 displayed the highest alkalinity, and
a breakthrough adsorption capacity of 9.1 g g−1. Nonetheless,
CaO/CH-700 displayed a very low regeneration capability of
lower than 0.2 g g−1 as the reaction between H2S and CaO was
irreversible.

In the last few years, N-rich carbon-based adsorbents are
being developed as better alternatives to metal oxides, metal-
doped carbons and caustic compounds for H2S removal due
to their high sustainability, safety and efficiency. Chen et al.172

prepared N-rich porous carbons that shows higher break-
through capacities as the CN/CS ratio increases from 0.5 to 1,
which become lower aer the ratio increases to 2. Furthermore,
Fakhraie et al.173 synthesized KOH-activated high N-doped ACs
(HNAC) at 800 °C over 1 h. Among the synthesized adsorbents,
HNAC-802 was proven to have the best adsorption capacity at
316.35 mg g−1 with a 2.17 selectivity for H2S/CO2. On the other
hand, Yu et al.174 used ZIF-8 to develop N-rich mesoporous
carbon nanosheets (N-MCNS). Remarkably, N-MCNS have out-
performed those in previous studies from Chen et al.172 and
Fakhraie et al.173 by exhibiting an excellent adsorption capacity
of 510 mg g−1 and a large surface area of 1937 m2 g−1. On the
other hand, Wang et al.175 integrated polyethyleneimine into
MCNS to form MCNS-PEI with different loading percentages
ranging from 0 to 65 wt%. MCNS-PEI 25 displayed a high
breakthrough sulfur capacity of 13.68 mmol g−1 and regener-
ability without any performance drop within 6 cycles. Xu et al.176

acquired N-doped porous carbons impregnated with KOH by
treating them thermally with ammonia. The N-doped carbons
managed to achieve over 85% conversion and 80% selectivity
towards sulfur formation for 1 vol% of H2S in the feed gas.

There are various kinds of functionalizations for synthesized
carbon-based adsorbents such as impregnation, direct inte-
gration, heteroatom doping, or deposition–precipitation that
has been studied up to now. Moreover, Ou et al.177 synthesized
granular ACs to remove H2S with concentrations of 932 to
2060 ppm at 25 °C. The breakthrough capacity of the granulated
ACs was found to be 745–1293 mg g−1 for low concentration
(932–1560 ppm) and even lower capacity of 615–703 mg g−1 at
770 | RSC Sustainability, 2024, 2, 757–803
high concentration (1920–2060 ppm). However, no regeneration
study of the adsorbent was conducted. Recently, Sawalha
et al.178 developed biochar from waste biomass materials such
as eucalyptus barks, almond shells and used coffee grains to
remove H2S from biogas with an average concentration of
970 ppm. The adsorption capacity, breakthrough time and
removal efficiency were observed to increase in the order of used
coffee grains, almond shells and eucalyptus barks. Eucalyptus
barks exhibited a capacity of 490 mg g−1, which was the highest
among all three but performed lower than the granular ACs in
a study by Ou et al.177 at the same temperature. Recently, Qi
Dong et al.179 developed a polyethylene polyamine impregnated
carbon catalyst, exhibiting outstanding performance with a H2S
adsorption capacity of 1.58 g H2S/g-catalyst at 30 °C. This
achievement is credited to its optimal steric hindrance and
enhanced stability during the H2S adsorption–desorption cycle.

The development of carbon-based adsorbents that meets
certain criteria such as cost-effectiveness, regenerability,
sustainability and high capacity is in great demand nowadays.
As a matter of fact, some of the adsorbents are capable of
removing H2S at low temperatures. Therefore, further research
should be carried out to increase the regenerability of the
adsorbents as most of the reactions involving carbon-based
adsorbents are irreversible. More emphasis should also be
placed on developing N-doped or metal oxide-doped porous
carbons that are economic, sustainable and easy to synthesize.
Despite the high-cost requirements to perform the functional-
ization of these adsorbents, it is noteworthy that their adsorp-
tion capacity and regeneration capability could be signicantly
improved making them excellent alternatives for removal of
H2S.

2.2.2 Metal oxide adsorbents. Metal oxides adsorbents
have been extensively used for desulfurization at high temper-
atures primarily due to their strong affinity towards H2S.180,181

Several metal oxides182 commonly used as catalysts for selective
removal of H2S at low temperatures are Cu, Co, Zn, Mn, Ca, Fe,
etc. Major disadvantages of bulk metal oxides such as low
porosity, dispersion and ratio of surface area to volume, oen
lead to poor desulfurization performance in these adsorbents.
Therefore, porous metal oxides could be the alternatives since
they possess wider surface area, extra adsorption sites, higher
porosity and diffusivity.183 Over the recent years, the develop-
ment of mixed metal oxides is getting more emphasis due to
their enhanced performance compared to that of single metal
oxides alone.184 The reaction mechanism of metal oxides is
mainly chemisorption that produces suldes, sulfates and
elemental sulfur. Overall, metal oxides are more economic as
compared to zeolites since the cost of materials is much lower
and they possess higher adsorption capacities, but nonetheless,
suffer from low regeneration capability.

Aside from this, the deployment of metal oxide adsorbents in
industrial applications for H2S capture such as iron oxide (FeO)
adsorbents and mixed metal oxide-based adsorbents is getting
recognition due to their capability of reducing H2S concentra-
tion to 10 ppm while avoiding heat loss at high tempera-
ture.185,186 FeO-based adsorbents such as SULFATREAT and
SELECT FAMILY were developed by Schlumberger,187 while
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mixed-metal oxide adsorbents such as CuO/ZnO-based adsor-
bents, i.e., PURISTAR® and alumina-based adsorbents, i.e.,
Selexsorb® were developed by BASF. H2S adsorption on a metal
oxide reaches 95% even at high temperature and resulted in the
formation of a solid or liquid phase containing sulfur and an
adsorbent metal. Nonetheless, various studies have been con-
ducted to harness their exceptional performance for H2S
capture. Hassankiadeh et al.188 proposed the use of molyb-
denum oxide (MoO2) nanoparticles for H2S capture. Despite
possessing a remarkable adsorptive capacity of 0.081 g of H2S/g
(non-spherical) and 0.074 g of H2S/g (spherical) at 85 °C,188 the
adsorbent requires a high pressure of 16 bar with a low initial
concentration of 43 ppm H2S to operate optimally.

On the other hand, Orojlou et al.189 developed nano-
composites such as NiO/TiO2, CoO/TiO2 and CuO/TiO2 for H2S
capture at a very high temperature of 480 °C. The best nano-
composite at 480 °C was found to be CoO/TiO2. However, the
performance of these nanocomposites began to drop signi-
cantly at a temperature of 400 °C, indicating that these nano-
composites are not capable of operating optimally at low
temperatures. A similar study was conducted by Pan et al.190

who recorded a better performance of NiO/TiO2 at 500 °C.
Furthermore, Orojlou et al.189 discovered that these nano-
composites can only be regenerated once before deteriorating
in performance. Furthermore, Kim et al.191 developed a Mn2O3/
Fe2O3 nanocomposite to remove H2S at room temperature. The
adsorption capacity recorded was 11.97 mg g−1 which decreases
as the ow rate of the feed gas increases. Regenerability
performance of these nanocomposites should be further
researched to improve their regeneration capability.

Wu et al.192 prepared double metal oxides (DMOs) containing
Zn and Fe with different molar ratios from 1 : 1 to 5 : 1 for H2S
capture at an elevated temperature ranging from 450 °C to 700 °
C. DMO-5 exhibited the best performance at 550 °C with
a breakthrough capacity of 250 mg g−1 and breakthrough time
of 321 min. The Zn–Fe-based adsorbents can be fully regen-
erated at a temperature between 600 °C and 650 °C in the
presence of 2 to 4% oxygen. On the other hand, Ahn et al.193

synthesized acid mine drainage sludge (AMDS) which contains
various types of metal oxides, and 56.6% of the sludge is iron
oxide. AMDS demonstrated a breakthrough capacity of 8361 mg
g−1 for removal of low concentration H2S ranging from 110
ppmv to 126 ppmv.

Metal oxide adsorbents generally possess excellent adsorp-
tion capacities for H2S. Nevertheless, they suffer from irrevers-
ible chemisorption, which leads to high replacement costs, and
the spent adsorbents have to be disposed of. Another disad-
vantage of metal oxide adsorbents is the high temperature
requirement to operate optimally, and a further increase in
temperature might also lead to sintering of the adsorbents.194

Furthermore, unsupported metal oxides may deteriorate with
time due to rapid sintering and fail to be regenerated at high
temperatures. In addition, metal oxide adsorbents also experi-
ence issues such as spalling and sublimation. The applications
of metal oxide adsorbents is restricted by several factors,
including low thermal and chemical stability at high tempera-
tures, as well as limited surface areas at low temperatures.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2.3 Zeolites. Zeolites are a group of minerals found in
nature or synthetically manufactured with a unique porous
structure and they belong to a class of aluminosilicate glass
minerals and are well-known as molecular sieves due to their
capability of trapping and releasing molecules within their
porous crystalline structures.195 Zeolites offer various advan-
tages due to their high thermal stability, large surface area and
unique tunability of their structures making them widely used
in various applications such as catalysts, adsorbents, ion
exchangers, etc. Structurally, zeolites are made up of a three-
dimensional (3D) tetrahedral framework which consists of Si,
Al, P and O.196 Different arrangements of the building blocks
will lead to different types of unique 3D frameworks. Zeolites
can be divided into two main categories such as natural and
synthetic zeolites.197 Natural zeolites occur naturally and
possess porous structures similar to that of synthetic zeolites.
There are many kinds of natural zeolites such as clinoptilolite,
stilbite, chabazite, heulandite, natrolite, analcime, phillipsite,
apophyllite, erionite and laumontite.198 On the other hand,
synthetic zeolites are engineered versions of natural zeolites
tailored for specic industrial applications. Examples of
synthetic zeolites include zeolite A (LTA), zeolite X and Y (FAU),
ZSM-5 (MFI), beta zeolite (BEA), mordenite (MOR), chabazite
(CHA), faujasite (FAU), silicalite (MFI), SSZ-13 (CHA) and off-
retite (OFF).199 The suitability of zeolites for gas adsorption
applications is typically determined by several criteria such as
the type of framework, additional elements in the framework,
framework structure and ratio of Si to Al in the zeolites. Zeolites
with low ratios of Si to Al are more hydrophilic and highly
selective towards polar molecules such as H2S through chemi-
sorption. Meanwhile, zeolites with high silica contents such as
silicalite are hydrophobic and adsorb H2S through
physisorption.200

Ozekmekci et al.201 determined that zeolite 13X (Na-X) and its
derivatives have the highest performance in removing S
compounds. Furthermore, Bareschino et al.202 also investigated
zeolite 13X for H2S removal with concentrations ranging from
50 to 100 ppm. They discovered that H2S adsorption is higher
with the presence of water in the system and changes from
physisorption to chemisorption at the end of the reaction.
Similarly, Barelli et al.203 synthesized a Cu-replaced 13X (Cu-Ex
13X) zeolite for removal of H2S from biogas with concentra-
tions between 200 and 1000 ppm. Cu-Ex 13X has a breakthrough
time of 126 min and adsorption capacity of 11.46 mg g−1. By
comparison with the study carried out by Bareschino et al.,202 it
is noticeable that the presence of Cu2+ ions has led to an effi-
cient adsorption process by the Cu-Ex 13X zeolite. Moreover,
a higher H2S concentration in the feed gas has led to a lower
breakthrough time and adsorption capacity. On the other hand,
Bahraminia et al.204 prepared a nanozeolite of AgNaA for H2S
removal and reported a breakthrough time of 310 min and
33.24 mg g−1 capacity to obtain 1 ppmv H2S at the outlet. The
reported performance is far lower than that of commercial 4A
and the pure NaA nanozeolite. Nonetheless, the AgNaA nano-
zeolite performed better than Cu-Ex 13X. Formation of water
inside the zeolite indicated that H2S chemisorption occurred
RSC Sustainability, 2024, 2, 757–803 | 771
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and led to higher performance. Additionally, the AgNaA zeolite
can be regenerated with a 5% reduction of adsorption capacity
for every cycle, probably because of the water loss during
regeneration at high temperatures.

