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Hydrogen sulfide is a highly flammable, acutely toxic, and extremely hazardous gas that must be captured and
removed from a number of important gaseous and liquid streams. This long-standing challenge of capturing H,S
has seen the rise of different materials used in different types of technologies over the years. Some of the well-
known examples are alkanolamines used as absorbents and metal oxides used as adsorbents. This work presents
an exhaustive review of the latest developments and emerging materials in this field, including ionic liquids,
deep eutectic solvents, zeolites, carbon-based materials, metal organic frameworks, polymeric membranes,

biological methods, advanced oxidation processes, etc. In addition to a detailed discussion of the state of the art,
this review also provides a general technology map and identifies opportunities and challenges to guide future

work.

1. Introduction

Capture and conversion of hydrogen sulfide (H»S) has been one of
the longstanding economic and environmental challenges of the past
century. HyS is a highly irritating, odorous, and toxic chemical found as
an impurity in many important fuel gases, such as natural gas, biogas,
syngas, coke oven gas, landfill gas, refinery gas, etc., and wastewater
streams. Removal of this compound from these streams is imperative in
terms of both economics and safety. The inherent tendency of HyS to
form an acidic solution in the presence of water leads to corrosion in
equipment and pipelines. Its presence also reduces the heating value of
the fuel gases and leads to poisoning of catalysts. Most importantly, its
combustion leads to the emission of sulfur dioxide and other harmful
sulfur oxides that cause acid rain. Moreover, as shown in Table 1, HyS is
a poisonous gas that is hazardous even at low concentrations. It irritates
the eyes and airways after prolonged exposure at about 5 ppm and
causes instant death at 1000-2000 ppm [1,2]. Therefore, HyS emission
must be controlled and limited for the improvement of global atmo-
spheric chemistry and the quality of life [3].

As a result, the utility of many fuel gases towards energy generation
or chemical production requires purification to remove and/or convert
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H,S (and other acid gases such as CO5). The permissible level of H,S in a
gas stream depends on the specific end use and the relevant local reg-
ulations. For example, pipeline gas in the US and Denmark requires HyS
content to be <4 ppm [4], while reformer and fuel cell applications
generally require it to be below 1 ppm [5,6]. The methods for hydrogen
sulfide capture can be broadly classified into two categories: physico-
chemical techniques and biological techniques. They may also be clas-
sified as wet desulfurization and dry desulfurization methods. They can
be further categorized into microbiological methods, absorption,
adsorption, membrane separation, cryogenic distillation, advanced
oxidation processes, etc. This comprehensive review focuses on the
recent trends (covering the past 5 or 10 years) in each of these tech-
nologies. Each of them has advantages and disadvantages depending on
many factors, which will be covered here. However, cryogenic distilla-
tion is not discussed in this work due to its high costs and other practical
issues that prevented any noticeable technological progress in HaS
removal over the past decade [7]. On the other hand, it must be noted
that cryogenic separation, either as a standalone solution or followed by
absorption, is likely the most economical option when the end goal is to
obtain liquified natural gas (or biomethane, etc.) or to re-inject the
liquified acid gases into a geological reservoir [8,9].
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Table 1
Effect of H,S concentration and contact time on human health [1,2].
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Effects and period of exposure

Concentration of H,S in air (ppm)

Maximum permissible concentration for prolonged (~8h) exposure

Relatively mild symptoms after exposure for several hours

Maximum concentration that can be inhaled for 1 h without serious consequences
Dangerous after exposure of 30 min to one hour

Fatal in exposure of 30 min or less

10
70-150
170-300
400-500
600-800

2. Technologies for HyS capture/removal
2.1. Biological technologies

The heart of the biological techniques is the use of an oxidizing group
of bacteria that grows at every corner of the environment where there
are inorganic reduced sulfur compounds like H»S. These gram-negative
bacteria can use sulfide or sulfur as an electron donor and have been
categorized into two domains, photoautotrophs and chemolithotrophs.
The following sulfur oxidation reactions are common to both the do-
mains [10]:

28 +30, +2H,0—2H,S0, +2H" + S0, (€D)]

CO, +2H,S—-CH,0+ H,0+2S 2)

Photoautotrophs absorb photons to obtain energy to sustain cell
metabolism and growth. CO5 acts as a terminal electron acceptor and
carbon source for the photosynthetic reaction, whereas HjS acts as the
electron donor that consequently converts to sulfur and possibly further
oxidizes to sulfate. Thiobacillus aquaesulis (moderate thermophiles),
Thiomicrospira thvasirae, Thiobacillus novellus, Paracoccus denitrificans,
and Thiobacillus acidophilus (acidophilic) are some examples of this
domain. Sulfur oxidizing photoautotrophic bacteria are present in an
anaerobic zone where the oxidizing process is naturally occurring by
green sulfur bacteria and the purple sulfur bacteria like Cholrobium and
Allochromatium species, respectively [11].

Green sulfur bacteria can carry out an extracellular sulfide oxidizing
process [10]. For instance, Cholorobium limicola is the most suitable
species capable of oxidizing sulfide out of the cell, which allows to easily
separate sulfur from the sulfide-rich environment [12]. There are also
some genera of purple bacteria, which can oxidize HsS, including
Chromatium, Thioalkalicoccus, Thiorhodococcus, Thiocapsa, Thiocyctis,
Thiococuus, Thiospirillum, Thiodictyon, Thiopedia, Ectothiorhodospira,
Halorhodospira, and Thiorhodospira. Among them, the last three genera
can also produce sulfur outside the cell. The reactions involved in
anaerobic light-dependent sulfide oxidation are [13,14]:

2nH,S +nCO, 2% 2n8° + n(CH,0) + nH,0 3)
2H,S +2nCO, + 2nH,0 2 nSO> + 2nH" + 2n(CH,0) @

H,S oxidizing chemolithotrophs are either aerobic, which use O as
an electron acceptor, or anaerobic bacteria, which use nitrite or nitrate
as electron acceptor [15]. These bacteria grow on HyS as an energy
source and use CO, as a carbon source. Thiobacilllus ferrooxidans, for
instance, is an aerobic one that oxidizes HsS, elemental sulfur, and
ferrous ion to sulfate and ferric ion [12]. Thiobacilllus denitrifcans is able
to use both O5 and NOj3 to convert H,S to sulfate. It has been found that
some species of chemotrophs are capable of growing heterotrophically

on organic sulfur compounds along with HsS to obtain energy: polithi-
onates by Thiobacillus thiooxidans [16]; methyl mercaptan, dimethyl
sulfide, and dimethyl disulfide by Thiobacillus novellus [17]; and thio-
sulfate and tetrathionate by Thermothrix azorensis [18]. Some species,
like those mentioned above, biodegrade H,S inside the cell. However,
similar to green sulfur bacteria, there is also the extracellular oxidation
of HyS, e.g. by Thiomicrospra frisia [19] and Thiobacillus thioparus [20].
Among chemotrophs, Thiobacillus spp. are widely used for the biodeg-
radation of HyS [21-23] since they have been found to grow in wide
environmental conditions. Thiobacillus thiooxidans and Thiobacillus fer-
rooxidans, for example, can grow at low pH (<6) [24]. Thermothrix
azorensis is a thermophile species and can live at up to 86 °C [18]. Thi-
oalkalispira microaerophila is an alkaliphile and has optimum growth at
pH 10 [25]. The aerobic reactions for a colorless sulfur-oxidizing system
are shown below. In this system, production of elemental sulfur and
sulfate ion varies with the oxygen level [26].

H,S+H,0—~HS +H;0" ()
Hy)S 420,507 +2H" (6)
HS™ +0.50,-8° + H,0 (7)
S°+ H,0+0.50,—50> +2H* ®

Although sulfur-oxidizing bacteria are generally autotrophic, there
are some genera such as Alcaligens, Paracoccus, Pseudomonas, Xantho-
bacter, and Bacillus that grow heterotrophically but have shown the use
of reduced inorganic sulfur compounds in their metabolism [27]. These
bacteria (so-called mixotrophic microorganisms), in the presence of
reduced organic carbon sources (e.g. glucose and amino acids), can use
an organic carbon source but an inorganic energy source [15].
Furthermore, some mixotrophs such as Pseudomonas acidovorans and
Pseudomonas putida [23,28] are capable of biodegrading HsS and
organic sulfur compounds, and some others such as Beggiatoa sp. and
Thiothrix sp. [15,29] can use HyS and other organic compounds (e.g.
acetate) as an energy source. Besides direct sulfide oxidation, there is an
indirect method wherein ferric iron regenerated by iron-oxidizing bac-
teria acts as an agent to oxidize reduced sulfur [30].