Currently, zeolite-based adsorbents are gaining worldwide
attention for industrial adoption and being rigorously studied
for H2S capture purposes owing to their substantial surface
areas and porosity. Jafari et al.205 studied the effect of magnetite
nanoparticle addition on the performances of Y and ZSM-5
zeolite substrates for removal of up to 120 ppm of H2S at rela-
tively high temperatures between 100 and 300 °C. Zeolite Y
doped with 5% magnetite was found to have the highest
adsorption capacity of 69.92 mg g−1 as the doping process has
improved the specic surface area and increased the number of
micropores and mesopores. Meanwhile, Florent and Ban-
dosz206,207 synthesized a new biosolid-based adsorbent incor-
porated with pluronic surfactant F127 for H2S removal from air.
The surfactant-added adsorbent displayed a 250% increase in
H2S removal efficiency compared to the adsorbent without
surfactant addition. The surfactant addition increased the
mesopore volume and carbon content, leading to higher cata-
lytic center dispersion and carbon structural order which
resulted in the conversion of H2S into elemental sulfur.

Yan et al.208 screened 95 different types of silica zeolites for
removal of toxic gases such as H2S, NO, NO2, NH3, SO2 and CO
using grand canonical ensemble Monte Carlo simulations.
According to their prediction results, the top 10 adsorbents for
H2S removal showed a higher capacity towards NH3 as
compared to H2S. Zeolites AFY, MER and PAU are found to be
the best H2S adsorbents with loading capacities of 7.8, 5.4 and
5.4 mmol g−1, respectively. For adsorption that involves all
gases, zeolite RWY showed an outstanding performance with
a H2S adsorption capacity of 17.74 mmol g−1. Similarly, Song
et al.206 discovered that the CHA zeolite displayed the best
adsorption capacity and decent H2S selectivity, whereas LTA
and FAU zeolites exhibited excellent H2S selectivity but suffered
from poor adsorption capacities. Georgiadis et al.209 used an
industrial molecular sieve with a ratio of 0.97 between Si and Al
that resembles the LTA zeolite. Themolecular sieve exhibited an
adsorption capacity of 193.59 mg g−1 for 10 000 ppmv of H2S
and can be regenerated up to 15 times without any signicant
loss in its capacity at 200 °C. The adsorption capacity was also
found to decrease to 164.5 mg g−1 aer H2S concentration
increases to 30 000 ppmv.

One of the major disadvantages of zeolites is their high
temperature requirement for regeneration, which hinders them
from being widely implemented in industrial applications,
especially for H2S adsorption. Among all classes of commercial
adsorbents, only zeolites are able to be regenerated. Another
drawback commonly faced by zeolites is low selectivity towards
H2S in the presence of other gases, i.e., CO2, SO2 and NH3. There
are a few ways to boost the development of zeolites for H2S
adsorption such as by implementing more feasibility studies of
the newly developed zeolites and changing the research
approach to focus on developing new structures and
frameworks.
772 | RSC Sustainability, 2024, 2, 757–803
2.2.4 Metal organic frameworks. Metal–organic frame-
works (MOFs) are a class of highly porous crystalline hybrid
materials with organic and inorganic structures, arranged
systematically between metal cations and organic ligands. The
arms of the organic ligands are attached to the nodes created by
the metal cations forming a hollow cage-like structure.210

Consequently, MOFs possess an exceptionally large internal
surface area ranging from 1000 up to 10 000 m2 g−1.211 In
addition, MOFs are thermally and chemically stable, besides
having a high tunability of their pore size.212 Due to their
remarkable properties, MOFs are excellent candidates for gas
storage and separation applications.213 MOFs are widely used as
gas storage media for H2 and CH4 for clean energy production
and as high-capacity adsorbents for separation of various gases,
i.e., NH3, H2S, SO2 and CO2.

Gupta et al.214 developed Cu-based MOFs such as CuBTC,
CuBDC and CuBDC-N for H2S capture at 25 °C. It was observed
that CuBDC with the smallest ratio of Cu+ to Cu2+ ions
possesses the best adsorption capacity of 105.6 mg g−1. Gupta
et al.215 also prepared Cu(BDC)0.5(BDC-NH2)0.5 and noticed that
a higher adsorption capacity of 128.4 mg g−1 was recorded for
500 ppm of H2S inlet. The presence of moisture has appeared to
affect the MOFs adversely by reducing their performance. The
authors have attempted a methanol and UV-aided regeneration
process but are unable to fully regenerate the MOF, with only
9.9 mg g−1 of adsorption capacity being recorded aer three
regeneration cycles. Further characterization conducted
conrmed that the UV-regeneration method has damaged the
internal structure of the studied MOF. On the other hand,
Zarate et al.216 used MIL-53(Al)-TDC to remove 5 vol% of H2S in
the inlet gas under ambient conditions and reported an
extremely high adsorption capacity of 618 mg g−1. Additionally,
MIL-53(Al)-TDC can be regenerated up to 5 times in a tempera-
ture range of 65 to 200 °C, without losing any capacity.

Similarly, Flores et al.217 developed MFM-300(Sc) for removal
of 10 vol% of H2S in the feed gas and recorded a high adsorption
capacity of 565 mg g−1 at room temperature. Nevertheless, the
MFM-300(Sc) zeolite was unable to be regenerated completely as
the adsorption capacity dropped to 344 mg g−1 aer being
regenerated once. The capacity reduction was attributed to the
irreversible chemisorption and formation of polysuldes from
H2S molecules. Grape et al.218 prepared Bi2O(H2O)2(C14H2O8)$
H2O (SU-101) to remove 4.3 vol% of H2S from the feed gas under
room temperature conditions. The adsorption capacity recor-
ded was 543.6 mg g−1, almost similar to that of MFM-300(Sc)
despite having smaller surface area. SU-101 also exhibited
a notable decrease in capacity aer the initial regeneration
cycle, attributed to an irreversible chemisorption process. Even
though both MFM-300(Sc) and SU-101 could not be regen-
erated, they have huge potential in the MOF-based Li–S battery
industry219 due to their capability of strong polysuldes forma-
tion and high stability.

Ngo and Chiang220 compared H2S removal performance
using zeolite, calcined dolomite, and activated carbon in a hot
gas cleaning system at 250 °C, with simulated synthesis gas
containing 200 ppm of H2S. The results showed that activated
© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbon exhibited the highest removal efficiency and adsorption
capacity, followed by calcined dolomite and zeolite. The
adsorption capacities were 5.88 mg S g−1 for activated carbon,
3.16 mg S g−1 for calcined dolomite, and 2.22 mg S g−1 for
zeolite. Calcined dolomite displayed poor adsorption–regener-
ation ability due to H2S deactivation, while zeolite and activated
carbon were fully regenerated at 350 °C over four cycles.

Zeolitic imidazolate frameworks (ZIFs) are a unique subclass
of MOFs which possess structural similarity to zeolites with the
presence of imidazolate-based ligands.221 In ZIFs, the imidazo-
late ligands coordinate with metal ions forming a high porosity
crystalline network. Consequently, ZIFs possess both added
advantages of MOFs and zeolites.222 In general, ZIFs are more
stable chemically and thermally as compared to MOFs, and
more porous as compared to zeolites. Their unique features
have led to much research for potential applications in various
elds, especially for CO2 capture and storage. Nevertheless,
similar applications for H2S removal are still limited. On the
other hand, Jameh et al.223 developed a zeolitic imidazolate
framework (ZIF-8) functionalized with ethylenediamine (ED) for
effective removal of H2S from natural gas streams. The ED-
functionalized ZIF-8 showed remarkable improvements in
terms of breakthrough time and adsorption capacities
compared to the pure ZIF-8 adsorbent. Nevertheless, the
adsorption performance aer regeneration was not reported.
Another study by Liu et al.224 reported the usage of ZIF-67 for
H2S removal. Despite having high removal efficiencies, ZIF-67
was facing structural collapse aer the reaction, and no data
on the adsorption capacity were reported.

In general, MOFs suffer from structural collapse in the
presence of certain chemicals and gases, especially H2S.
Commonly used metals such as Fe, Zn and Cu were reported for
H2S adsorption but were unstable. Meanwhile, metals such as
Zr, V, Al, Ni. Ti and Mg displayed strong reactivity towards H2S
but were still rarely used.225,226 Moreover, the stability of ZIFs is
also affected by the linkers and their functionalization.227

Additionally, the high cost of MOFs hinders their adoption in
industrial applications. To mitigate the structural collapse in
MOFs, higher emphasis should be given for designing linkers
andmetal nodes with higher stability, developing post-synthetic
stabilization procedures and mixing the MOFs with metals that
could enhance their stability. Besides, researchers should also
focus on developing MOFs at much more affordable prices.
Despite their limitations, MOFs have huge potential in H2S
adsorption applications and there is still much to explore and
uncover in this regard.

2.2.5 Composite materials. Composite materials are
a combination of two or more distinctive adsorbent materials
with different physical or chemical properties that when
combined, create a material with unique characteristics.228

These materials are designed to harness the advantageous
properties of their individual components while mitigating
their individual weaknesses.229 Composite materials are widely
used in various industries due to their versatility, strength, and
tailored properties. In addition to this, composite materials can
be effectively applied for H2S adsorption applications to
improve the adsorption performance, capacity and cost-
© 2024 The Author(s). Published by the Royal Society of Chemistry
effectiveness.230,231 There are various kinds of composite mate-
rials that can be employed for H2S adsorption applications such
as AC-based composites, MOF-based composites, nano-
composites, polymer-based composites and natural ber
composites.

Gupta et al.232 developed Zn-MOFs/ZnO nanocomposites
such as ZnBDC/N/ZnO, ZnBDC/ZnO and ZNBTC/ZnO for H2S
adsorption at 25 °C. ZnBTC/ZnO demonstrated a 14.2 mg g−1

capacity followed by ZnBDC/ZnO and ZnBDC-N/ZnO. Zn-
HKUST1 performed lower than the nanocomposites indicating
that the presence of ZnO in the MOFs is crucial for excellent
adsorption of H2S. The nanocomposites could only be regen-
erated twice by using methanol and UV-based methods before
showing a major decline in their adsorption capacity. Similarly,
Wu et al.233 prepared nanocomposites of ZnO mounted on
MCM-41 and MCM-48. The optimum temperatures for ZnO/
MCM-41 and ZnO/MCM-48 to achieve the highest perfor-
mance were 500 °C and 600 °C, respectively. It was observed that
the addition of ZnO into the nanocomposites provided more
active sites for adsorption to occur, thus increasing the reaction
rate of the adsorbents. Nevertheless, metal oxides are prone to
conversion into metal suldes which are larger in size, causing
the pore structure to expand and might cause structural
collapse. Similarly, Lin et al.234 synthesized a series of cuprous
chloride/copper chloride hydroxide composites (CCCCHs) and
recorded a high H2S adsorption capacity of 259.5 mg g−1. Upon
reaction with H2S, the CCH surface undergoes decomposition,
generating CuCl2$2H2O and reducing Cu2+ to Cu+, leading to
the oxidation of H2S to elemental sulfur and sulfate.

Okonkwo et al.235–237 studied SBA-15 based nanocomposites
of sterically hindered and unhindered amines for H2S removal
under humid and dry conditions. Only (tertbutylaminopropyl)
methoxysilanes (TBAPS) and (N,N-dimethylaminopropyl)trime-
thoxysilane (DMAPS) were selected to study the effect of
humidity on H2S adsorption performance in a feed gas con-
taining 1 vol% of H2S. Under humid conditions with 45%
relative humidity, DMAPS/SBA-15 displayed a higher adsorption
capacity as compared to TBAPS/SBA-15. In addition, TBAPS/
SBA-15 was found to be the most selective towards H2S in the
presence of other gases such as CO2 and CH4.237 Aer desorp-
tion at 120 °C, the capacity of both materials decreased sharply
as the desorption process could not be completed under dry
conditions. However, when subjected to desorption at 80 °C
under humid conditions, both DMAPS/SBA-15 and TBAPS/SBA-
15 displayed a minor decline in performance in the rst cycle
and it remained constant for the second and third cycles.237 This
probably occurred because the chemisorption bond was likely
reversible under humid conditions. As a result, this could lead
to further research for reversing the chemisorption bonds
under such conditions. Nonetheless, the regeneration process
under humid conditions demands extra energy and water
resources, potentially making it economically impractical.

Generally, composite materials could offer a versatile and
effective approach for H2S adsorption applications due to the
added advantages of the combined materials. By tailoring their
composition and structures in order to be adapted for specic
process requirements, researchers can design composite
RSC Sustainability, 2024, 2, 757–803 | 773
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materials that are durable, cost-effective and highly efficient for
specic H2S removal applications. Nevertheless, it is rather
challenging to select the right combination of materials and
modications to enhance the overall performance due to
limited adjustability of themain adsorbent component and lack
of understanding of the reaction mechanisms for each
component within the composite materials.

2.2.6 Summary of adsorption. In general, adsorbents can
be divided into two major classes, adsorbents with high
performance and adsorbents with high regenerative capability.
Adsorbents with high performance usually have high adsorp-
tion capacity and selectivity towards H2S by a partially or fully
irreversible chemisorption mechanism. As a result, they tend to
face structural collapse and could not be regenerated within
a few cycles. These adsorbent materials, i.e., ACs and metal
oxides are much lower in price and commonly used in the
second purication step aer primary treatment for thorough
removal. In contrast, adsorbent materials that possess high
regenerative capability via physisorption tend to possess lower
capacity for H2S. These materials, i.e., zeolites are higher in
price and commonly utilized in applications that prioritize
regeneration. Nonetheless, MOFs do not belong to any of the
classes, as they are very costly and unable to be regenerated. As
a result, MOFs are inconvenient for industrial adoption.

There are a few advantages of the adsorption process such as
low cost, energy-efficiency, easy operation and simple design
besides having a high temperature variation.185,186,188 However,
there are various drawbacks associated with the adsorption
process such as high-pressure steam requirement to desorb
high molecular weight pollutants and a gas stream pre-lter to
prevent any particles from clogging the adsorbent bed.238 In
general, the adsorption process requires high temperature and
pressure to operate optimally.188 Moreover, the capacity of
adsorbents gradually deteriorates as the number of cycles
increases, and a steam or vacuum source is required to regen-
erate the adsorbent. Nonetheless, some adsorbents are non-
regenerable, resulting in a huge volume of sulde wasted. In
addition, the product recovery might require a special expensive
distillation or extraction. The spent absorbent is oen consid-
ered as hazardous waste as some contaminants might undergo
an exothermic reaction with the adsorbent leading to explosion.
The existing conventional technologies and recent research
ndings on H2S capture through adsorption are summarized in
Table 4.
2.3 Chemical conversion

There are two major conventional technologies for H2S removal
by chemical conversion into elemental sulfur such as Claus and
LO-CAT processes.

2.3.1 Claus process. The Claus process is a technology
patented for H2S conversion into elemental sulfur and water.
This process typically occurs in a sulfur recovery unit (SRU) and
plays a signicant role in global sulfur production. The
production of elemental sulfur from H2S is a crucial industrial
process. Besides, it is essential to comply with stringent envi-
ronmental regulations regarding H2S emissions.266 Carl
780 | RSC Sustainability, 2024, 2, 757–803
Friedrich Claus developed the Claus process under a British
patent in 1883 which underwent transformation in the 1930s by
Baehr in 1938, but it was not developed further until the
1950s.267

The Claus process was further improved to enhance the
overall sulfur recovery up to 97% of inlet sulfur.268 The feed
gases for the majority of Claus process applications typically
originate from absorption units, and they primarily consist of
H2S, H2O, and CO2 as major components, along with minor
components such as NH3, N2 and hydrocarbons.269 By utilizing
amine extraction, H2S is absorbed from the absorption unit gas
stream and channeled into the Claus unit. The furnace and
waste heat boiler are usually considered as a single unit. The
process of H2S conversion in Claus technology involves two
main steps such as thermal oxidation and catalytic reaction.
The two-step process is described using eqn (2.7) and (2.8);
meanwhile, eqn (2.9) is the overall reaction of the Claus
process.182

H2S + 1.5O2 / H2O + SO2 (2.7)

2H2S + SO2 / 3S + 2H2O (2.8)

2H2S + O2 / 2S + 2H2O (2.9)

The Claus process combines multiple thermal and catalytic
steps.270 One third of the feed gas containing H2S is burned in
a furnace with oxygen from air to give sufficient SO2 at 823 K in
the thermal step as in eqn (2.7). In the presence of a catalyst
based on alumina- or titanium dioxide, the remaining H2S
undergoes further reaction with SO2 to produce water and
elemental sulfur in the catalytic steps as described in eqn (2.8).
However, since O2 in eqn (2.9) is limited, H2S is not fully con-
verted.271 Hence, the treatment of tail gas is required to comply
with the environmental regulations.

Nearly all renery plants require above 99% sulfur recovery
from SRUs to meet the strict SOX emission laws. The Claus
process is only able to attain 97% of sulfur recovery even with 3
catalytic reactors. Since H2S is not converted fully in the Claus
process, its tail gas requires an additional sulfur recovery unit
for tail gas treatment to meet environmental regulations
regardless of the plant capacity. Three main methods of tail gas
treatment that are available at the commercial scale are sub dew
point, selective or direct catalytic oxidation and reduction–
absorption.272 The sub dew point process uses a special
alumina-based catalyst to process H2S and SO2 in the tail gas
from the Claus reactor at or below the sulfur dew point in
a liquid system to produce more elemental sulfur at a low
temperature. Nevertheless, the catalyst is vulnerable to deacti-
vation due to deposition of liquid elemental sulfur on its surface
and requires occasional replacements.182

The advantages of the Claus process are it is convenient for
a high percentage of H2S conversion and a well proven process
technology for desulfurization. The disadvantages of the Claus
process are the process is not economical andmight not operate
aer H2S concentration falls below 20%. In addition to this, the
catalyst tends to deactivate because of liquid elemental sulfur
© 2024 The Author(s). Published by the Royal Society of Chemistry
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deposition on its surface. The presence of heavy hydrocarbons
will lead to catalyst fouling and deactivation, resulting in
a lower quality sulfur product.273 Besides, the Claus process is
an energy intensive process and requires a signicant invest-
ment in capital equipment, and high operating costs due to the
need for high-temperature combustion and the use of a cata-
lyst.274 There are also safety concerns as the process requires
careful handling of high-temperature and high-pressure gases,
which can pose safety risks if not managed properly. Last but
not least, the process has a limited operating range andmay not
be effective for gas streams with low H2S concentrations or high
levels of other impurities.275

2.3.2 LO-CAT process. Liquid oxidation catalyst (LO-CAT)
technology was developed to offer an isothermal, cost-effective
method for conducting the modied Claus reaction. Hum-
phreys and Glasgow rst developed the LO-CAT process in 1965
as a chelated iron process. Ethylene diamine tetra acetic acid
(EDTA) was employed to retain the iron in solution. In 1972, ARI
Technologies Inc. began work on developing a H2S removal
process from air circulation andmanaged to overcome themain
stability issue of the chelated iron compound by adding poly-
hydroxylated sugar (type B chelating agent) to EDTA (type A
chelate). In 1980, a patent was granted to Thompson for his
work. The outcome of this development was named the LO-CAT
(liquid oxidation-catalytic) process.276 In 1977, the rst LO-CAT
system was installed at the Plateau Rening Co. in Bloomeld,
NM. The system uses a catalytic reagent called ARI-300. Even-
tually, a more stable catalytic reagent, ARI-310 was introduced
in 1982.

The LO-CAT technology was rst used commercially in 1980.
Commencing with the oil and gas industry, the LO-CAT process
has been persistently upgraded and modied from time to time
to allow for extended usage in other industrial segments and
markets such as petrochemicals, metals, water and wastewater
treatment and last but not least, CO2-based products such as
food and beverages. More recently, alternative and conventional
energy sources such as stranded offshore gas, shale gas, gasi-
cation syngas and biogas have also successfully utilized LO-
CAT technology for sulfur recovery.276 The LO-CAT process
involves an exclusive liquid redox catalyst that converts H2S to
elemental sulfur by carrying out direct oxidation of H2S.

The LO-CAT process uses iron(III) chelate catalytic solution as
a catalyst reagent to promote the overall reaction.276 In the
absorber, the sulde ions are oxidized by the iron ions. Eqn
(2.10) and (2.11) represent H2S absorption into the aqueous,
chelated iron (Fe) solution and its subsequent ionization. Eqn
(2.12) represents the S−2 ion oxidation to elemental sulfur and
reduction of Fe3+ to Fe2+. In the oxidizer, the reduced iron ions
are regenerated by oxidation in dissolved oxygen for reuse as
expressed in eqn (2.13). The function of organic chelating
agents is to inhibit the precipitation of ferric hydroxide or
ferrous sulde. The Fe+2/Fe+3 reactions are very rapid so
minimum excess S2− ions are carried over into the oxidizer. Eqn
(2.12) and (2.14) occur very fast. Hence, the unwanted byprod-
uct, thiosulfate salts are not formed by the side reaction. Eqn
(2.13) and (2.14) represent the oxygen absorption from
surrounding air into the aqueous solution followed by Fe2+ to
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fe3+ oxidation. However, eqn (2.10) and (2.13) are quite slow
and become the rate controlling steps in a LO-CAT process.276

H2S + 0.5O2 / H2O + S (2.10)

H2S / 2H+ + S−2 (2.11)

Fe−3 + S−2 / 2Fe+2 + S (2.12)

2Fe+2 + 0.5O2 + H2O / 2Fe+3 + 2OH− (2.13)

2S−2 + 1.5O2 / S2O3
−2 (2.14)

Also, excess dissolved O2 is limited by the presence of Fe+2

ions in the regenerated solution. The presence of high partial
pressures of CO2 in the process gas stream leads to pH reduc-
tion of the LO-CAT solution. Thus, a buffer solution such as
ammonium, sodium or potassium carbonate is added. Since
the reaction of H2S absorption is very fast compared with CO2

absorption, high selectivity of H2S removal can be attained. Fe
was chosen for the LO-CAT process mainly because it is safe to
operate and inexpensive, even though there are many metals
that are able to perform similar functions. The iron(III) chelate
catalytic solution does not participate in the reaction. Its role is
just to retain Fe ions in solution because both Fe2+ and Fe3+ ions
are not very stable and soluble in aqueous solutions.276,277

Usually at low concentrations, Fe will form precipitates as either
ferrous sulde, FeS or ferric hydroxide, Fe(OH)3. The chelating
agents are organic compounds that wrap around the Fe ions to
prevent them from precipitating and holding them in solution
throughout the operation.

LO-CAT has been developed into an adaptable processing
technology for treating gas streams containing any percentage
of H2S. Among the advantages of LO-CAT include the ability to
treat both aerobic and anaerobic streams of gases, high effi-
ciencies of H2S removal and production of only safe products
and byproducts. Elemental sulfur recovered by the LO-CAT
technology is totally different from sulfur produced by other
processes. Compared to the sulfur generated by other methods,
LO-CAT sulfur particle sizes are ner, within a range of 8 to 45
microns.278

There are a few advantages of the LO-CAT process such as
easily obtainable and cheap catalysts besides being stable at any
pH, low catalyst consumption and tolerating CO2, NH3 and
other gas contaminants. The LO-CAT process almost ensures
complete H2S removal from acid gas streams with low H2S
content. The process operates under mild reaction conditions
and does not require high temperatures or pressures, resulting
in lower energy consumption compared to other processes.279

However, there are also a few disadvantages associated with the
LO-CAT process such as the catalyst reagent used is slightly
corrosive, and therefore, equipment cannot be fabricated from
carbon steel. Besides, the process has a limited operating range,
and its performance can be affected by variations in operating
conditions such as gas composition and temperature.280

Furthermore, the degradation of chelated iron and the forma-
tion of sulfur-oxo-acid salts reduce the concentration of iron(III)
chelate in the solution, hence limiting the sulfur production to
RSC Sustainability, 2024, 2, 757–803 | 781
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1050 kg h−1.281 Additionally, the LO-CAT catalyst needs to be
periodically regenerated, which requires additional equipment
and chemicals. Furthermore, the LO-CAT catalyst is proprietary,
which can limit the availability and increase the cost of the
catalyst.280
2.4 Membrane separation

Membrane separation is an industrially established technology
in various industrial processes and has several advantages over
other technologies such as absorption and adsorption due to its
high modularity, large surface area of the membrane per unit
module, smaller footprint and simple operation.282 In addition,
membrane separation can optimize the gas separation
processes by lowering the energy requirement in the presence of
pressurized gas, reducing the size of equipment and capital
costs and improving the process safety, and it does not require
a complex system to operate.283 Besides, H2S removal can be
accomplished effectively viamembrane separation at low cost at
both offshore and remote areas.284 Nonetheless, current
research and development of membranes were focusing mainly
on CO2 removal instead of H2S. There was a higher emphasis on
membrane development for various industrial gases such as
light hydrocarbons, CO2, N2, O2 and H2 based on review papers
to date.285–288 Only a few reviews289,290 reported the development
of polymeric membranes for H2S removal due to high puri-
cation requirements (<4 ppm) and the toxic nature of the gas.
Essentially, the membrane separation process uses a physical
porous barrier where selective gas transport via permeation
occurs due to transmembrane pressure. The gas separation of
these membranes is inuenced by the permeability–selectivity
relationship while the gas permeability is controlled by the
solution–diffusion mechanism. In recent years, membrane
materials have been engineered to cater to the need for higher
performance, efficiency and economy by optimizing several
criteria such as selectivity, permeability, and chemical and
mechanical stability.291

The application of membrane separation technology is
mostly overshadowed by polymeric membranes as inorganic
membranes are expensive and difficult to manufacture.292 The
only disadvantage of polymeric membranes as compared to
inorganic membranes is their inability to operate under high
temperature conditions. Nonetheless, polymeric membranes
have proven to be one of the most successful membranes in
industrial applications for H2S separation due to their high
chemical stability, ability to operate under harsh conditions
and very efficient pretreatment for other technologies to purify
streams containing high level of H2S.291 Such polymeric
membranes include cellulose acetate-based membranes, i.e.,
Schlumberger Cynara®293 and UOP Separex™293 and polyimide-
based membranes, i.e., Air Liquide MEDAL™.294 In general,
polymeric membranes are used for natural gas sweetening
processes which contains 10–20% or higher of H2S concentra-
tion and are driven by the selectivity of H2S over CO2 and CH4,
respectively. Despite having similar operating conditions to
biogas separation, the performances of these membranes for
H2S removal from biogas are rarely reported. This is due to the
782 | RSC Sustainability, 2024, 2, 757–803
membrane material failure to withstand acidic properties of
H2S in the gas streams and since they are only capable of
removing very low concentrations of H2S (<1%) efficiently.