Oxidation of HyS by using oxygen as an electron acceptor is a well-
known process utilizing colorless sulfur-oxidizing bacteria. As these
bacteria can maintain high growth rates without light, they are
preferred over green or purple sulfur-oxidizing bacteria [31]. To employ
a colorless sulfur-oxidizing approach to fulfill gas-phase H,S abatement
for most industrial emissions, the most common techniques are based on
different types of equipment, such as a biofilter (BF), a biotrickling filter
(BTF), and a bioscrubber (BS). Some of the recent studies in this area are
summarized in Table 2.
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Table 2
Recent studies in the removal of H,S using biological technologies.
Packing Bed/Medium Pollutant HS Amount EBRT Removal Efficiency (%) ECmax (g Reference
() m~°h™)
Biofilter (BF)
Compost or H,S 10-450 ppm 38 90-100% na [491]
compost/hog fuel
Cell-laden Caalginate H,S, NH3 60-120 ppm 72 >90% na [28]
Pig manure + HaS 10-45 gm~>h~! 13.5-27  >90% na [492]
sawdust
Wood chips, H,S, NH3 30-450 20-60 75-99% 45-75 [493]
granular
activated carbon
(GAQ)
Wood-based H,S, methanethiol, ethylamine, dimethyl 1.07 mg HyS/m3 30 >96% (all na [494]
medium sulfide Compound but methanethiol,
70%)
Granulated H,S, NH; 170-680 g m—> d! na 100% na [495]
sludge
Peat HyS 1400 ppm na 65-100% 55 [23]
Pine bark H,S, dimethyl sulfide, EtSH 2500 ppm 53.3 60% 8 [35]
Mixture of bark, peat, HaS 1.35-24.88 ppm 13.-16 99.2% na [496]
wood-four, block, and
shell
Expanded schist H.S 7-35gm °h! 30 97% 30 [497]
Plastic bio-ball H,S, CO,, CHy 2000-3000 ppm na 80% na [498]
Wood chips H,S, CO,, CHy 13.96-10,000 ppm 289 97% 169 [39]
Expanded schist H,S 100 ppm 13-63 47-100% 7.9 [499]
Salak fruit seeds H,S, CO,, CH, 8550 gm~>h! 240 97% na [34]
Cellular concrete waste H,S 100 ppm 63 70% 5.6 [48]
CM-5 H,S 49-80 gm >h! 20-121 100% 60 [43]
Biochar H,S 39gm °h?! 80 70% 28 [42]
Biotrickling filter (BTF)
Polypropylene pall rings H,S, Toluene 170 ppm 36 100% 19 [500]
Structured plastic H,S 60-155 ppm 4-10 85-99% na [501]
Polyurethane Odorous air (H2S) 5-35 ppm 1.6-2.3 >97% >100 [66]
foam
Volcanic stones H,S 7-25¢g m>h! 60 100% na [64]
na Biogas (H,S) 3200-3500 ppm na 95% 228.6 [65]
PVC, PET, OPUF, Teflon ~ H,S 8-108 gm °h! 1.6-4.8 95.72% 98 [59]
min
Ceramic H,S 176.21 (BTF) and 478.88 137 86-95% (BTF) and 83-97% (BF) 251.93 [502]
(BF)
Polypropylene rings Biogas (H,S) 101.7-422 g m—>h~? 1-4 min 91.4% (for 1 min), 100% (for 4 386 + 10.5 [57]
min)
Bioscrubber (BS)
Alkaline solution 2000 ppm na > 99.8% na [76]
Plastic H,S 90 gm~>h! 5 99% 90 [503]
Fixed film HoS 10-100 ppm 12.71 98% 19.24 [78]
Biochar H,S 105-1020 ppm 80 98% 8 [79]
Liquid H,S 37-100 g m >h~! 2.4-6-6 80% na [771
min
Liquid Ha,S, CO,, CHy na 5-20 min  98% na [504]

2.1.1. Biofilter

A typical biofiltration reactor (see Fig. 1a) is a column packed with
mostly organic media, like compost and wood chip, that has bacterial
supplementing nutrients and a diverse microbial community developing
a biofilm [32]. As pollutant-laden airflow is driving through the media, a
transfer action occurs between the flow and the fixed growth biofilm
that results finally in the biodegradation and conversion of the pollutant
into a benign substance, water, and carbon dioxide. Packing media and
biofilm are the brain of a BF as they are responsible for all processes of
absorption and adsorption, phase transfer, and finally biodegradation
[33]. BF represents a very promising approach for abatement of HsS
since it has a high loading rate acceptance, is easy to operate, and is cost-
effective and eco-friendly. For these reasons, many research studies have
been dedicated to improving its performance and kinetics and to

minimizing drawbacks by testing different packing media and microbial
population in the form of either consortium or single species growth.
The performance indices for a BF includes inlet loading rate (ILR) or
inlet concentration, maximum elimination capacity (EC), and empty bed
residence time (EBRT) — the greater the ILR and EC and the lower the
EBRT, the higher the reliability and efficiency.

Lestari et al. [34] and Ben Jaber et al. [35] provided great demon-
strations of biofiltration as a potent technology for HS abatement.
Lestari et al. achieved an elimination capacity of 169 g m>h™! for
10,000 ppm HjS in an empty bed residence time (EBRT) of 289 s for co-
treatment of HyS, CO5, and CH4 in a BF packed with wood chips. Ben
Jaber et al. achieved the removal of 85% of 2500 ppm HsS for co-
treatment of HyS, dimethyl disulfide (DMDS), and ethanethiol (EtSH)
on Pine bark. The flexibility of biofiltration is then shown in a study by
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Fig. 1. Schematic view of biofiltration reactors for air purification: a) biofilter, b) biotrickling filter, ¢) bioscrubber. Reprinted with permission from [485]. © 2005

Taylor & Francis.

Courtois et al. [36] which demonstrated that it is possible to obtain good
removal, in the order of 36 g m—>h~! H,S, by using a BF reactor with
EBRT as low as 19 s.

Packing material due to its supportive function for microbial growth
and being the bioprocess’s deck is the most important part of a biofilter.
An ideal packing media is expected to have many features such as a high
mechanical resistance, the ability to host diverse microbial population
and to provide essential nutrients, a large buffer capacity, a suitable
moisture-holding capacity, high specific area, high porosity, etc. Startup
period of a BF also is affected by microbial growth supplied by packing
media [37]. Organic media, such as compost, wood chip, pine bark,
peat, etc., have been shown to be interesting packing materials in the
biofiltration of HyS due to supplying indigenous nutrients and microbes
[34,38,39]. However, their use comes with a few adverse issues, such as
compaction and lack of uniformity. Compaction may cause a channel-
izing phenomenon, disrupting the water and gas flow pattern, thus
reducing filter’s performance. Non-uniform function affects microbial
propagation and distribution of the flows [40,41]. To avoid these phe-
nomena and meet the above-mentioned features, some studies success-
fully tested different modifications of pristine materials, especially
compost, which is usually chosen as a suitable media able to satisfy most
of the requirements. Das et al. [42] have surveyed the effect of adding
biochar to compost on the removal of HyS using a biofilter. They have
shown, after 52 days of operation, that the maximum elimination ca-
pacity (ECpay) increased from 19 g m > h~! with compost alone to 33 g
m 3 h~! with compost + biochar at an EBRT of 119 s. In addition, Zhu
et al. [43] have evaluated the use of packing media CM-5 (Composite
media-5) which is a mixture of cement, matured compost, calcium
carbonate, inorganic binding media, porous perlite, and plant fiber)
with and without sterilization. They indicated a successful microbial
population and adaptation without sterilization during startup opera-
tion but not with sterilized CM-5, possibly due to lower nutrient
bioavailability and microbial propagation following sterilization.

Sulfur-oxidizing bacteria convert HyS to sulfur (Eq. (7)) as an inter-
mediate and sulfate (Egs. (6) and (8)) as a final product which are both
solid compounds. However, the oxidation process would end up in sulfur
if the system undergoes oxygen-limited conditions [44,45] due to the
higher energy barrier of Eq. (5). In an industrial biofiltration reactor, a
consortium of oxidizing bacteria is usually employed so that different
sulfur-oxidizing bacteria will go through different metabolisms. There-
fore, the produced sulfur can be deposited both inside and outside the
cells. Deposition of a large amount of sulfur (yellow deposits) and sulfate
in high inlet sulfide loading rates or inlet concentration (e.g. critical
concentration of 380 ppm/min reported by [46]) may result in the
accumulation of deposits on the bed, reducing H,S mass transfer and, as

a result, deteriorating the removal efficiency [47,48].

Production of sulfate and reduction of H,S, considering Eq. (6),
which shows 1 mol of HyS can produce 2 mol of H', end up in sulfuric
acid generation as a reaction product of HoS biodegradation. This is the
phenomena causing structural failure of sewers where HjS dissolves in
water droplets from which sulfuric acid is produced by Thiobacillus
bacteria under aerobic conditions [49,50]. In a biofilter, sulfuric acid
generation has been reported to reduce the pH down to <1. The
increased acidity by forming sulfuric acid can limit the bacterial func-
tion and propagation and, subsequently, reduce the H,S mass transfer
into the biofilm, adversely affecting the removal efficiency. Here,
acidophilic species like Thiobacillus genus have been recommended as
they can efficiently function also in these conditions, i.e., at pH values as
low as 0.2 [46,51,52]. Ben Jaber et al., [53] reported a removal effi-
ciency higher than 96% at pH of 1.2 for an inlet HaS concentration of
250 ppm. However, it dropped to 78% when pH decreased to 0.5 by
increasing the HyS concentration to 360 ppm. They concluded that the
increased inlet HyS caused a microbial inhibition as a result of sulfate
accumulation and decrease of HyS mass transfer under strong acidic pH
[48]. Also, the literature on the pH variation in biofilters shows that a
decline in pH usually occurs at the lower section of the reactor [39,54].
Higher pH usually observed at the top of biofilters may be due to the fact
that this section is usually more accessible to nutrient/water solution,
thus suggesting that the use of a high nutrient solution recirculation rate
could help in limiting the pH drop. In this concern, Ben Jaber et al. [35]
have investigated the effect of nutrient solution spraying to assess its
effect on pH variation in different heights of the reactors. Tests were
conducted on three biofilters, but the results were somewhat inconclu-
sive as the different spraying rates did not significantly affect the pH.