Membrane-based gas separation operates through a pres-
sure-driven mechanism as the gases ow through a thin selec-
tive membrane capable of separating different chemicals
species. The process is driven by the pressure difference from
high to low pressure across the membrane which allows the gas
molecules to pass through the membrane layer. The rate of gas
permeation is highly dependent on diffusivity, membrane
thickness, partitioning of chemical species in the feed-
membrane phase and the interactions between the molecules
and the membranes. A higher gas solubility and diffusivity rate
will result in a higher ow rate of gases passing through the
membrane at a certain membrane thickness and pressure
gradient.

The key factors contributing to the performance of polymeric
membranes in gas separation are permeability and selectivity.
Permeability is dened as the rate at which a chemical species
penetrates through a membrane, whereas selectivity is the
membrane’s ability to effectively select the desired product with
high purity and recovery. According to Robeson,295 there is an
inverse relationship between permeability and selectivity. A
higher permeability will lead to a lower selectivity and vice versa.
To achieve the optimal separation conditions and highest
performance using polymeric membranes, a reasonable
balance between both parameters must be obtained. Addition-
ally, high durability with high chemical and thermal stability
must be present in polymeric membranes to withstand harsh
operating conditions during application.

2.4.1 Polymeric membranes. Materials with high perme-
ability and selectivity to obtain the desired products are widely
sought aer over recent years.296 Among these, polymeric
membranes are gaining more attention as they are easily man-
ufactured due to low material and manufacturing cost.
Furthermore, they exhibit closely arranged and densely com-
pacted polymer chains that offer exibility, durability and
distinctive chemical functionality. Continuous research has
been carried out to fabricate a long-lasting, plasticization resis-
tant, thermally and chemically stable membrane that can with-
stand the acidic nature of acid gases.297 Besides, polymeric
membranes are ideal for acid gas removal as they are highly
soluble and permeable in acid gases as compared to other gases
with less condensability such as CH4, H2, O2 and N2. There are
a few issues related to acid gas separation using polymeric
membranes such as competitive absorption, plasticization and
aging that could deteriorate the performance of a membrane
over time. Variousmethods have been implemented to overcome
these issues such as using a facilitated transport membrane,
base material modication via coupling and cross-linking with
other llers to form a mixed matrix or hybrid membranes which
are more resilient and selective towards the desired gas. In
a matrix membrane, the polymer serves as the matrix or
continuous phase in which other components, such as additives
or llers, may be dispersed. The structure of matrix membranes
typically consists of a dense polymer layer that provides selective
transport properties, allowing certain molecules or ions to pass
© 2024 The Author(s). Published by the Royal Society of Chemistry
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through while rejecting others based on size, shape, polarity, or
other physicochemical characteristics.

2.4.2 Classication of polymeric membranes. In general,
polymeric membranes can be categorized into two different
types based on their glass transition temperature (Tg).290 Poly-
meric membranes with Tg higher than room temperature are
known as glassy polymers, whereas polymeric membranes with
Tg lower than room temperature are known as rubbery poly-
mers. Each polymeric membrane has different structures,
bonds and functional groups which inuence their Tg and also
affect their mechanical properties.

2.4.3 Rubbery polymers. Rubbery polymers are so and
exible as compared to glassy polymers as their chains are
highly mobile and easily rotatable around the main axis. As
a result, they have many free spaces between the chains
contributing to their high permeability but rather low selectivity
for gas separation application.298 Since H2S is more soluble
compared to other gases, rubbery polymers are excellent
choices for H2S removal.299 Rubbery polymers that are widely
used for gas separation purposes include polyurethanes, PEBAX
and polydimethylsiloxane (PDMS) due to their excellent
permeability.290

Rubbery polymers have low glass transition temperatures,
are exible under ambient conditions and rely mainly on
solubility for transport across rubbery membranes,300 thus
making them favorable for H2S removal from CH4 which is
inuenced by solubility.301 Furthermore, the performance of
a polyethylene glycol (PEG)-based membrane302 can be tuned by
changing the crosslinking density and polymer crystallinity.
Membrane rigidication was found to be effective in resisting
the strong effect of plasticization and improving the overall
diffusion in a solubility-controlled membrane, contributing to
outstanding H2S/CH4 and CO2/CH4 selectivity of higher than
110 and 60, respectively.302 Nevertheless, polydimethylsiloxane
(PDMS) was found to be the most permeable rubbery polymer
compared to the rest of the polymeric membranes.303

2.4.4 Polyether block amide (PEBAX®). Polyether block
amide, also well known as PEBAX®, is a commercial thermo-
plastic polymer widely used for gas separation purposes.304

PEBAX is synthesized by linking together two of its main
components, i.e., polyether and polyimide chains by co-
polymerization. The properties of PEBAX are affected by its
chemical properties and the ratios of both segments. The pol-
yether chains have a high selectivity towards acid gases,305

especially CO2, whereas the polyimide chains provides structure
stability that prevents the polyether chains from crystallizing.
Amo et al.306 discovered that a PEBAX 4011 membrane possesses
the highest selectivity for H2S over CO2 (>15) and CH4 (>70) aer
comparison with several materials. On the other hand, Vaughn
and Koros307 investigated the permeability of the PEBAX
membrane for acid gas, i.e., CO2 and H2S removal at 35 °C and
different pressures. The permeability for both gases was found
to increase as the pressure increases from 1.0 to 6.98 bar due to
the high chain mobility and diffusivity coefficient of acid gases
across the membrane. H2S solubility was also found to increase
in PEBAX membranes as they are amide-based and have strong
affinity towards H2S.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4.5 Polyurethanes. Polyurethane membranes are
synthetic elastomers composed of polyurethane polymers,
which are formed by the reactions between polyols and isocya-
nates.308 The ratio of polyols to isocyanates, known as the NCO/
OH ratio, is an important criterion to achieve desirable prop-
erties of polyurethane membranes. The ratio affects the extent
of crosslinking, mechanical properties, exibility, and other
characteristics. Careful consideration and optimization of this
ratio are essential to achieve the desired balance between ex-
ibility and strength. Their high selectivity towards H2S over CH4

has sparked various studies on their suitability for natural gas
sweetening processes. Chatterjee et al.309 developed poly(ether
urethanes) and poly(ether urethane ureas) that demonstrated
high permeability to H2S as compared to CO2 and CH4 at both
low pressure and high pressure up to 10 bar for both pure and
mixed gas feeds. Their results also agreed with those of
Mohammadi et al. which stated that permeability is affected by
the solubility of the gas, and it increases as the temperature and
pressure of the gas feed increases.

2.4.6 Polydimethylsiloxanes (PDMSs). A poly-
dimethylsiloxane (PDMS) membrane is a silicone-based poly-
mer commonly used for gas separation application due to its
unique properties.310 The glass transition temperature of PDMS
typically ranges from around −125 °C to −120 °C.298 This low Tg
is a result of the exible and highly mobile nature of the silicone
polymer's molecular structure, which allows the chains to move
easily even at relatively low temperatures. As a result, PDMS has
a high permeability and good selectivity towards CO2 and CH4,
making them suitable for natural gas purication applica-
tions.311 However, less emphasis has been given towards H2S
removal purposes.

According to Robb,312 the H2S presence could signicantly
increase the elasticity of PDMS membranes leading to a very
high permeability of 10 000 Barrer for H2S as compared to CO2

(3250 Barrer) and CH4 (900 Barrer). Besides, the permeability
of the PDMS membrane is also observed to be very high in
acidic compounds, with a selectivity of 3 and 10 for H2S/CO2

and H2S/CH4, respectively. However, no plasticization effect
was observed as the permeability coefficients remain
unchanged despite the increase in feed pressure. Several
authors313,314 discovered that a PDMS membrane is more
permeable in H2S compared to CO2. Meanwhile, Bhide et al.313

determined that the permeability of the PDMS membrane is
1000 Barrer at 25 °C, whereas Merkel et al.314 obtained a value
of 5100 Barrer at 23 °C.

A similar observation was also reported by Merket and Toy. A
study revealed that the applied PDMS coating layer on the
crosslinked 6FDA-DAM/DABA polyimide hollow ber
membranes successfully enhanced membrane performance.
The selectivity of H2S to CH4 was in the range of 22 to 29 under
demanding sour gas feed conditions, such as a 20% H2S
concentration and very high pressures ranging from 34.47 to
48.26 bar.315 It was anticipated that the PDMS coating layer
assisted in sealing and leveraging the morphological defects
present in the crosslinked polyimide bers, which could
potentially worsen under such harsh conditions.
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2.4.7 Classication of glassy polymers. Glassy polymers are
rather different from their counterparts by having high selec-
tivity and lower permeability as they possess fewer mobile
chains and fewer free spaces between them.316 The rigid and
hard structures of glassy polymers enable selectivity-based
diffusion to occur based on the different kinetic diameters of
the compounds. For example, CH4 which has a larger kinetic
diameter than the acid gases, i.e., CO2 and H2S, can be sepa-
rated easily by the selectivity-based diffusion mechanism.317

High partial pressure of the feed gas might affect the membrane
performance due to the plasticization effect.318 Another weak-
ness of glassy polymers is the aging effect which causes the
membranes to lose permeability to acid gases and a drop in
performance over time.319 There are a few categories of glassy
polymers that are commonly used for gas separation such as
polyimide, polyphenylene oxide, cellulose acetate and uori-
nated polymers.

2.4.8 Fluorinated polymers. Fluorinated polymers, also
known as uoropolymers, are a class of synthetic polymers that
contain uorine atoms within their molecular structure.320 They
are known to be chemically and thermally stable, which makes
them well-suited for gas separation applications.321 However,
they possess several undesirable properties which hinder their
development as membrane materials such as high costs, diffi-
culty synthesis and rigid crystalline and semi-crystalline struc-
tures.322 Their high permeability and solubility towards H2S
have encouraged many researchers to develop ideal uorinated
polymers membranes well-suited for gas separation. There are
a few types of uorinated polymers commonly used for natural
gas separation such as peruorosulfonic acid (PFSA), poly-
tetrauoroethylene (PTFE) and polyvinylidene uoride (PVDF).

Based on a comparison between different types of uorinated
and non-uorinated polymers, Merkel and Toy323 found out that
both Cytop and Teon membranes were capable of absorbing
more CO2 than H2S. These results also indicate that uorinated
polymers are more plasticization-resistant as compared to non-
uorinated polymers as they are highly resistant to chemical
degradation which allows them to withstand acidic conditions
without a decrease in performance. On the other hand, per-
uorosulfonic acid (PFSA) such as Aquivion and Naon exhibi-
ted a glassy behavior under dry conditions and increasing
permeability under humid conditions. Several authors324–326 re-
ported that the PFSA membranes are showing glassy behavior
under dry conditions, the gas permeation is dependent on the
solution–diffusion and their performance is affected by the
kinetic diameter of the reactants. However, PFSA membranes
were found to have a low permeability which makes them
undesirable for gas separation purposes under dry conditions.327

Nonetheless, PFSA membranes demonstrated outstanding
performances and strong affinity towards polar compounds
when being used under humid conditions. By increasing the
relative humidity of the feed gas at 35 °C, PFSA membranes
exhibited increasing permeability from 32 to 370 Barrer and
from 40 to 250 Barrer for H2S and CO2, respectively.328

2.4.9 Polyimide polymers. Polyimide polymers are a class
of high-performance polymers known for their exceptional
RSC Sustainability, 2024, 2, 757–803 | 787
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mechanical strength, thermal and chemical stability and high
resistance to corrosion.329 Due to their high selectivity, perme-
ability and resistance to plasticization, polyimides are excellent
choices as membrane materials for gas separation applications.
Matrimid® is a well-known commercial polyimides polymer
widely used for various applications. However, Matrimid is not
widely used as a membrane for mixture gas separation.330

Scholes et al.331 reported that the permeability of a Matrimid
membrane is rather low aer being tested with mixture gases of
H2S and CO2 due to the presence of competitive absorption
between both gases.