2.1.2. Biotrickling filter

The working principle of a biotrickling filter (see Fig. 1b) is the same
as for a BF, but the major differences are that the nutrient solution in a
BTF is continuously trickling over the media and that the packing ma-
terial for BTFs are often inert porous inorganic structures like poly-
urethane foam (PUF). This media, thus, does not supply indigenous
microorganisms that, therefore, must be provided by engineered
augmentation methods [55]. The process generally is such that the
sulfur-oxidizing bacteria, immobilized on the already packed media,
develop a biofilm which is covered by a water layer formed by trickling
solution. The HjS laden airstream flows through the filter allowing the
acid gas to transfer from the gas phase to the water layer and then into
the biofilm where it is biodegraded into simple, odorless and harmless
compounds [56]. Biogasclean QSR, SulfurexBF, and Biosulfex are a few
examples of commercial BTF technologies.
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BTF studies that have been published for removal of H,S are listed in
Table 2. The performance of an HyS-biodegrading BTF depends on a
large number of parameters including solution pH, nutrient material,
gas flow rate, EBRT, inlet loading rate, temperature, dissolved oxygen,
packing media, biomass society, and mass transfer rate. Controlling
these parameters leads to an improved biomass activity and mass
transfer rate to fulfill a successful HyS abatement using BTF.

In an HyS-degrading BTF, mass transfer is a limiting parameter that
depends on solution trickling rate and contaminant solubility in the
water layer on the biofilm. A very low trickling rate might reduce the
H,S transfer due to an insufficient wetting of the bed. When the bed is
not sufficiently wet, the biofilm cannot be uniformly developed, thus
deteriorating the HyS biodegradation. Although a high trickling rate
increased the development of the liquid phase and subsequently
improved the H,S solubility and diffusion into the biofilm, it also led to
establishing a tick liquid phase, limiting oxygen diffusion into the bio-
film and decreasing the H,S removal efficiency [57]. Turpin et al. [58]
reported that adding sodium hypochlorite or sodium hydroxide with
chlorine to the trickling solution can improve the HyS mass transfer.

Organic media such as wood and compost, which were suitable
materials for traditional biofiltration, may not be suitable options for a
BTF as they have a low mechanical strength as well as high moisture-
holding capacity, making the bed drown and compact as a result of
the continuously trickling liquid. These materials have been used
together with bulking agents such as woodchips to increase mechanical
properties, but inorganic or synthetic materials are currently the first
choice for BTFs. Indeed they have shown very interesting results for the
removal of H,S in BTFs because of a high and uniform porosity (e.g. PUF
has a porosity of 98%) as well as a high mechanical strength [55]. In the
study by Tayar et al. [59] on the removal of H,S from real sewage biogas,
the effect of different packing media on the BTF performance was
evaluated. The authors showed that the highest removal efficiency of up
t0 95.72% and elimination capacity of 98 g S m~>h~! was obtained with
PUF. In another study, Soreanu et al. [60] have reported successful re-
sults using both Lava rock and plastic fiber. They obtained a removal
efficiency of 95% for daily H,S loading rates up to 212 g HoS m™° with
plastic fiber and 232 g HoS m~> day with lava rocks. In general, very
high HyS removal efficiencies are reported for BTFs with inorganic
packing media such as 99% with PUF (specific surface area, SSA: 600
m?m~3) [61], 99% with Pall Rings (SSA: 320 m?m~3) [62], 90% with
Pall Rings (SSA: 515 m?m~3), >95% using polyethylene HDPE (SSA: 859
m?m~3) [63], and close to 100% with volcanic stones (SSA is not re-
ported) [64].

As is the case in BFs, the production of sulfate in a BTF indicates a
decline in pH, which decreases the solubility of HyS and adversely af-
fects the BTF performance. It has been shown [65], therefore, that
maintaining pH near natural or alkaline region (7 < pH < 12) helps
improve mass transfer rate of HyS. Gabriel and Deshusses [66] have
reported that microbial propagation is higher under neutral pH also in a
full-scale BTF. Kim and Deshusses [67] have also obtained a high
removal efficiency for an HpS-removing BTF under pH 5-6.3 due to
increased microbial growth. They suggested that pH should be adjusted
constantly between 7 and 8 during startup operation to enhance HyS
solubility and mass transfer. The effect of pH, however, does not seem to
be completely clear. Fortuny et al. [61] have found that pH tends to fall
in a high H,S elimination period and is difficult to control. However,
during steady-state operation, a decrease in pH, even to the value of 3.5,
did not cause a significant effect on the removal efficiency. In addition,
other studies have shown that the removal efficiency of HsS can be high
even under strongly acidic pH. For example, Rodriguez et al. [68] have
reported a higher removal efficiency at a pH of 1.8. Literature shows that
the effect of pH on the BTF performance is crucial since it largely affects
the biomass activity and HyS transfer rate, which impact the removal
efficiency of HsS. In general, a pH near to the neutral region seems to
enhance the BTF efficiency, but pH control depends on the H,S inlet
loading rate and the current mass transfer rate of the system.
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As mentioned above, the oxygen level in HyS biodegradation is
important to determine the degradation products: sulfur (under low
oxygen pressure) or sulfate (under high oxygen pressure). Montebello
et al. [69] have reported that the main product is sulfate when the Oy/
H,S ratio is >2 and sulfur when the ratio is <0.5. A few industrial-scale
projects are planned to produce sulfur for agriculture recovery goals.
However, the yellow sulfur deposit can clog the filter bed, thus lowering
mass transfer and deteriorating the BTF performance because of the
increased gas pressure drop [70]. In this condition, the use of intracel-
lular sulfur-oxidizing bacteria can be a solution to operate under lower
oxygen levels without losing performance. The removal efficiency of
H,S is based on the combined activity of different bacterial species with
different oxygen-mediated growths to synergize the conversion of HsS.
Therefore, limiting oxygen level in a BTF may reduce the removal effi-
ciency of some species. Qiu and Deshusses [71] have recorded a removal
efficiency of 95% H,S at the Oy/HjS ratio of 2:1 and 50% at the ratio of
1:2. This indicates the need to find and choose a special species of
bacteria that can enhance the removal efficiency of a BTF operated at
low oxygen levels.

EBRT is one of the important operational parameters as it affects
both the inlet loading rate and the mass transfer rate of in a BTF. A
higher EBRT allows a higher mass transfer rate and a lower amount of
HsS loaded per unit time that both result in an increase in the HjS
removal efficiency; however, the reduced loading rate usually causes an
overall reduction in elimination capacity. When a BTF is operated at a
lower EBRT, the inlet loading rate increases making it possible to obtain
a high value for elimination capacity. Nonetheless, due to the occupancy
of the active sites on the biofilm by the increased inlet mass, the excess
mass cannot be degraded by the system, potentially leading to a decline
in the removal efficiency. Other studies also reported a declined HaS
removal efficiency with an increase in EBRT [72-74]. For instance,
Fortuny et al. [74] have shown that the HsS removal efficiency
decreased from 88% to 40% when EBRT decreased from 90 s to 30 s.

2.1.3. Bioscrubber

Bioscrubbing is a common biological technique for the removal of
H,S from the gas stream. It comprises two main parts, an absorption/
separator chamber and a fluidized-bed or suspended growth bioreactor
column (see Fig. 1c). The first is a physical process and the second is a
biological process. The gas stream containing the pollutant passes first
through the absorption chamber, which contains an absorbent solution,
so the contaminate is transferred from the gas phase to the aqueous
phase which is then directed into the bioreactor where it can be treated
by the suspended heterotrophic or autotrophic sulfur-oxidizing bacteria
[75]. Examples of successfully used commercial bioscrubbers are Sul-
fothane, SulfurexBR, THIOPAQ (a reference technology for low-pressure
biogas treatment), and THIOPAQ O&G (developed for high-pressure
sour gas streams typically associated with oil and gas and petrochem-
ical industries) [76]. Table 2 shows the performance of bioscrubbers that
have been recently studied for the removal of HsS.

As mentioned in the preceding subsections, one drawback of
employing BFs or BTFs is the frequent clogging of the bed due to the
accumulation of the produced elemental sulfur on the bed. This requires
periodical cleaning, which interrupts the process. Although BFs and
BTFs can be operated by supplying an excessive amount of oxygen to
complete the oxidation process toward sulfate production, not all parts
of the biofilm usually receive a sufficient amount of oxygen, resulting in
sulfur production in these areas. In this regard, bioscrubbing offers as an
alternative method as it can uniformly supply sufficient oxygen demand
[75]. San-Valero et al. [77] evaluated a bioscrubber comprising an ab-
sorption column and an aerated bubble column bioreactor for the
desulfurization of HaS-rich biogas. They operated the bioreactor under
near-alkaline pH (8 + 0.5) to improve HsS oxidation instead of HsS
stripping. They converted 80% of the H»S loading rate of 37, 59, and
100 g S m3h~! at a gas residence time of 6.6, 4.1, and 2.4 min,
respectively, with a production of up to 24,000 g SOF m °.
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Potivichayanon et al. [78] developed a fixed-film bioscrubber for HyS
removal. They reported an increasing sulfate production trend with a
maximum HjS removal efficiency of 98%. Kanjanarong et al. [79] have
reported the highest sulfate production of 4630 mg L ™! with a maximum
H,S removal efficiency of 98% and ECpay 8 g m~>h by inoculating sulfur
bacteria from palm oil wastewater plant. A bioscrubber has other ad-
vantages too, such as easy control of nutrients and pH, no addition of
oxygen or nitrogen to the sweet gas, possibility to work at high inlet
loading rates and with water-soluble compounds like H,S, etc. On the
other hand, it also comes with a few limitations. The most important
perhaps is the disposal of the excess sludge, which needs to be further
managed in a wastewater post-treatment process and, as a result, lower
the cost-effectiveness of the process [75].

Biological processes are continually advancing and are adaptable
technologies for environmental pollution control. The main advantage
of these methods is the production of various intra- and extra-cellular
enzymes that degrade compounds in natural biocatalytic activity. This
means that the chemical additives with their expensive material flow as
well as harmful byproducts can be completely removed by biological
techniques. Since bioscrubbing processes separate the steps of absorp-
tion and oxidation of H2S, the sweet gas outlet from the scrubber stays
free from the addition of air. This makes bioscrubbers preferable for
biogas upgrading to biomethane. Even if biological techniques do not
show enough potential to overcome the limitations of physicochemical
technologies in high-volume applications, looking for a cost-effective
solution to purify highly sour streams in bio-based industries, such as
wastewater treatment, livestock farming, municipal solid waste land-
fills, and food industry, may bring engineers toward using biological
techniques. A biological solution could be attractive to treat these
bioprocess-originated wastes (e.g. biogas) since the waste has a large
number of indigenous degrading bacteria. Although a large number of
studies in HoS removal using biological methods have been published, a
few knowledge gaps exist that must be explored further, such as the
effect of recirculating rate of nutrient solution, the use of special species
of sulfur-oxidizing bacteria, surveying of possible microbial inhibitors
like sulfate concentration, and development of a comprehensive model
to improve performance prediction for full-scale studies.

2.2. Absorption

Acid gas removal by absorption into a liquid solvent has been the
dominant technique applied for purifying fuel gases since the 20th
century. Based on the strength of the interactions between the solvent
and H,S, the absorption mechanism can be classified as either chemical
or physical. Although chemical absorption is characterized by strong
interactions, it is limited by stoichiometry. On the other hand, physical
absorption has virtually no solubility limits. Chemical absorption is
typically observed at low pressures while physical absorption is
observed at high pressures. Therefore, physical solvents are preferred
over chemical solvents at high partial pressures or concentrations of HyS
in the feed gas (e.g. syngas cleaning). While the regeneration of chemical
solvents is achieved by the application of heat in a desorption column,
the regeneration of physical solvents can be achieved by a simple
pressure/temperature swing operation over one or more flash tanks, by
air stripping or by the application of heat in a column, depending on the
gas quality requirements. In general, a sharp distinction between
physical and chemical absorbents is not always possible since all sol-
vents exhibit physical interactions with a solute. Therefore, absorption
technologies are instead reviewed by classifying them into five main
types: common physical solvents, alkanolamines, ionic liquids, deep
eutectic solvents, and hybrid blends.

2.2.1. Common physical solvents

Physical solvents for acid gas removal are typically polar molecules
that have positive and negatively charged portions that weakly interact
with the polar H,S and CO2 molecules with no chemical reaction. These
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absorption processes typically operate at low temperatures (may require
refrigeration), high pressures (>50 bar), and high partial pressures of
H,S (>3 bar). Physical solvents also tend to absorb carbonyl sulfide
(COS), organic sulfides (RSH), and heavy hydrocarbons (particularly 5+
carbons and aromatics). Therefore, if the concentration of heavy hy-
drocarbons is not negligible, this process may not be suitable. As a result,
physical solvents have seen a significant adoption in syngas purification
and a relatively limited application in natural gas sweetening. The most
commonly used physical solvents are methanol (Rectisol), dialkyl ethers
of polyethylene glycol (Selexol, Coastal AGR II, and Genosorb), sulfo-
lane, N-methyl-2-pyrrolidone (NMP) (Purisol), propylene carbonate
(Fluor Solvent), and morpholine derivatives (Morphysorb) [80].

Rectisol and Selexol are the most common physical solvent processes
due, in part, to their ability to provide deep removal: sweet gas con-
centration of about 0.1 ppm of HoS and COS with Rectisol and about 1
ppm with Selexol. This capability for deep contaminant removal makes
them, especially Rectisol, ideal for applications in chemical synthesis,
which typically requires <1 ppm of sulfur compounds. Rectisol requires
a high refrigeration duty and water washing to recover methanol from
effluent streams. These additional steps add cost and complexity
compared to other physical solvents. It exhibits high volatility and low
H,S selectivity over CO,. Selexol offers low vapor pressure, high thermal
and chemical stability, HCN removal, dehydration, and selective HaS
removal. However, it has high viscosity which reduces mass transfer
rates and tray efficiencies, especially at reduced temperatures. Purisol
has a relatively higher vapor pressure compared to Selexol and Fluor
Solvent and requires water washing to recover lost solvent. However, it
has the highest selectivity among the conventional physical solvents for
H,S over CO3. This makes it highly suitable for the purification of syngas
with high CO, content. Fluor Solvent is suitable for bulk CO5 removal
with little to no HyS present in the feed. It provides high hydrocarbon
and hydrogen recoveries and has low solvent losses. Morphysorb has
high volatility and high H»S selectivity [81].

2.2.2. Alkanolamines

For nearly a century, alkanolamines largely symbolized chemical or
reactive absorption of acid gases [82]. Due to the extensive research that
uncovered their absorption-desorption characteristics and the subse-
quent widespread industrial adoption for natural gas sweetening, ab-
sorption of CO5 and HsS using alkanolamines stands out as the most
mature technology available for this purpose [83-85]. The mechanism
follows the formation of bisulfide and sulfide ions at a pH range of 8-10.

H,S+ H,0—HS™ + H;0" (C)]
HS™ 4+ H,0-5* +H;0" (10)
R[RzR;[VI{Jr"!‘Iiz()—>R|R2R31VI'I"1‘1{30Jr (ll)

Monoethanolamine (MEA), diethanolamine (DEA), diglycolamine
(DGA), diisopropylamine (DIPA), triethanolamine (TEA), 2-amino-2-
methyl-1-propanol (AMP) and N-methyldiethanolamine (MDEA) are
few of the most commonly used absorbents. In addition to the non-
commercial solvents, countless commercial formulations are available,
such as FLEXSORB series, OASE series, ADEG, ADIP, UCARSOL series,
GAS/SPEC series, etc. However, the choice of an amine or an amine
blend depends on several different factors, such as lean amine loading,
rich amine loading, cyclic loading capacity, rates of absorption and
desorption, desired selectivity for HoS over COo, etc. In general, primary
(e.g. MEA) and secondary (e.g. DEA) amines are much more reactive
towards both HyS and CO,, while sterically hindered (e.g. AMP) and
tertiary (e.g. MDEA) amines are less reactive but more selective towards
H,S.

MEA is the most used and studied alkanolamine for acid gas removal
due to its high reactivity, low cost, ease of reclamation, and low solu-
bility of hydrocarbons. These advantages resulted in MEA being the first-
choice solvent for several decades. The disadvantage of MEA is the large
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enthalpy of reaction with carbon dioxide, high degradation, high cor-
rosivity, high volatility, no HjS selectivity, and the formation of a stable
carbamate that limits its absorption capability [86,87]. DEA has largely
the same advantages as MEA with lower corrosivity and higher vapor
pressure [88]. Abdulrahman and Sebastine [89] studied the effect of
MEA, DEA, and MDEA on natural gas sweetening and recommended 35
wt% DEA as the best solvent for cost-effective and simultaneous removal
of CO4 and H,S. However, MDEA has gained a significant share of the
market in the past two decades due to its several advantageous prop-
erties relative to MEA and DEA: high selectivity for HoS over COo, high
loading capacity, low solvent vapor pressure, low corrosivity, high
degradation resistance, and efficient energy utilization [90-93]. In
addition, MEA and DEA form highly stable carbamates in reaction with
COg, resulting in a low rate of hydrolysis to bicarbonate. This phe-
nomenon reduces the HyS uptake of the amines and limits the loading of
CO4, to about 0.5 mol of CO; per mole of amine [94]. On the other hand,
sterically hindered amines form unstable carbamates while tertiary
amines do not form any carbamates, making them advantageous over
primary and secondary amines.