Other polyimide membranes that are commonly used are
semi-uorinated modied polyimides such as 6FDA, 6F-PAI-1,
6FDA-HAB and 6FDA-DAM:DABA. These polymers are proven
to have a high selectivity towards H2S, and CO2 as compared to
CH4 with a selectivity range of 10 to 16 for H2S/CH4 and 30 to 60
for CO2/CH4.307,332,333 Kraschik et al.334 discovered that the
plasticization effect of the 6FDA-DAM:DABA membrane can be
minimized by thermal treatment when tested with binary
mixture gases of H2S and CH4, and also ternary mixture gases of
H2S, CO2 and CH4. They found out that upon treatment, the
permeability of H2S has increased to 100 Barrer and the inter-
actions between the reactant and polymers have increased the
selectivity of membranes. On the other hand, Vaughn and
Koros307 investigated the performances of 6FDA and 6F-PAI-1
membranes for H2S removal and discovered a selectivity of 10
for H2S/CH4.

2.4.10 Polyphenylene oxide polymers. Polyphenylene oxide
(PPO), also known as polyphenylene ether (PPE), is a class of
thermoplastic polymers that possesses a unique combination of
properties such as high thermal and chemical stability and high
permeability and selectivity which makes them an excellent
choice for gas separation purposes which involves H2S, CO2 and
CH4.335,336 The presence of phenyl rings inside PPO protects the
chains from degradation under acidic and basic condi-
tions.337,338 According to Chenar et al.,339 the H2S permeability in
a PPO hollow ber module increases as the concentration and
pressure of the feed gases increase except for CH4 which was
found to remain unchanged.340 However, the permeability was
found to increase for both H2S and CH4 as the temperature
increases.

2.4.11 Cellulose acetate polymers. Cellulose acetate is
a exible thermoplastic polymer obtained from natural cellu-
lose via a chemical modication process known as acetylation
where acetates are introduced onto the cellulose polymer
chains.340 Cellulose acetate membranes are suitable for gas
separation due to their tunable pore structure, easy to be
modied, compatible with various gases, and cost-effective.341

Besides, cellulose acetate membranes have a good selectivity
value between 10 and 30 for H2S/CH4.342 In addition, the pres-
ence of both H2S and CO2 gases, even at low concentration, was
reported to decrease the plasticization of membranes that could
lower the separation performance.343

In addition, Baker344 discovered that the permeability of H2S
in cellulose acetate membranes become lower at higher relative
humidity due to the hydrophilic nature of the membranes
which lose their rigidity as they began to absorb water from the
788 | RSC Sustainability, 2024, 2, 757–803
surroundings.339 Due to these limitations, their application at
the industrial level has been restricted to operating only in the
presence of a little water in the feed gas to maintain a high level
of permeability and selectivity. To improve the separation
performance and mechanical resistance of the cellulose acetate
membrane, various studies have been conducted to develop
a better membrane by functionalizing the surface with specic
groups such as vinyl methoxysilanes. The modied cellulose
acetate membrane not only showed similar selectivity to the
unmodied membrane but a signicantly improved perme-
ability up to 200 Barrer from 8.7 Barrer originally.342

On the other hand, Liu et al.345 investigated the plasticization
effect of CTA hollow bers on the removal of acid gas from
a feed stream containing a mixture of gases of H2S, CO2, CH4,
C2H6 and C3H8 at 35 °C. The CTA hollow bers demonstrated
a remarkably higher permeability towards H2S and CO2 as the
feed gas pressure increases. As pressure increased from 5 to 30
bar, the permeability rose from 80 GPU to 140 and 120 GPU for
H2S and CO2, respectively. This happened due to the competi-
tive absorption between H2S and CO2 and also the plasticization
effect of CTA hollow bers at high temperature. Furthermore,
Liu et al.345 concluded that the plasticization effect of acid gases
and high separation efficiency contributed to high selective
removal of H2S in the presence of CO2.

2.4.12 Summary of membrane separation. Generally,
various types of membranes were evaluated for their effective-
ness and potential for H2S removal in natural gas sweetening
processes. These membranes were assessed to verify their
durability and suitability for realistic and harsh condition
operations, i.e., high concentrations of H2S between 5 and 20%
in the gas mixture. However, these membranes are known to
have several drawbacks such as vulnerability to physical aging
and plasticization in the presence of plasticizers, e.g., H2S, CO2,
condensable aromatics such as benzene, toluene, ethylbenzene,
xylene (BTEX); and highly pressured feed gas.346 Other major
issues associated with membrane technology is membrane
fouling, which reduces the treatment efficiency, membrane life
and requirement of high cost of energy and chemicals for
backwashing.347 Not to mention that these membranes are
actually relying heavily on high pressure of the feed gas as high
as 48 bar to operate optimally,315 which is energy intensive and
uneconomical. Another drawback of these polymeric
membranes would be their low selectivity towards H2S302 in the
simultaneous removal of acid gas, as they show higher affinity
towards CO2, favored by the diffusion-inuenced and glassy
polymeric membranes. Recent studies on H2S separation by
using a series of membranes are summarized in Table 5.
2.5 Cryogenic distillation

The distillation process has been used since the 19th and 20th
centuries, specically for separation of alcohol applications.367

Frank Sherwood Taylor368 pioneered the distillation concept in
1945 using laboratory apparatus such as condensing apparatus,
a vessel and a receiver. In 1953, John M. Chambers369 further
developed the idea by creating a structured distillation column
for the purication of fermented alcohols by taking into
© 2024 The Author(s). Published by the Royal Society of Chemistry
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consideration heat input and optimum reux ratio factors.
Since then, distillation technology has improved signicantly
and is well-suited for harsh operating conditions such as low
and high temperatures, high pressure as well as vacuum
conditions. A distillation column is widely used for separation
of two or more components from the feed gas based on different
boiling points and volatility of the respective components.370

The component with a lower boiling point le the column as the
top product, whereas the component with a higher boiling point
remained as a liquid as the bottom product.

Cryogenic distillation technology is a process used to sepa-
rate different components of a gas mixture by cooling the
mixture to very low temperatures and then distilling it.371

Cryogenic distillation technology is one of the most efficient
methods used for the simultaneous removal of CO2 and H2S
from natural gas streams.372 Commercially, cryogenic separa-
tion is widely utilized for CO2 separation to fulll the pipeline
requirements. There are a few advancements in cryogenic
separation technology being implemented currently such as
anti-sublimation unit (AnSU), controlled free zone (CFZ), cryo-
genic packed bed (CPB) and CryoCell®.

2.5.1 Anti-sublimation unit (AnSU). An anti-sublimation
unit (AnSU) was developed by Clodic et al.373 by using a series
of expanders and evaporators for CO2 capture on the low-
temperature frost evaporators. AnSU uses CO2 thermody-
namics of anti-sublimation at room temperature by converting
CO2 directly into a solid from the gas phase at a point where the
pressure is below the triple point pressure.374 The AnSU consists
of ve stages such as moisture removal, water content reduc-
tion, cold energy supply, freezing process and nally the
recovery of CO2. AnSU uses liqueed natural gas (LNG) as its
source of cooling energy.375

The advantage of the AnSU method is high purity of CO2

which can be captured without the presence of any contami-
nants.376 Clodic et al.375 discovered that AnSU consumed a high
level of energy for the removal of low CO2 concentration and the
energy consumption decreases as the concentration of CO2

increases. On the other hand, Schach et al.377 investigated and
made a comparison between AnSU and the adsorption method
in terms of energy consumption using ASPEN HYSYS simula-
tion for CO2 removal at 90% efficiency. The results showed that
the energy consumption of AnSU is far lower at 178 MW as
compared to the adsorption method using MEA at 208 MW.

Despite having high efficiency of CO2 removal, AnSU has
several drawbacks such as high costs for regular maintenance
for the compression systems and high capital costs for AnSU
since it requires ve stages of separation mechanisms.
Furthermore, the formation of a CO2 frost layer on the surface
of the heat exchanger affects its efficiency and thus, a better
material is required for the heat exchanger with higher
mechanical stress tolerance and thermal conductivity.378

Moreover, simultaneous removal of CO2 and H2S using AnSU
has not yet been investigated.

2.5.2 Controlled freeze zone (CFZ). Controlled freeze zone
(CFZ™) technology was developed and patented by ExxonMobil
in 1985 for H2S and CO2 separation from natural gas.379 CFZ™
is integrated with cryogenic technology to form a single-step
© 2024 The Author(s). Published by the Royal Society of Chemistry
cryogenic distillation for bulk removal of CO2 from sour
gases.380 The CFZ™ process operates in a high-pressure range of
34.47 to 41.37 bar and allows CH4 to vaporize at a temperature
between −90 °C and −85 °C, and CO2 to freeze at higher
temperatures ranging between −62 °C and −42 °C.381 Overall,
CFZ™ has lower capital costs as compared to other conven-
tional methods due to its less equipment, small footprint and
since it does not require any solvent.382 In 2007, ExxonMobil
designed a commercial demonstration project (CDP) to evaluate
the technological readiness level (TRL) of yjr CFZ™ method by
processing 228.8 m3 s−1 of natural gas with H2S and CO2

contents of 5% and 65%, respectively, at a high pressure of
41.37 bar.383 The process managed to obtain 1.2 ppm H2S and
680 ppm CO2 as the top product, while the liquid product
contained 0.23% H2S and 4.1% CO2 at the bottom.

CFZ™ technology is regarded as economically viable due to
its capability of handling various compositions of H2S and CO2

in the feed stream. The discharge of both top and bottom
products at relatively high pressure helps to minimize the
recompression cost for delivery and reinjection of acid gas back
to the reservoir. The acid gas injection (AGI) method is usually
used to discard the separated H2S and CO2 from the feed gas. By
combining the CFZ™ and AGI approaches, the geological
sequestration of CO2 could be facilitated using the high-
pressure liquid stream released from the bottom column.384

Furthermore, Northrop et al.149 nalized the CDP of CFZ™
technology and concluded that the technology is ready for scale-
up and commercialization for sour gas treatment up to 327 m3

s−1. However, CFZ™ application for simultaneous removal of
H2S and CO2 is facing drawbacks as the presence of H2S inhibits
the freezing of CO2.

2.5.3 Cryogenic packed bed (CPB). Cryogenic packed bed
(CPB) is a combination of cryogenic and packed bed separation
methods.385 The CPB separation begins with the cooling of the
packed bed column with liquid nitrogen until the temperature
reaches −120 °C, switched with the sour gas feed aer the
cooling process is completed. Aer the packed bed is suffi-
ciently cooled, crystals will be formed from the sublimation of
H2S and CO2, and condensation of water molecules. Aer some
time, the packed bed column will become saturated, and the
crystals will continue to form and spread throughout the
column leading to the formation of front frost. Once the packed
bed is fully saturated, a regeneration process is required to
recover CO2 and water.386

One of the major advantages of this process is its ability to
simultaneously remove H2S, CO2 and water from the sour gas
based on their respective sublimation and dew points.378 Addi-
tionally, the CPB process does not require chemical solvents
and high pressure to operate, which in turn could save cost as
the chemical solvents require regular replacement, which could
lead to a higher capital cost.387 The crystallization of H2S, CO2

and water only requires the cold energy provided by the packed
bed materials without requiring high pressure.387 Furthermore,
the methane produced by the CPB process has a higher purity as
compared to that produced by the PSA process. Ali et al.388

compared the energy requirements between the CPB and
conventional methods for the removal of 70% CO2. The authors
RSC Sustainability, 2024, 2, 757–803 | 789
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found that CPB consumed lower energy at 810 kJ kg−1 of CO2 as
compared to the conventional cryogenic process which used
1472 kJ kg−1 of CO2. On the other hand, Turnier et al.389

concluded that the energy consumption by the CPBmethod was
much lower at 2.9 MJ kg−1 of CH4 as compared to the pressure
swing adsorption (PSA) which used 3.7 MJ kg−1 of CH4.

However, the CPB process faces several drawbacks such as
limited availability of commercial thermal insulators that can
maintain a very low temperature required by the process, loss of
cold energy to the surroundings and high energy consumption
for simultaneous removal of H2S and CO2.390 The reason behind
high energy requirement for simultaneous removal of H2S and
CO2 is the requirement to reach the H2S dew point at −150 °C.
To achieve high removal efficiency of H2S, the process requires
long hours of operation at extremely low temperatures and
leads to high costs of operation. Therefore, to minimize losses
during the purication process, it is recommended to have
a proper heat integration system between the LNG production
and air separation unit.391

2.5.4 CryoCell®. CryoCell® is a new cryogenic technology
developed in 2009 by Cool Energy Ltd. for feed gas treatment
with high concentration of CO2 using a similar approach of CO2

sublimation applied in the CFZ™ process.392 CryoCell® has
a compact and portable design that allows this process to be
used for offshore applications and CO2 geo-sequestration by
injecting the liquid CO2 collected at the bottom product into the
porous rock formations in geologic basins for storage.393,394

CryoCell® is economically advantageous as compared to other
conventional methods due to elimination of water, chemical
and solvent requirements and minimum corrosion issues. This
will further result in lower capital costs by 20 to 40% as
compared to the conventional LNG methods.

The initial step of the CryoCell® process involves the treat-
ment of feed gas, which has a high CO2 content, by reducing its
moisture level to as low as 5 ppm through a dehydration
process.388 Aer this, the dehydrated feed gas is cooled to
a temperature above the freezing point of CO2 at a constant
pressure, condensing the gas mixture into a liquid phase.
Subsequently, the liquid mixture undergoes expansion through
a Joule–Thomson valve, while maintaining a constant enthalpy
that induces a phase change in CO2, into liquid, solid, and
vapor phases which is later separated by a three-phase sepa-
rator.395 It is very critical to maintain a low CO2 content in the
vapor phase and high CO2 level in the liquid product in the
CryoCell® process. The solid CO2 product will then be melted
and mixed with the liquid product.

Cool Energy Ltd. collaborated with Shell Global Solutions
and developed a commercial demonstration plant (CDP) in
2006 to investigate the viability of CryoCell® technology.392 The
CDP of CryoCell® was designed to process 60 mol% of CO2 feed
gas with the pressure ranging from 55 to 65 bar and feed
owrate between 600 and 1300 kg h−1. The separator was
designed to operate at 12, 16 and 19 bar whereas the reboiler
was kept between −50 and −60 °C. The results from CDP
showed that CryoCell® technology can remove up to 81% of CO2

from natural gas. On the other hand, Hart and Gnanendran392

performed a comparison between the CryoCell® and amine
790 | RSC Sustainability, 2024, 2, 757–803
process for treatment of feed gas containing 20 mol% and
30 mol% of CO2 using Aspen HYSYS simulation. Their results
indicated that CryoCell® required a lower heat duty as low as 0.1
MW, as compared to the amine process which required between
19 and 35 MW. Nonetheless, the simulation data also revealed
that the CryoCell® process requires more compression between
4.3 and 7.0 MW, as compared to the amine process which only
requires 1.9 to 3.8 MW at higher CO2 content in the feed gas.392

Based on initial testing through CDP and simulation data, it
is expected that this technology can be commercialized and has
huge potential for treatment of natural gas involving high CO2

content and geo-sequestration of CO2 for storage. Furthermore,
Amin et al.393 stated that the CryoCell® process can handle
a diverse range of contaminants including H2S and heavy
hydrocarbons. Nevertheless, limited applications of CryoCell®
technology for H2S removal were reported. Besides, the Cry-
oCell® process also faces several drawbacks such as uncon-
trollable freezing of CO2 and poor handling of solids formed.
Therefore, more research should be carried out for H2S removal
applications by beneting from their progress for CO2

purication.
2.5.5 Summary of cryogenic distillation. Despite excellent

progress in cryogenic technology, the applications of cryogenic
distillation process are currently limited to CO2 separation,
whereas the capture of H2S is barely reported. Moreover, cryo-
genic technology is mostly suitable for bulk removal of CO2

from an economic point of view. Cryogenic distillation tech-
nology is an effective method for H2S removal, as it can achieve
very high levels of purity, is able to handle large volumes of gas
and is highly effective at removing even trace amounts of H2S
from natural gas streams.

In general, cryogenic distillation can achieve very high levels
of sulfur recovery, up to 99% or higher, which means that
almost all of the H2S in the natural gas stream can be separated
and recovered.396 However, H2S purication is an energy-
intensive process and requires greater cooling duty to cool
down H2S to below its boiling point. As a result, H2S removal by
cryogenic separation is rarely reported as of now. In H2S
removal, the process starts with the compression of the gas
stream to a high pressure and then cooling to a very low
temperature below the boiling point of H2S, typically around
−50 °C.397 This causes the H2S gas to condense and form
a liquid, which can be removed from the gas stream via the
distillation method. The process requires a signicant amount
of energy to cool the natural gas stream to very low temperatures
necessary for the H2S to condense.398 This leads to high oper-
ating costs, especially for large-scale industrial applications.

In addition, cryogenic distillation requires complex and
expensive specialized equipment with high maintenance costs
such as refrigeration units, distillation columns and heat
exchangers.371 Furthermore, there are also safety concerns
regarding cryogenic distillation as the process involves
handling extremely cold materials, which can be hazardous if
not properly managed. There is also a risk of leaks or equipment
failure, which could result in the release of toxic gases or other
safety hazards. Besides, the effectiveness of cryogenic distilla-
tion for H2S is limited by the feed gas composition. High levels
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of other impurities such as CO2 and N2 will interfere with the
separation process, reducing its efficiency and increasing the
operation costs. Last but not least, the process also has
a signicant environmental impact due to the high energy
consumption and the potential for leaks or release of toxic
gases.371
3. Status, opportunities and
challenges

There are various methods and materials being developed
specically for the purpose of H2S capture from mainly gaseous
streams. This emphasizes the signicance and urgency of
addressing this problem. The suitability of any method to
a specic application is highly dependent on various factors
such as cost, operating conditions, initial concentration of H2S,
gas volume, space and weight limitations, outlet specication
and technological readiness level (TRL). Table 6 provides
a general comparison between various techniques for H2S
removal. However, the general comparison used cannot be
applied specically for every material used under each tech-
nique category. For example, a technology with TRL of 9 is
mainly because of its wide industrial application such as the
wide usage of alkanolamines as absorbents. However, the same
absorption method by using ionic liquids or deep eutectic
solvents would only have a TRL of 2–4. Comparatively, an
absorbent material with a TRL of 4 is more likely to be used for
industrial application as compared to a membrane material
with the same level of TRL. This is because the absorption
technique has a higher TRL generally than membrane separa-
tion technology for selective removal of H2S. This highlights the
signicance of the TRL as a systematic approach to assess the
maturity level of a particular material and in technology devel-
opment for any application, and the TRL is also crucial to
determine the ease of its integration into the current industrial
environment.

The determination of the TRL for a certain technology is
carried out based on the economics and sustainability of
a certain technology. The most widely used materials currently
are activated carbons, aqueous amines, metal oxides, zeolites
and chelated iron solution (LO-CAT process). Despite their
disadvantages in certain criteria, most of these materials have
been used in industrial applications for many decades. Never-
theless, low-cost and sustainable alternatives are yet to be
discovered. ILs are widely known as sustainable solvents, but
this was proven to be an overstatement for most conventional
ILs. Protic ILs and DESs have shown potential as simpler, more
sustainable and cheaper options as compared to the conven-
tional ILs, but they are still more costly than amines. Over the
recent years, MOFs have made a signicant impact on adsorp-
tion applications. Despite comparable performances of MOFs to
zeolites, MOFs suffer from high material costs as compared to
zeolites and amines. Functionalized carbonaceous materials
have shown promising development for H2S removal ability, but
still require further studies to explore various potential func-
tionalization techniques. Generally, most of the adsorbents
© 2024 The Author(s). Published by the Royal Society of Chemistry
were facing regeneration failure due to irreversible chemical
reactions on the surface. Membrane separation technology
presents numerous benets and possibilities due to its light-
weight and compact characteristics, making it well-suited for
applications in remote areas and small-scale settings. However,
they are not economical as standalone applications as they are
mostly effective when being used together with other tech-
niques such as adsorption or absorption where the main
purpose of the membrane is to reduce the feed owrates before
entering the separation columns and helping to reduce the
column size and energy requirements. Cryogenic distillation
has huge potential for H2S capture applications. Nevertheless,
most of the available methods focus mostly on CO2 capture and
rarely focus on H2S. Advancement of this particular technology
for H2S capture would be benecial in terms of technical,
economic and sustainability factors.

By taking into consideration all the provided information,
a general comparison between technologies for H2S capture
could be represented clearly as shown in Table 6. The selection
of a suitable technology to be used is highly dependent on the
operational requirements and conditions of the specic
process. For small-scale applications (associated gas, offshore,
biogas, etc.), there is a requirement for processes with smaller
footprints. For the required sulfur production between 0.5 and
20 tons per day, liquid redox processes such as the LO-CAT
process is the best option. As the total gas owrate got higher,
a combination of H2S removal methods which involves
membranes and chemical solutions followed by catalytic
adsorbents (impregnated ACs and metal oxides) may be adop-
ted. As the H2S partial pressure increases and the required
sulfur production is above 20 tons per day, the absorption
method is more suitable economically, possibly combined with
the membrane separation method. For the operating pressures
between 1 and 25 bar, chemical solvents are a viable option.
When the operating pressure is between 15 and 40 bar, hybrid
solvents are a better option as compared to chemical solvents.
As the operating pressure exceeds 30 bar, especially at a very
high pressure of 50 bar or even higher, physical solvents are
probably a better option as compared to the latter. If there is an
additional requirement for other products such as methane or
other light gases, then cryogenic distillation could be the most
effective economically compared to other methods. Generally,
the adsorption method is mostly economic for removal of a low
concentration of H2S between 10 and 20 ppm as currently, most
of the spent adsorbents cannot be regenerated and need to be
disposed.

Recent development of hybrid and composite materials such
as functionalized MOFs, supported IL membranes, functional-
ized mesoporous silica or activated carbons, and mixed matrix
membranes based on zeolites are excellent examples of such
development. However, these materials were mostly being
developed for specic CO2 removal applications and their use
for H2S capture is still at the grassroots level. It is also predicted
that the development of a new generation of membranes,
adsorbents, functionalized ILs and DESs will become the major
focal points of H2S capture research in the near future. The
usage of computational tools to design the molecules and
RSC Sustainability, 2024, 2, 757–803 | 791
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prediction of their physicochemical properties for IL and DES
application such as a conductor-like screening model for real
solvents (COSMO-RS) and process modeling is also expected to
gain more interest and become a driving force in designing
materials that are excellent in various criteria which includes
economic, functionality and sustainability aspects.

The exploration of challenges and the way forward in
industrial applications of H2S removal, with a specic focus on
large-scale adoption, deployment, and medium-scale applica-
tion, is essential for advancing effective strategies and tech-
nologies in this domain. This involves addressing issues such as
scalability, integration into existing infrastructure, cost-
effectiveness, regulatory compliance, and ensuring optimal
performance across diverse operational settings. Scalability
remains a critical consideration, ensuring that solutions can be
adapted to meet varying demands across different scales of
operation. Integration into existing infrastructure is vital for
seamless implementation, while cost-effectiveness is essential
for widespread adoption. Regulatory compliance underscores
the need for solutions that meet environmental standards.
Operational performance across diverse settings, from energy
production to wastewater treatment, requires robust technolo-
gies capable of consistent and reliable H2S removal. Under-
standing these challenges and potential pathways forward is
crucial for enhancing the efficiency, reliability, and sustain-
ability of H2S removal processes in various industrial contexts.

The cost of the material also plays a signicant role in
determining the suitability of materials for H2S capture appli-
cation. Usually, the cost of any material decreases as its TRL
increases which eventually lead to a larger production of that
specic material. The present state of lab-scale development
discussed so far is still far from transcending them to a higher
level of TRLs. Most of the experimental studies conducted so far
have not considered the inuence of realistic feed gas compo-
sitions on their performances. The presence of impurities in the
feed gas such as CO2 and water are recognized to impact the
efficiency of H2S removal. This work also addresses a clear gap
between science and engineering. Almost all adsorbents and
absorbents reported the performance of material in terms of
breakthrough capacity or equilibrium, mostly focusing on
maximizing their performance. Nonetheless, these parameters
are insufficient to provide comprehensive data on the overall
performance of the process. Many other critical process
parameters have been overlooked such as selectivity, regener-
ability, reaction kinetics, purity and activation energy which
could provide better understanding of the overall process and
its cost of H2S capture. Additionally, the specic challenges that
need to be addressed by each class of materials are further
elaborated in their individual sections to further accelerate the
development of these materials.