In the quest to improve the absorption performance of HyS over that
achieved with MDEA, various amines (especially, sterically hindered
amines) and amine blends have received increased attention over the
years. Mandal et al. [95] demonstrated that the H»S absorption perfor-
mance of AMP is only slightly worse than that of MDEA. Lu et al. [96]
reported that an aqueous blend of 1.5 kmol/m® MDEA + 1.0 kmol/m? 2-
(tert-butylamino)-2-ethoxyethanol (TBEE) provides a superior perfor-
mance compared to aqueous MDEA (2.5 kmol/m?) towards selective
H,S absorption regardless of the operational conditions considered.
They concluded that primary and secondary sterically hindered amines,
such as TBEE and AMP, possess properties similar to those of tertiary
amines. More recently, Du et al. [97] and Li et al. [98] tested aqueous
solutions of 2-(tert-butylamino) ethanol (TBE) and AMP towards selec-
tive absorption of H,S from a feed gas containing 85% CO2 and 15% H5S.
TBE is more sterically hindered and has lower molecular weight than
AMP, and this structural difference presents itself in the results. At low
amine concentrations, AMP performs better in terms of selectivity of H,S
and absorption rates of HoS and COs. As the amine concentration
increased, TBE takes over as the better solvent with better selectivity at
the same HsS removal efficiency. The authors observed that the selec-
tivity of both solvents initially increases and then decreases with an
increase in the gas-liquid contact time. Selectivity also decreases with
increasing absorption temperature. These patterns are consistent with
the data reported in the literature and with known kinetic and ther-
modynamic insights. Shoukat et al. [99] studied various aqueous and
non-aqueous solutions of twelve different amines for hydrogen sulfide
removal from natural gas at temperatures relevant to subsea operation.
The non-aqueous amines are based on monoethylene glycol (MEG) and
triethylene glycol (TEG). They reported several tertiary amines that can
provide better H,S loading than MDEA in aqueous solutions: 2-dimethy-
laminoethanol, 3-dimethylamino-1-propanol, 3-(diethylamino)-1,2-
propanediol, 2-[2-(diethylamino)ethoxy]ethanol (DEAE-EQ), 6-dime-
thylamino-1-hexanol, and 3-diethylamino-1-propanol. In addition, a
few general observations from their results are:

e A decrease in the number of hydroxyl groups and the addition of an
ethoxy group in amines increase the H)S absorption in aqueous
amine solutions.

e The H,S absorption generally increases with increasing pKa. How-
ever, this is not always the case, questioning the longstanding
assumption that higher basicity implies higher acid gas loading.

e An increase in the chain length of the alkyl group reduces the HyS
loading in aqueous ethanolamines but enhances the HyS loading in
aqueous propanolamines.

e Even though replacing water with TEG or MEG significantly
decreased the H,S loading in all tested solvents, the non-aqueous
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solution of (DEAE-EO) in MEG showed higher loading than
aqueous MDEA at same weight concentration.

When an aqueous amine blend is formed by adding a small quantity
of a compound to the base amine, the former is referred to as an acti-
vator or a promoter. These promoters are likely not practical or ad-
vantageous to deploy on their own and, therefore, used as additives to
improve the performance of the base amine. A well-known example of
such an activator is piperazine (PZ) which has a high resistance for
thermal and oxidative degradation [100]. Lin et al. [101] and Sheng
et al. [102] reported that PZ has a higher rate of reaction with CO5 than
the commonly used absorbents such as MEA, DEA, AMP, and MDEA.
However, PZ has a low aqueous solubility and is relatively expensive
[103]. Therefore, it is usually employed as an additive. In addition, the
blends of PZ and most amines exhibit lower volatility than single amines
due to the non-ideality of the mixed amine solution [104,105].

Yunhai et al. [106] compared aqueous solutions of MEA, MDEA,
MEA + MDEA, and MEA + MDEA + PZ for H,S absorption from pipeline
natural gas that was supplemented with H,S during experiments. The
ability of HaS absorption for the four systems is MEA > (MEA-MDEA-PZ)
> (MEA-MDEA) > MDEA, demonstrating that addition of PZ increases
the loading of H,S. However, this is not the case when both CO2 and HS
are present in the feed gas. Zhan et al. [107] studied the effect of
different operating conditions on the simultaneous absorption of HjS
and COs into an aqueous solution of MDEA and PZ in a rotating packed
bed. Due to the higher reaction rate between PZ and CO; relative to that
between MDEA and COs, the removal efficiency of CO, increased with
an increase in the concentration of PZ. On the other hand, this led to a
decrease in the removal efficiency of HyS. Haghtalab and Izadi [108]
also observed this phenomenon in aqueous MDEA + PZ and DIPA + PZ
solutions in terms of reduced HjS loading with addition of PZ.

Lee et al. [109] carried out absorption-desorption of CO5 and HsS
from a feed gas containing 35% CHy, 15% CO3, 50 ppmv HyS, and Ny
using 11 different aqueous blends of 4.5 wt% MDEA and 5 wt% additive.
The additives considered are PZ, AMP, tetraethylenepentamine, dieth-
ylenetriamine, 1-dimethylamino-2-propanol, bis(3-aminopropyl)amine
(APA), 2-amino-1-butanol, 5-amino-1-pentanol, N-propylethylenedi-
amine, dibutylamine, and 1,4-diaminobutane. They are screened based
on lean loading, rich loading, cyclic capacity, absorption rate, and
regeneration rate. The results showed that PZ is an excellent activator
for CO absorption but is poor in the case of HyS. Overall, APA provides
the best performance for H,S absorption, although it does not exhibit
selectivity for HaS over COy at high enough gas-liquid contact times.
When compared to aqueous MDEA, the aqueous blend of MDEA and
APA exhibit higher absorption—desorption rates for HyS, lower absorp-
tion—desorption rates for CO5, and higher HyS loading capacity. On the
other hand, it also exhibits slightly higher capacity for CO».

Zhan et al. [107] also found that increasing MDEA concentration
over 1.68 mol-L™! in an aqueous MDEA —+ PZ solution drastically reduces
the removal efficiency of CO3 while also reducing the removal efficiency
of HyS to a lesser extent. Fooetal. [110] and Fuetal. [111] reported that
increasing the MDEA concentration increased the solution viscosity. The
increasing viscosity inevitably hinders the diffusion of amine molecules
in the liquid phase, lowering the absorption rate and capacity of the
solvent. Tian et al. [112] reported a similar deteriorating performance of
an aqueous MDEA + MEA solution with increasing MDEA concentra-
tions at low HjS partial pressures. Therefore, there exists an optimal
MDEA concentration that provides the best absorption capacity for HyS
for a given MDEA-based solvent. However, the impact of solvent vis-
cosity is much higher on the absorption of CO, than that of H,S; while
H,S absorption is limited by the gas-side mass transfer, CO5 absorption is
limited by the liquid-side mass transfer and reaction kinetics
[95,96,113].

Table 3 provides many representative examples of the recent trends
in the published works on HyS absorption using alkanolamines. Unless
otherwise noted, the reported experimental results are obtained using
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Table 3
Recent developments in hydrogen sulfide absorption.
Solvent Feed Amount or Partial Loading or Solubility Removal Efficiency (%) Reference
Pressure of HyS (mol/mol)
Alkanolamines
30-50 wt% MDEA + 0.0-7.5 wt% Simulated coke oven gas at 1 atm 0.3-0.5 kPa 0.022-0.096 313.2 K, 0.5 kPa H,S: [112]
MEA and 303.2-323.2 K 93.61-95.88 (6 sieve trays)
3.5-11.6 wt% MEA Pipeline natural gas with added H,S 0-45 kPa ~0.1-1.0 na [106]
19.0-46.3 wt% MDEA at 298.15-333.15 K 1-50 kPa ~0.05-0.85 na
3.5-8.5 wt% MEA + 19.0-36.3 wt% 1-50 kPa ~0.01-0.90 na
MDEA
5.6 wt% MEA -+ 26.3 wt% MDEA + 4-55 kPa ~0.09-0.95 na
3.0-7-0 wt% PZ
20 wt% MDEA N, and H,S at 278.15-313.15 K 0.03-1 kPa 0.015-0.254 278.15 K: 100 [99]
20 wt% MDEA in MEG N, and H,S at 278.15 K 0.03 kPa 0.010 278.15K: 77
1 kPa 0.089
20 wt% MDEA in TEG N, and H,S at 278.15 K 0.03 kPa 0.006 278.15K: 17
1 kPa 0.040
20 wt% t-BDEA N, and H,S at 278.15 K 0.03 kPa 0.009 na
1 kPa 0.407
20 wt% DIPA N, and H,S at 278.15 K 0.03 kPa 0.012 na
1 kPa 0.185
20 wt% TEA N, and H,S at 278.15 K 0.03 kPa 0.013 na
1 kPa 0.165
20-50 wt% DEAE-EO Ny and H,S at 278.15-313.15 K 0.5-1 kPa 0.094-0.416 278.15 K, 20 wt% amine: 100
20 wt% DEAE-EO in MEG N3 and H,S at 278.15 K 1 kPa 0.280 278.15K: 76
20 wt% DEAE-EO in TEG N, and H,S at 278.15 K 1 kPa 0.073 278.15K: 21
20-50 wt% 3DEA-1P N, and H,S at 278.15-313.15 K 0.5-1 kPa 0.061-0.355 278.15 K, 20 wt% amine: 100
20 wt% 3DEA-1P in MEG N, and H,S at 278.15 K 1 kPa 0.193 278.15K: 57
20 wt% 3DEA-1P in TEG N, and H,S at 278.15 K 1 kPa 0.080 278.15 K: 24
0.84-2.94 mol/L MDEA + CO, and H,S at 1 atm and 10,000 ppmv na 100 (rotating packed bed) [107]
0.12-0.58 mol/L PZ 302.95-318.15 K
10-30 wt% TBE CO, and H,S at 298.15-318.15 K 15 vol% na 50-94 [97,98]
10-30 wt% AMP 65-95
Ionic Liquids
[N2204]2[maleate] H,S at 313.2 K 1.1 bar 1.43 na [176]
[N2224]2[maleate] + maleic acid 1.18 bar 1.3 na
a1:1n
[BDMAEEH][Tf2N] + MAA (1:1) 1.18 bar 0.8 na
[BDMAEEH][MAA] 1.18 bar 1.0 na
[BDMAEEH][Tf,N] 1.1 bar 0.4 na
[DBNH][1,2,4-triaz] H,S at 298.2 K 1 bar 1.4 na [175]
HoS at 313.2 K 0.012-1.019 bar 0.253-1.198 na
H,S at 333.2K 1 bar 1.0 na
[DBNH][1,2,3-triaz] H,S at 313.2K 0.016-1.089 bar 0.287-1.081 na
[DBUH][1,2,4-triaz] 0.022-1.025 bar 0.447-1.174 na
[DBUH][1,2,3-triaz] 0.022-1.028 bar 0.412-1.046 na
[DBNH][Im] H,S at 298.2 K 0.1 bar 1.18 na [177]
0.01-1 bar 0.63-1.36
HyS at 313.2K 0.1 bar 0.95
0.01-1 bar 0.40-1.26
HoS at 333.2K 0.01-1 bar 0.27-1.08
[DBUH][Im] H,S at 313.2K 0.1 bar 0.98 na
1 bar 1.26
[DBNH] [Pyr] 0.1 bar 0.99 na
1 bar 1.31
[DBUH] [Pyr] 0.1 bar 0.95 na
1 bar 1.17
[TMGH][PhO] HoS at 298.2 K 0.1 bar 0.69 na [172]
0.01-1 bar 0.38-0.97
H,S at 313.2 K 0.1 bar 0.56
0.01-1 bar 0.20-0.85
H,S at 333.2 K 0.1 bar 0.47
0.01-1 bar 0.08-0.78
[DBUH][PhO] H,S at 313.2 K 0.1 bar 0.6 na
1 bar 0.8
[hmim][PhO] 0.1 bar 0.59 na
1 bar 0.84
[P4444]1[PhO] 0.1 bar 0.62 na
1 bar 0.88
40-70 wt% [BDMAEE][Ac] H,S at 298.2 K 1 bar 0.950-1.044 na [170]
[NEMH] [Bu] H,S at 298.2 K 0.035-1.056 bar 0.012-0.156 na [168]
H,S at 308.2 K 0.056-1.070 bar 0.008-0.114
H,S at 318.2 K 0.030-1.050 bar 0.007-0.098
[NEMH][Ac] H,S at 298.2 K 0.042-1.060 bar 0.009-0.127 na
[NEMH] [Pro] 0.037-1.057 bar 0.011-0.151 na
[NEMH][MOACc] 0.043-1.059 bar 0.010-0.142 na

(continued on next page)
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Table 3 (continued)
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Solvent Feed Amount or Partial Loading or Solubility Removal Efficiency (%) Reference
Pressure of HyS (mol/mol)
[TEAH][Bu] 0.040-1.096 bar 0.009-0.135 na
[TEAH][MOACc] 0.056-1.015 bar 0.010-0.138 na
[C4Py][BF4] H,S at 313.15 K 1 bar 0.07 na [154]
[C4Py][SCN] 0.1 na
[emim][BF,4] H,S at 298.15 K 0.3 kPa - 1.4 Mpa 0-1.46 na [155]
H,S at 313.15 K 0.3 kPa - 1.84 Mpa 0-1.26 na
H,S at 333.15 K 0.3 kPa - 1.82 Mpa 0-0.674 na
H,S at 353.15 K 0.3 kPa - 1.76 Mpa 0-0.425 na
Deep Eutectic Solvents
ChCl/urea (1:1.5) HyS at 313.2 K 0.114-2.021 bar 0.0037-0.055 na [212]
H,S at 323.2K 0.106-2.011 bar 0.0025-0.046
H,S at 333.2K 0.098-2.015 bar 0.0021-0.037
H,S at 353.2 K 0.10-1.98 bar 0.0014-0.023
ChCl/urea (1:2.0) H,S at 313.2-353.2 K 0.101-2.021 bar 0.0015-0.046 na
ChCl/urea (1:2.5) H,S at 313.2-353.2 K 0.099-2.013 bar 0.0011-0.035 na
TBAB/ProH (1:1) H,S at 298 K 245 kPa 0.40 na [213]
496 kPa 0.60
TBAB/AcH (1:1) 225 kPa 0.32 na
511 kPa 0.59
TBAB/ForH (1:1) 178 kPa 0.21 na
506 kPa 0.55
ChCl/ProH (1:2) 184 kPa 0.13 na
540 kPa 0.44
ChCl/AcH (1:2) 249 kPa 0.16 na
522 kPa 0.33
ChCl/ForH (1:2) 262 kPa 0.12 na
510 kPa 0.25
[C4-TMHDA][CI]/Im (1:2) H,S at 303.2 K 1 bar 0.996 na [214]
[C4-TMPDA][Cl]/Im (1:2) 0.482 na
[C4-TMEDA][Cl]/Im (1:2) 0.364 na
[C4-TMEDA][CI1/1,2,4-triaz (1:2) 0.273 na
[C4-TMEDA][CI1/1,2,3-triaz (1:2) 0.239 na
[C4-TMHDA][C1]/Im (1:2) HyS at 313.2K 1 bar 0.71 na
[C;-TMHDA]Ac/MDEA (1:2) H,S at 313.2K 1 bar 1.44 na [215]
[C1-TMHDA]Ac/Pyrol (1:2) 1.17 na
[C;-TMHDA]JAc/AA (1:2) 1.09 na
[C;-TMHDA]Ac/Im (1:2) 1.02 na
Hybrid Blends
30-50 wt% MDEA + 2.5-7.5 wt% Simulated coke oven gas at 1 atm 0.3-0.5 kPa 0.039-0.143 313.2 K, 0.5 kPa H,S: 100 (4 [231]
[N1111][Arg] and 303.2-323.2 K sieve trays)
30-50 wt% MDEA + 2.5-7.5 wt% Simulated coke oven gas at 1 atm 0.3-0.5 kPa 0.035-0.98 313.2 K, 0.5 kPa H,S: 100 (6 [230]
[N11111[Gly] and 303.2-323.2 K sieve trays)
30-50 wt% DIPA + 5-50 wt% CO; and H,S at 0.2-2.5 Mpa and 0.046-0.668 Mpa 0.010-0.153 na [232]
[bmim][Ac] 323.15-348.15 K
Benchmarks
Sulfolane H,S at 298.2 K 1 bar 0.072 na [505]
HyS at 313.2K 1 bar 0.043
Dimethylsulfoxide H,S at 298.2 K 1 bar 0.123 [506]
1-methyl-2-pyrrolidine (NMP) H,S at 298.2 K 1 bar 0.0133 [507]
50 wt% MDEA HyS at 298.2 K 1 bar 0.944 [508]
H,S at 313.2K 0.1 bar 0.3
1 bar 0.85
CH4 and H,S at 480-604 kPa and 2.6-177.59 kPa 0.084-0.775 [509]
323K
[bmim][PF¢] H,S at 298.15-403.15 K 69-9630 kPa 0.016-0.875 [149]
Methanol H,S at 298.15 K 1400 kPa 0.8 [150]
1 bar 0.027 [510]
TEGDME H,S at 313.2K 1 bar 0.162 [511]

absorption bottles, equilibrium cells or reaction vessels. However, the
industrial absorption-desorption operations are carried out in tray or
packed columns. The design and operational modes of the employed
equipment can have a significant impact on the process performance.
For example, gas-liquid contact time and area are important parameters
that affect the absorption and selectivity of HaS over COo. In this regard,
HiGee technology carried out in a rotating packed bed (RPB) is one of
the cutting-edge process intensification technologies that can provide a
more precise control over the fundamental transfer phenomena in
gas-liquid operations [114]. The efficiency of mass transfer and
micromixing can be up to 1-3 orders of magnitude larger than that in a
conventional packed bed [114,115].

Zhan et al. [107] used stainless wire mess packing in an RPB to test

the absorption performance of an aqueous MDEA + PZ solution for a
feed gas containing CO, and HsS. Increasing the high gravity factor (B),
which is the ratio of the centrifugal force to the acceleration due to
gravity, increases the gas-liquid interfacial area and enhances the mass
transfer of both HyS and CO3 by breaking the liquid into very fine ele-
ments [116]. However, when f is increased beyond a value (122.5 in this
experiment), the enhancement in the interfacial area is gradually
overshadowed by the decrease in the liquid residence time in the RPB.
This led to a further increase in the removal efficiency of HyS with a
simultaneous decrease in the same for COq, resulting in an increase of
H,S selectivity. This is consistent with previously reported studies by
Qian et al. [113], Guo et al. [117], and Jiao et al. [118]. Increasing the
liquid-to-gas flowrate to an optimal value also enhances H,S absorption
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and selectivity by increasing the interfacial refresh rate without
increasing the size of the liquid elements. Unlike the regular onshore
operation of these gas-liquid contactors, offshore installations face
additional technical and operational challenges due to the unstable sea
environments. Iliuta and Larachi [119] studied two-phase countercur-
rent flow dynamics during simultaneous absorption of H,S and CO» into
an aqueous MEA solution in a packed bed column with Raschig Super-
Rings exposed to static inclination and heaving motion. Although the
inclination and the heaving motion decrease the removal efficiencies of
both the compounds, the effect is significantly more pronounced for COy
and is only marginal for HsS.