4. E-factors

In the context of green chemistry, e-factors399 refer to the envi-
ronmental impact of chemical processes,400 specically the
efficiency of resource utilization and the generation of waste.
Green chemistry aims to design chemical products and
RSC Sustainability, 2024, 2, 757–803 | 793
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processes that minimize environmental pollution, reduce
resource consumption, and promote sustainability.401,402 E-
factors serve as quantitative indicators of the environmental
performance of chemical processes, providing insights into
their sustainability and potential for improvement. The e-factor
is dened as the ratio of the mass of waste generated by
a chemical process to the mass of the desired product. It
quanties the efficiency of a chemical process in terms of waste
generation, with lower e-factors indicating more sustainable
practices. The e-factor can be expressed using the following
equation:

E-factor ¼ total mass of waste generatedðgÞ
mass of desired productðgÞ (4.1)

E-factors are used to evaluate the environmental impact of
chemical processes and guide the development of greener
alternatives. By assessing the amount of waste generated per
unit of product, researchers and industrial players can identify
opportunities to minimize waste and optimize resource utili-
zation. The evaluation of e-factors relies on waste denition,
encompassing non-recoverable starting materials, solvents,
catalysts and undesired side products from reactions. Smaller e-
factor means closer to zero waste. Similarly, the e-factor can be
used to estimate the total waste generated by using the
following expression:

Amount of waste = e-factor × amount of product (4.2)

Comparing the latest technological advances in H2S removal,
such as absorption, adsorption, conversion, membrane sepa-
ration, and cryogenic distillation, regenerable solvents like ILs
emerge as the most promising option with the lowest e-factors
and highest efficiency for H2S removal applications. This is
because regenerable ILs produce minimal or zero waste as
compared to their desired products.81,403,404 Their high regen-
erability contributes to efficient H2S removal, enabling multiple
uses over a certain period. Emphasizing the high regenerability
of materials used in other methods is essential to minimize e-
factors. The high regenerability of materials leads to lower e-
factors as it allows for the repeated use of the same materials
in a chemical process.405 When materials can be regenerated
and reused multiple times, there is less need to produce new
materials, resulting in reduced waste generation per unit mass
of the desired product. This efficient recyclability of materials
decreases the overall amount of waste generated during the
process, thereby lowering the e-factor. Lower e-factors indicate
higher efficiency in a chemical process, signifying less waste
generated per unit mass of the desired product. In other words,
a lower e-factor suggests that the process produces less waste
relative to the amount of product obtained, aligning with
sustainability goals and efficient resource utilization.

In regard to recyclability, ILs are well-known for their
potential recyclability406,407 due to their unique properties, such
as low vapor pressure408 and high stability.409 In general, ILs can
be recovered through processes like solvent regeneration or
extraction. Plus, ILs are generally considered to be less prone to
794 | RSC Sustainability, 2024, 2, 757–803
leaching compared to traditional solvents due to their low vapor
pressure, non-volatile nature and high chemical stability.
However ILs still face the risk of contamination and should be
monitored periodically, especially in long-term applications.
Additionally, ILs can undergo degradation or deactivation over
time,410 leading to reduced efficiency in H2S removal. However,
proper selection of ILs and optimization of operating condi-
tions can mitigate this issue. Some of the ILs were also reported
to be non-regenerative and cannot be recycled.411 These could
lead to several drawbacks such as increased chemical
consumption, waste generation, and higher operational costs.
Additionally, disposal of used ILs may pose environmental
concerns.

To date, e-factors are oen overlooked in previous studies
and should be given higher emphasis in future work. E-factors,
which measure the mass of waste generated per unit mass of
desired product, provide an excellent means to assess the effi-
ciency of a chemical process by considering the amount of
waste generated such as used solvents, reagents and catalysts,
relative to the production amount of the desired product. While
e-factors provide valuable insights into the environmental
performance of chemical processes, challenges remain in their
practical implementation and interpretation. Factors such as
the denition of waste, the inclusion of energy consumption,
and the consideration of life cycle impacts can inuence e-
factor calculations and their relevance to sustainability. In
conclusion, e-factors play a crucial role in green chemistry by
quantifying the environmental impact of chemical processes
and guiding the development of more sustainable alternatives.
By reducing waste generation, optimizing resource utilization,
and promoting innovative synthesis strategies, green chemistry
contributes to the transition towards a more sustainable and
environmentally conscious chemical industry. As a result,
a more holistic approach must be used to assess the properties
of each material and their respective performances in H2S
capture.

5. Conclusion

Effective capture and removal of H2S is very crucial to avert
harmful consequences upon exposure to human beings, the
environment and production facilities. To date, there are
various conventional methods being implemented for H2S
capture on the commercial scale such as absorption, adsorp-
tion, conversion, membrane separation and cryogenic distilla-
tion. However, there is still huge room for improvements and
optimizations for these processes, to achieve high efficiency and
signicant reduction in overall costs. Adsorption via metal
oxide adsorbents is by far the most established method for ne
H2S removal. Meanwhile, absorption andmembrane separation
methods are primarily applicable for the bulk removal of acid
gases, with alkanolamine solvents and polymeric membranes
being the dominant choices for this purpose.

Highly regenerable solvents such as ILs emerge as highly
promising candidates for H2S removal, offering the potential for
efficient and sustainable processes with a low environmental
impact. Their high regenerability enables multiple uses over
© 2024 The Author(s). Published by the Royal Society of Chemistry
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time, contributing to lower e-factors by minimizing waste
generation per unit mass of the desired product. The unique
properties of ILs, such as low vapor pressure, high stability, and
strong solvent power, inherently make them less prone to
leaching compared to traditional solvents, further enhancing
their appeal for environmentally conscious applications.
However, challenges such as degradation or deactivation over
time and the potential non-regenerability of some ILs highlight
the importance of careful selection, optimization, and moni-
toring to ensure their continued effectiveness and sustain-
ability. Addressing these challenges is crucial to fully capitalize
on the potential of ILs in H2S removal while also minimizing
environmental risks and maximizing resource utilization.

Much on-going research is still conducted to develop novel
materials by functionalization andmolecular design to enhance
their performance, whilst at the same time, being cost effective
and environmentally friendly. Even though H2S capture can be
performed simultaneously with CO2 efficiently using highly
established carbon capture technologies with a high TRL, the
selective removal of H2S from CO2 still requires deeper research.
This would pave the road for further research on the recovery
and separation of H2S into valuable end-products such as
elemental sulfur, hydrogen, mercaptan and other sulfur-
containing materials which are highly lucrative for a circular
economy.
Author contributions

Muhammad Syahir Aminuddin: conceptualization, writing –

original dra, review & editing, visualization. Mohamad Azmi
Bustam: supervision, Khairiraihanna Johari: supervision,
writing – review.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors gratefully acknowledge the funding for research
work from the Malaysian Ministry of Higher Education (MOHE)
under the Fundamental Research Grant Scheme (FRGS
015MA0-010) and GA Scheme from Universiti Teknologi PET-
RONAS (UTP).
Notes and references

1 A. G. Georgiadis, N. Charisiou, I. V. Yentekakis and
M. A. Goula, Materials, 2020, 13, 3640.

2 S. Batterman, A. Grant-Aleri and S.-H. Seo, Crit. Rev.
Toxicol., 2023, 53, 244–295.

3 L. Zhang, Y.-Y. Qiu, K. R. Sharma, T. Shi, Y. Song, J. Sun,
Z. Liang, Z. Yuan and F. Jiang, Water Res., 2023, 120046.

4 N. N. Zulkei, L. S. Mathuray Veeran, A. M. I. Noor Azam,
M. S. Masdar and W. N. R. Wan Isahak, Materials, 2022,
15, 5409.
© 2024 The Author(s). Published by the Royal Society of Chemistry
5 D. S. Rathore, P. Singh, C. Misra, C. Chandel, S. Bugalia and
K. S. Gupta, Environ. Monit. Assess., 2023, 195, 1–12.

6 O. S. a. H. Administration, Safety and Health Topics/
Hydrogen Sulde, https://www.osha.gov/SLTC/
hydrogensulde/hazards.html, (accessed 30th January,
2023).

7 M. D. Group, The Dangers of Hydrogen Sulde Exposure,
https://www.mdgbio.com/news/the-dangers-of-hydrogen-
sulde-exposure/, (accessed 18th February, 2023).

8 C. Secco, M. E. K. Fuziki, A. M. Tusset and G. G. Lenzi,
Energies, 2023, 16, 1759.

9 S. Mokhatab, W. A. Poe and J. Y. Mak, Handbook of Natural
Gas Transmission and Processing: Principles and Practices,
Gulf Professional Publishing, 2018.

10 R. Mohtadi, W.-K. Lee, S. Cowan, J. Van Zee and M. Murthy,
Electrochem. Solid-State Lett., 2003, 6, A272.

11 Z. Du, C. Liu, J. Zhai, X. Guo, Y. Xiong, W. Su and G. He,
Catalysts, 2021, 11, 393.

12 K. Gonzalez, L. Boyer, D. Almoucachar, B. Poulain,
E. Cloarec, C. Magnon and F. de Meyer, Chem. Eng. J.,
2023, 451, 138948.

13 M. I. Stewart, in Surface Production Operations, ed. M. I.
Stewart, Gulf Professional Publishing, Boston, 3rd edn,
2014, vol. 2, pp. 433–539.

14 X. Tian, L. Wang and D. Fu, Energy Fuels, 2019, 33, 8413–
8422.

15 S. Yunhai, L. Shan, L. Wei, L. Dong, G. Remy and
D. JianPeng, Int. J. Ind. Chem., 2016, 7, 297–307.

16 U. Shoukat, D. D. Pinto and H. K. Knuutila, Processes, 2019,
7, 160.

17 J. Zhan, B. Wang, L. Zhang, B.-C. Sun, J. Fu, G.-W. Chu and
H. Zou, Ind. Eng. Chem. Res., 2020, 59, 8295–8303.

18 L. Du, H. Li, L. Li, J. Xu and Y. Li, Pet. Sci. Technol., 2019, 37,
56–60.

19 H. Li, L. Li, J. Xu and Y. Li, Pet. Sci. Technol., 2019, 37, 1825–
1829.

20 X. Zhang, W. Xiong, M. Shi, Y. Wu and X. Hu, Chem. Eng. J.,
2021, 408, 127866.

21 X. Zhang, W. Xiong, L. Peng, Y. Wu and X. Hu, AIChE J.,
2020, 66, e16936.

22 W. Xiong, M. Shi, L. Peng, X. Zhang, X. Hu and Y. Wu, Sep.
Purif. Technol., 2021, 263, 118417.

23 K. Huang, X.-M. Zhang, L.-S. Zhou, D.-J. Tao and J.-P. Fan,
Chem. Eng. Sci., 2017, 173, 253–263.

24 K. Huang, J.-Y. Zhang, X.-B. Hu and Y.-T. Wu, Energy Fuels,
2017, 31, 14060–14069.

25 T. Zhao, P. Li, X. Feng, X. Hu and Y. Wu, J. Mol. Liq., 2018,
266, 806–813.

26 X. Wang, S. Zeng, J. Wang, D. Shang, X. Zhang, J. Liu and
Y. Zhang, Ind. Eng. Chem. Res., 2018, 57, 1284–1293.

27 A. H. Jalili, M. Shokouhi, G. Maurer, A. T. Zoghi, J. S. Ahari
and K. Forsat, J. Chem. Thermodyn., 2019, 131, 544–556.

28 F. Liu, W. Chen, J. Mi, J. Y. Zhang, X. Kan, F. Y. Zhong,
K. Huang, A. M. Zheng and L. Jiang, AIChE J., 2019, 65,
e16574.

29 H. Wu, M. Shen, X. Chen, G. Yu, A. A. Abdeltawab and
S. M. Yakout, Sep. Purif. Technol., 2019, 224, 281–289.
RSC Sustainability, 2024, 2, 757–803 | 795

https://www.osha.gov/SLTC/hydrogensulfide/hazards.html
https://www.osha.gov/SLTC/hydrogensulfide/hazards.html
https://www.mdgbio.com/news/the-dangers-of-hydrogen-sulfide-exposure/
https://www.mdgbio.com/news/the-dangers-of-hydrogen-sulfide-exposure/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00484h


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 2

:4
7:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
30 M. Shi, W. Xiong, Z. Tu, X. Zhang, X. Hu and Y. Wu, Sep.
Purif. Technol., 2021, 276, 119357.