Although experiments offer valuable information on the perfor-
mance of different absorbents and equipment, they are expensive and
time-consuming. Modeling and simulation studies present a cheaper and
more systematic alternative to understand and improve existing opera-
tions while also guiding lab- and pilot-scale experiments towards fewer
and more efficient runs. Many such published works provide suggestions
for improvement and optimization of HsS removal processes based on
economic and sustainability parameters [89,120-128]. Zahid et al.
[127] used Aspen HYSYS to evaluate the removal of acid gases from the
associated and non-associated sour gas feeds using a blend of DGA and
MDEA solvents at a total strength of 50 wt%. Their results show that an
aqueous blend of 45 wt% DGA and 5 wt% MDEA at a flowrate of around
2800 USGPM can effectively replace 50 wt% DGA for processing of
associated gas by reducing the energy consumption by 5.3 GJ/h and the
overall gas processing cost by US$3.42/MMSCF of sweet gas. Park et al.
[128] performed sensitivity analysis in Aspen Plus to find the optimal
operating conditions for a pilot-scale HyS absorption—desorption column
sequence when using a 45 wt% MDEA solution to treat 500 m>hr ! of
coke oven gas containing 0.3% HsS. They found an optimal solvent-to-
feed ratio of 1.3 kg/kg that can achieve 99% HyS removal while
reducing the solvent usage and heat duty of the absorption column by
35% and 23%, respectively.

Accurate thermodynamic modeling forms the backbone of afore-
mentioned simulation studies. Due to extensive amount of experimental
data available, many classical thermodynamic models have been fitted
to these data and used in different commercially available process
simulators [129-132]. Although these models have provided good ac-
curacy in the modeling and optimization of absorption processes, they
are restricted to a limited domain of compounds and thermodynamic
conditions covered by the data used for model fitting. However,
achieving an optimal and novel solvent formulation requires a detailed
understanding of the complex molecular and structural interactions that
drive the chemistry of HoS (and CO3) absorption in alkanolamine-based
solvents [83,133,134]. For example, Puxty et al. [83] reported that the
distance of the hydroxyl functionality from the amine and the structural
features around it appear crucial for the screening of COy absorbents,
but they could only speculate the possible reasons behind it. As such, the
predictive capabilities of thermodynamic models for the calculation of
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quantities of engineering interest can be improved with a molecular-
based knowledge of these mixtures. Although there has been some
work in this area over the past decade for CO, absorption [135-138],
there are no known works published for selective HyS absorption or
simultaneous HsS and CO, absorption.

Despite the advantages that led to their extensive use in the natural
gas industry, there are also difficulties in the commercial use of these
alkanolamine-based solvents. These processes suffer from the high
amount of energy required for the desorption column, loss of alkanol-
amine due to its high volatility, transfer of water into the gas outlet
during desorption, and degradation of alkanolamine to form corrosive
compounds [139]. These drawbacks make this treatment unattractive in
terms of economics and sustainability, impeding their widespread
implementation outside the oil and gas industry.

2.2.3. Ionic liquids

Ionic liquids (ILs) are defined as fused salts with melting points
below 100 °C [140]. However, some recommend dropping the melting
point constraint and defining ionic liquids simply as liquids composed
only of ions (see Fig. 2) [141]. These liquids present several excellent
properties that make them advantageous over organic solvents, such as a
high and tunable solvent capacity, low corrosivity, negligible volatility,
low flammability, wide liquid range, and relatively high thermal and
chemical stability [142,143]. Although ILs have been around for a long
time, their use in acid gas removal is less than two decades old [141]. In
the past few years, a number of reviews [144-147] were published for
CO4 capture using ILs. However, there has only been one such review
[148] for HyS removal discussed in the context of simultaneous acid gas
removal from natural gas. This section specifically focuses on the direct
use of ILs as absorbents for HsS.

Jou and Mather [149] first investigated H,S absorption in 1-butyl-3-
methylimidazolium hexafluorophosphate ([bmim][PFg]) and reported
that it functions as a physical absorbent. They further opined that ILs are
unlikely to replace alkanolamines for acid gas removal but would be
useful for bulk removal at high partial pressures. Around the same time,
Pomelli et al. [150] conducted an experimental and theoretical study on
H,S solubility in different [bmim]-based ILs and in a series of bis(tri-
fluoromethyl)sulfonylimide ([Tf;N]) based ILs. They reported a poor
correlation between Kamlett-Taft parameters and the solubility of HyS in
these ILs. More importantly, they found that the interactions between
the anion and HjS are as strong as traditional hydrogen bonds while the
cation selection has little impact on H,S solubility in ILs. This finding
was later confirmed by multiple studies [151-153]. These studies
demonstrated that the capacity and regeneration energy of ILs could be
adjusted by actively tuning their reaction enthalpy through the design of
the anion. Recently, Wang et al. [154] reported that pyridinium-based
ILs showed excellent performance in selective separation of HyS over
CO, owing to the active proton in HyS molecule. Their results also
indicated that the solubilities of HyS and CO» in ILs slightly increased
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Fig. 2. Examples of ordinary ionic liquids and task-specific ionic liquids. Reprinted with permission from [486]. © 2019 Springer Nature.
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with the growing length of the alkyl chains on the cations. The molar
solubility of HS in these ILs is in the following order: [CgPy][SCN] >
[CePyl1[SCN] > [C4Py][SCN] > [C4Py][NTfs] > [C4Py][NO3] > [C4Py]
[BF4]. Among the ILs with the same cation, the [SCN] anion exhibited
the highest ideal HyS/CO5 selectivity up to 8.99 at 303.15 K, which was
about 1.5-4 times larger than that of the conventional imidazolium-
based ILs. Jalili et al. [155] demonstrated that [emim][BF4] (also
called [Comim][BF4]) has HsS absorption capacity similar to that of
other [BF4]-based ILs and can remove H,S with the same or better
selectivity than that of [Comim][eFAP] [156], [Cgmim][TfN] [157],
[C4mim][PF¢] [158], and [Cgmim][PF¢] [159]. However, ordinary ILs
are physical absorbents and, therefore, have much lower absorption
capacities for HoS (and CO-) at low-medium partial pressures.

To overcome this challenge and develop viable alternatives to alka-
nolamines, researchers turned towards task-specific ionic liquids
(TSILs), which are formed from the covalent tethering of a functional
group to the cation or to the anion or to both ions of an otherwise or-
dinary IL [160,161]. The addition of one or more tethered functional
groups provides TSILs with increased structural tunability over their
physicochemical properties. One such property is the chemical inter-
action with HjS, allowing them to have a much higher absorption ca-
pacity than ordinary ILs. Huang et al. [162] reported the first class of
carboxylate-functionalized, task-specific imidazolium-based ILs with a
high capacity for HaS. The H,S solubility can reach up to about 0.6 mol/
mol at 298 K and 1.0 bar, an order of magnitude higher than those of
ordinary ILs. However, these functionalized ILs also have high chemical
affinity to CO4 through the formation of a carbene-CO; adduct, resulting
in an unsatisfactory HyS/COg selectivity of only 1-2 at 298.2-333.2 K.
Huang et al. [163] then designed a series of dual Lewis base (DLB)
functionalized ILs tethered with both carboxyl and tertiary amine groups
on their anions to enhance the ideal selectivity of HyS over CO2. These
DLB-ILs exhibit similar or higher H,S absorption capacities than 35 wt%
aqueous MDEA. For example, triethylbutylammonium imidazole-1-yl-
acetate ([N2224][IMA]) has a HjS solubility of 0.85 mol/mol and a HyS/
COq selectivity of 10 at 298 K and 1 bar. Due to the very weak acid-base
interaction between the DLB-ILs and COs, the ideal selectivity of HyS
over COs is significantly higher with values at 60 °C ranging from 29 to
70 at 0.1 bar and from 13 to 26 at 1 bar. However, they suffer from high
viscosity (>2500 cP at 298 K) and complex synthesis. As noted in the
previous section, viscosity has a significant impact on hydrodynamics
and mass transfer. A key limitation of ILs is their high viscosity, which
primarily hinders the liquid-side mass transfer and indirectly leads to
slow diffusion of gas molecules across the interface. The process then
requires longer contact times and an increase in the size of the absorp-
tion column. Moreover, higher viscosity results in a higher cost of initial
solvent inventory and a higher pumping load. Therefore, it is imperative
to find ways to make ILs with viscosities suitable for absorption.