31 M. Shi, W. Xiong, X. Zhang, J. Ji, X. Hu, Z. Tu and Y. Wu,
Sep. Purif. Technol., 2022, 283, 120167.

32 X. Tian, L. Wang, P. Zhang, D. Fu and Z. Wang, Environ. Sci.
Pollut. Res., 2021, 28, 5822–5832.

33 A. Afsharpour and A. Haghtalab, Int. J. Greenhouse Gas
Control, 2017, 58, 71–80.

34 H. Renon, J. Y. Lenoir and P. Renault, J. Chem. Eng. Data,
1971, 16, 340–342.

35 F. Murrieta-Guevara and A. Trejo Rodriguez, J. Chem. Eng.
Data, 1984, 29, 456–460.

36 F.-Y. Jou, R. Deshmukh, F. Otto and A. Mather, Fluid Phase
Equilib., 1990, 56, 313–324.

37 F. Y. Jou, A. E. Mather and F. D. Otto, Ind. Eng. Chem. Process
Des. Dev., 1982, 21, 539–544.

38 E. Skylogianni, I. Mundal, D. D. Pinto, C. Coquelet and
H. K. Knuutila, Fluid Phase Equilib., 2020, 511, 112498.

39 F.-Y. Jou and A. E. Mather, Int. J. Thermophys., 2007, 28, 490–
495.

40 K. Fischer, J. Chen, M. Petri and J. Gmehling, AIChE J., 2002,
48, 887–893.

41 C. S. Pomelli, C. Chiappe, A. Vidis, G. Laurenczy and
P. J. Dyson, J. Phys. Chem. B, 2007, 111, 13014–13019.

42 S. F. Sciamanna and S. Lynn, Ind. Eng. Chem. Res., 1988, 27,
492–499.

43 J. Xue, C. Yang, J. Fu, J. He and J. Li, Processes, 2022, 10,
1795.

44 H. M. Polat, F. de Meyer, C. Houriez, C. Coquelet,
O. A. Moultos and T. J. Vlugt, Fluid Phase Equilib., 2023,
564, 113587.

45 J. Mustafa, A. H. Al-Marzouqi, N. Ghasem, M. H. El-Naas
and B. Van der Bruggen, Desalination, 2023, 548, 116263.

46 N. Agarwal, L. Cao Nhien and M. Lee, Energies, 2022, 15,
6817.

47 L. Li, J. Chem. Eng. Jpn., 2022, 55, 15–21.
48 W. Y. Lee, S. Y. Park, K. B. Lee and S. C. Nam, Energy Fuels,

2020, 34, 1992–2000.
49 S. Energy, Natural Gas Purication, https://www.shell.com/

business-customers/catalysts-technologies/licensed-
technologies/gas-processing/natural-gas-purication.html,
(accessed 7th March, 2023).

50 E. M. Corporation, Selective H2S removal (FLEXSORB™),
https://www.exxonmobilchemical.com/en/catalysts-and-
technology-licensing/gas-treating/exsorb, (accessed 20th
March, 2023).

51 E. M. Corporation, Selective H2S removal (OASE® sulfexx™),
https://www.exxonmobilchemical.com/en/catalysts-and-
technology-licensing/gas-treating/oase-sulfexx, (accessed
13th March, 2023).

52 K. H. Smith, N. J. Nicholas and G. W. Stevens, in Absorption-
Based Post-Combustion Capture of Carbon Dioxide, ed. P.
H. M. Feron, Woodhead Publishing, 2016, pp. 145–166,
DOI: 10.1016/B978-0-08-100514-9.00007-X.

53 J.-G. Lu, Y.-F. Zheng and D.-L. He, Sep. Purif. Technol., 2006,
52, 209–217.
796 | RSC Sustainability, 2024, 2, 757–803
54 N. Upreti, S. Mohan and P. D. Vaidya, Chem. Eng. Commun.,
2023, 1–16.

55 A. Haghtalab and M. Dehghani Tai, Ind. Eng. Chem. Res.,
2007, 46, 6053–6060.

56 A. A. Abd, M. R. Othman, Z. Helwani and J. Kim, Energy,
2023, 272, 127060.

57 N. Haimour and O. C. Sandall, Chem. Eng. Commun., 1987,
59, 85–93.

58 A. Vrachnos, G. Kontogeorgis and E. Voutsas, Ind. Eng.
Chem. Res., 2006, 45, 5148–5154.

59 P. Pal and F. Banat, J. Nat. Gas Sci. Eng., 2016, 29, 479–487.
60 R. Abdulrahman and I. Sebastine, J. Nat. Gas Sci. Eng., 2013,

14, 116–120.
61 B. P. Mandal, A. Biswas and S. Bandyopadhyay, Sep. Purif.

Technol., 2004, 35, 191–202.
62 M. Zamani, M. Shokouhi, H. Fatoorehchi and M. Vahidi, J.

Solution Chem., 2023, DOI: 10.1007/s10953-023-01342-8.
63 M. Sheng, C. Xie, X. Zeng, B. Sun, L. Zhang, G. Chu, Y. Luo,

J.-F. Chen and H. Zou, Fuel, 2018, 234, 1518–1527.
64 C.-C. Lin, Y.-H. Lin and C.-S. Tan, J. Hazard. Mater., 2010,

175, 344–351.
65 T. Nguyen, M. Hilliard and G. T. Rochelle, Int. J. Greenhouse

Gas Control, 2010, 4, 707–715.
66 S. K. Dash, A. N. Samanta and S. S. Bandyopadhyay, Fluid

Phase Equilib., 2011, 307, 166–174.
67 A. Haghtalab and A. Izadi, Fluid Phase Equilib., 2014, 375,

181–190.
68 D. Fu, P. Zhang and C. Mi, Energy, 2016, 101, 288–295.
69 C. Foo, C. Leo, R. Aramesh, M. Aroua, N. Aghamohammadi,

M. Shafeeyan and A. Shamiri, J. Mol. Liq., 2015, 209, 596–
602.

70 X. Tian, L. Wang, D. Fu and C. Li, Energy Fuels, 2018, 33,
629–635.

71 X. Rozanska, A. Valtz, M. Riva, C. Coquelet, E. Wimmer,
K. Gonzalez-Tovar and F. de Meyer, Ind. Eng. Chem. Res.,
2023, 62, 11480–11490.

72 C. Chiappe and C. S. Pomelli, in Ionic Liquids II, Springer,
2017, pp. 265–289.

73 Ludwig's Applied Process Design for Chemical and
Petrochemical Plants, ed. A. K. Coker, Gulf Professional
Publishing, Boston, 4th edn, 2010, pp. 679–686, DOI:
10.1016/B978-0-7506-8366-1.10021-0.

74 A. L. Kohl and R. B. Nielsen, in Gas Purication, ed. A. L.
Kohl and R. B. Nielsen, Gulf Professional Publishing,
Houston, 5th edn, 1997, pp. 1187–1237, DOI: 10.1016/
B978-088415220-0/50014-8.

75 B. Burr and L. Lyddon, A comparison of physical solvents
for acid gas removal, in Gas Processors’ Association
Convention, Grapevine, TX, 2008.

76 X. Liu, B. Wang, X. Dong, Y. Qiu and Q. Meng, J. Hazard.
Mater., 2021, 419, 126394.

77 X. Liu, B. Wang, Y. Qiu, X. Dong, Y. Song, Q. Meng and
M. Li, Environ. Sci. Pollut. Res., 2021, 28, 38026–38033.

78 J. S. Wilkes, Green Chem., 2002, 4, 73–80.
79 X. Zhao, H. Xing, R. Li, Q. Yang, B. Su and Q. Ren, Prog.

Chem., 2011, 23, 2258.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://www.shell.com/business-customers/catalysts-technologies/licensed-technologies/gas-processing/natural-gas-purification.html
https://www.shell.com/business-customers/catalysts-technologies/licensed-technologies/gas-processing/natural-gas-purification.html
https://www.shell.com/business-customers/catalysts-technologies/licensed-technologies/gas-processing/natural-gas-purification.html
https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/gas-treating/flexsorb
https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/gas-treating/flexsorb
https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/gas-treating/oase-sulfexx
https://www.exxonmobilchemical.com/en/catalysts-and-technology-licensing/gas-treating/oase-sulfexx
https://doi.org/10.1016/B978-0-08-100514-9.00007-X
https://doi.org/10.1007/s10953-023-01342-8
https://doi.org/10.1016/B978-0-7506-8366-1.10021-0
https://doi.org/10.1016/B978-088415220-0/50014-8
https://doi.org/10.1016/B978-088415220-0/50014-8
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00484h


Critical Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 2

:4
7:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
80 M. G. Cowan, M. Masuda, W. M. McDanel, Y. Kohno,
D. L. Gin and R. D. Noble, J. Membr. Sci., 2016, 498, 408–413.

81 M. S. Aminuddin, M. A. B. Khalil and B. Abdullah, RSC Adv.,
2022, 12, 11906–11912.

82 P. K. Mohapatra, Dalton Trans., 2017, 46, 1730–1747.
83 Z.Wang, S. He, V. Nguyen and K. E. Riley, Eng. Sci., 2020, 11,

3–18.
84 I. V. Vorotyntsev, A. A. Atlaskin, M. M. Trubyanov,

A. N. Petukhov, O. R. Gumerova, A. I. Akhmetshina and
V. M. Vorotyntsev, Desalin. Water Treat., 2017, 75, 305–313.

85 M. Han and R. M. Espinosa-Marzal, ACS Appl. Mater.
Interfaces, 2019, 11, 33465–33477.

86 T. Koishi, J. Phys. Chem. B, 2018, 122, 12342–12350.
87 A. H. Jalili, M. Shokouhi, G. Maurer and M. Hosseini-Jenab,

J. Chem. Thermodyn., 2013, 67, 55–62.
88 M. B. Shiett and A. Yokozeki, Fluid Phase Equilib., 2010,

294, 105–113.
89 A. H. Jalili, M. Safavi, C. Ghotbi, A. Mehdizadeh,

M. Hosseini-Jenab and V. Taghikhani, J. Phys. Chem. B,
2012, 116, 2758–2774.

90 M. Safavi, C. Ghotbi, V. Taghikhani, A. H. Jalili and
A. Mehdizadeh, J. Chem. Thermodyn., 2013, 65, 220–232.

91 B. A. Neto, A. A. Lapis and R. Y. Souza, Encyclopedia of Ionic
Liquids, 2023, pp. 1273–1283.

92 M. Nisar, H. Y. Gondal, S. Munir, Z. M. Cheema,
S. A. Alhussain and M. E. Zaki, J. Saudi Chem. Soc., 2023,
27, 101687.

93 K. Huang, D. N. Cai, Y. L. Chen, Y. T. Wu, X. B. Hu and
Z. B. Zhang, AIChE J., 2013, 59, 2227–2235.

94 K. Huang, D. N. Cai, Y. L. Chen, Y. T. Wu, X. B. Hu and
Z. B. Zhang, ChemPlusChem, 2014, 79, 241–249.

95 K. Huang, X. M. Zhang, Y. Xu, Y. T. Wu, X. B. Hu and Y. Xu,
AIChE J., 2014, 60, 4232–4240.

96 T. L. Greaves and C. J. Drummond, Chem. Rev., 2008, 108,
206–237.

97 T. L. Greaves and C. J. Drummond, Chem. Rev., 2015, 115,
11379–11448.

98 K. Huang, X. M. Zhang, X. B. Hu and Y. T. Wu, AIChE J.,
2016, 62, 4480–4490.

99 C. F. Patzschke, J. Zhang, P. S. Fennell and J. M. Trusler, J.
Chem. Eng. Data, 2017, 62, 2075–2083.

100 L.-Y. Wang, Y.-L. Xu, Z.-D. Li, Y.-N. Wei and J.-P. Wei, Energy
Fuels, 2018, 32, 10–23.

101 C.Wang, H. Luo, D. E. Jiang, H. Li and S. Dai, Angew. Chem.,
2010, 122, 6114–6117.

102 A. A. Sulaimon, P. I. Murungi and D. F. B. Mohshim, Pet.
Sci. Technol., 2023, 41, 257–301.

103 M. Huo, X. Peng, J. Zhao, Q. Ma, R. Cai, C. Deng, B. Liu,
C. Sun and G. Chen, Int. J. Hydrogen Energy, 2023, 48(85),
33173–33185.

104 S. Mortazavi-Manesh, M. A. Satyro and R. A. Marriott, AIChE
J., 2013, 59, 2993–3005.
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