Subsequently, Huang et al. [164] combined alkanolamines (MDEA
and DMEA) with formic acid and acetic acid to synthesize cost-effective
protic ionic liquids (PILs) [165-167] with high ideal selectivity
(8.9-19.5 at 303.2 K) for HsS over COs. Although these PILs have vis-
cosities lower than the DLB-ILs, they proved to be physical absorbents
with higher H,S absorption capacities (0.04-0.16 at 1 bar of H,S and
303.2-333.2 K) than ordinary ILs. Similarly, Zhao et al. [168] investi-
gated ten carboxylate-functionalized PILs with cations based on amines
and morpholine derivatives. These PILs have very low viscosities (as low
as 4.3 cP at 298.2 K) and high HyS physical absorption capacities.
However, trimethylamine butyrate is the only one with a thermal
decomposition temperature above 50 °C, making the rest likely
impractical for recycling within the process. Huang et al. [169] studied a
novel class of hydrophobic PILs with a free tertiary amine group tethered
to a tertiary ammonium cation paired with TfoN as anion for highly
selective chemical absorption of HyS from CO». The authors suggested
that the higher the alkalinity of the free tertiary amine group, the higher
the solubility of HyS due to the strong acid-base interactions or proton
transfer reaction. In these ILs, as the free tertiary amine gets closer to the
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positively charged center of the cation, the increasing electron-
withdrawing effect reduces the alkalinity of the functional group. The
interaction between the free tertiary amine group and CO; in these PILs
follows the same behavior as in the DLB-ILs due to the absence of active
protons. Their results demonstrate that the absorption of CO, is both
chemically and physically unfavorable in comparison with the absorp-
tion of HyS. On the other hand, these hydrophobic PILs are cost-
intensive and have large molecular weights (low absorption capacity
in units of mol/kg), making them economically unfavorable. Similar
PILs with a free tertiary amine group but with a carboxylate ion were
then formed to make the PILs hydrophilic and use aqueous PILs as the
absorbents [170]. The solubilities of HyS and CO5 in the studied PILs
follow the sequence of [BDMAEE][Ac] > [TMPDA][Ac] > [TMEDA]
[Ac] > [BMEE][Ac]. The solubilities of both gases decrease with
increasing PIL concentration or temperature, but the dependence of CO4
solubilities on the PIL concentration or the temperature is more signif-
icant than H,S solubilities. Mixing with water reduces the viscosity of
PILs largely. For example, the viscosities of 40-70 wt% aqueous
[BDMAEE][Ac] fall in the range of 8.02-48.0 cP at 293.2 K and are
comparable to those of aqueous MDEA [171]. Although these aqueous
PILs exhibit high H,S absorption capacities (up to 1.044 mol/mol at 1
bar and 298.2 K), the equilibrium selectivities are only 1-2 which is on
par with ordinary ILs, carboxylate-based ILs, and aqueous MDEA but
much inferior to the PILs mentioned above. On the other hand, the ki-
netic selectivity of HsS is still quite high.

Huang et al. [172] then moved towards a theoretical and experi-
mental study of phenolic ILs due to the strong basicity of the anion.
These ILs enhance the solubility of polar gases (H2S and CO») and reduce
the solubility of non-polar gases (CHy4), causing an enhanced selectivity
for COy/CH4 and HyS/CHy4 [173]. As such, these ILs show comparably
high absorption capacities for HyS with the solubilities of HaS
approaching 0.60 mol/mol at 0.1 bar and 0.85 mol/mol at 1 bar. The
absorption isotherms indicate that there must be a strong interaction
between [PhO] and HjS. On the other hand, it is surprisingly found that
these phenolic ILs show varied absorption capacities for CO2: [P4444]
[PhO] > [hmim][PhO] > [DBUH][PhO] > [TMGH][PhO]. For example,
[P4444]1[PhO] can absorb as high as 0.77 mol/mol of CO; at 1 bar, while
[hmim][PhO], [DBUH][PhO] and [TMGH][PhO] can absorb only 0.62,
0.21 and 0.090 mol/mol of CO5 at the same pressure. This wide varia-
tion in CO, solubilities indicates that the cations affect COy absorption
chemistry. Based on the experimental results, the authors deduced that
the strong interaction of phenolic ILs with H,S is independent of the
hydrogen-bond donating ability of cations, while the interaction of
phenolic ILs with CO5 is highly dependent on the hydrogen-bond
donating ability of cations. Calculations based on density functional
theory confirmed that the hydrogen-bond donating ability of cations
differentiates the interaction of phenolic ILs with HsS and COs. Since the
active protons of HyS can form relatively stable coplanar structures with
the strongly basic [PhO] anion, the IL-H,S is dominated by this proton
transfer mechanism with the hydrogen-bond donating ability of cations
having a negligible impact. This finding is consistent with several other
studies [150,153,174]. However, CO; is non-ionizable and the angular
CO; forms relatively unstable non-coplanar structures with [PhO],
making the interaction of phenolic ILs with CO5 rather sensitive to the
hydrogen-bond donating ability of cations. Phenolic ILs with weak
hydrogen bond donors in the cation can interact with CO5 strongly by
restructuring the hydrogen bond network between the ions of the IL.
However, if the cation has strong hydrogen bond donation centers, they
can only interact with CO» very weakly since they form strong hydrogen
bonds with [PhO]. Thus, phenolic ILs allow for highly efficient and se-
lective absorption of HyS from CO, with appropriate combination of the
strong anionic basicity and cationic hydrogen bond donation. For
example, [TMGH][PhO] stands out as a promising candidate for the
selective capture of HyS. The high solubilities of HyS in [TMGH][PhO]
are due to the strong basicity of [PhO], while the high selectivities (9.4
at 1 bar and 313.2 K) of H,S/CO> in [TMGH][PhO] are due to the strong
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hydrogen bond donors of [TMGH]. However, the downsides of these ILs
are their high viscosities (125.7-435.1 cP at 303.2 K) and the poisonous
nature of phenolic compounds.

Zhang et al. [175] investigated the use of four azole-derived PILs that
are easily synthesized in a one-step neutralization reaction. The mech-
anism of absorption of both H,S and CO; in these PILs is observed to be
the similar to that observed in phenolic ILs. The H,S absorptions ca-
pacities in mol/mol units (mol/kg in parenthesis) of [DBNH][1,2,4-
triaz], [DBNH][1,2,3-triaz], [DBUH][1,2,4-triaz], and [DBUH][1,2,3-
triaz] can reach up to 1.20 (6.21), 1.09 (5.64), 1.15 (5.20), and 1.05
(4.74), respectively, at 313.2 K and 1.0 bar. In comparison, H,S loading
of 50% aqueous MDEA at the same conditions is 0.85 mol/mol and 3.56
mol/kg. These PILs also exhibit high H»S solubilities at low pressures. In
addition, they exhibit remarkably high kinetic and thermodynamic se-
lectivities for H,S/CH4 and CO,/CH,4. However, [DBNH][1,2,3-triaz]
and [DBUH][1,2,4-triaz] have high viscosities, while [DBUH][1,2,3-
triaz] has a melting point of 313.2 K, making them impractical for in-
dustrial use. Due to its lower viscosity (42.6 cP at 313.2 K), [DBNH]
[1,2,4-triaz] proves another promising absorbent for H,S removal.
Zhang et al. [176] later synthesized different PILs for capture and con-
version of H,S into value-added mercaptan acids. The conversion step
replaces both the conventional desorption step and the subsequent Claus
process, pitching a potentially new and advantageous process for HyS
removal. Although more work is necessary to probe this process
pathway, their work also presented a few new TSILs with either a free
tertiary amine group tethered to the tertiary ammonium cation or a free
carboxylic acid group tethered to the carboxylate anion, which exhibi-
ted the highest relative (mol/mol) H,S absorption capacities reported in
the literature so far. However, since viscosities and selectivities are not
reported, further analysis is not possible at this time. Xiong et al. [177]
developed four low viscosity superbase-derived PILs (SPILs) [178] for
the simultaneous removal of HsS and CO; from natural gas. These SPILs
offer the highest absolute (mol/kg) H,S absorption capacities reported
so far in the literature at even low H,S concentrations (5.31-6.81 mol/
kg at 1 bar and 4.31-5.15 mol/kg at 0.1 bar and 313.2 K) and excellent
ideal selectivity for CO2/CH4 (92.6-240) and H,S/CH4 (367-653).
[DBNH][Im], [DBNH][Pyr], [DBUH][Im], and [DBUH][Pyr] show dy-
namic viscosity values as low as 8.3 cP, 5.1 cP, 18.3 cP, and 9.7 cP at
313.2 K, respectively, significantly lower than those reported for most
ILs. These numbers are better than those of 50% aqueous MDEA. Owing
to their low viscosities and high absorption capacities, these SPILs may
be great alternatives to aqueous alkanolamines currently reported.
However, due to their low first decomposition temperature of around
353 K and strong interaction with HyS, they require a low regeneration
pressure (0.005 bar) and lose a portion of their HaS capacity (25% loss
for [DBNH][Im]) after four regeneration cycles.

In summary, TSILs made of strongly basic anions could result in
chemisorption of HyS while those made of weakly basic anions may or
may not offer the same effect. However, addition of one or more Lewis
basic sites (such as a tertiary N-group or a carboxyl group) is much more
likely to result in strong H-bonding with HsS. A free tertiary amine group
on the cation could also lead to an increase in the chemisorption ca-
pacity of the IL. However, this tertiary amine group should be ideally
placed further away from the positively charged center of the cation to
avoid an electron-withdrawing effect that reduces the basicity of the N-
group. Selectivity of HyS over CO, is heavily dependent on two factors:
cationic H-bond donation (stronger the better) and anionic basicity
(stronger the better). Moreover, absorption capacities in both relative
(mol/mol) and absolute (mol/kg) units must be considered during ma-
terial selection. Although relative capacity is a good measure of stoi-
chiometric efficiency, absolute capacity has a crucial impact on process
economics.
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As showcased so far, there are a wide variety of ILs that can be
designed for the capture of HyS from gaseous streams at different con-
ditions. Most of these studies still focus on the experimental measure-
ment of single gas solubility in ILs [179], covering only a limited
proportion of the design space characterized by all the possible cati-
on-anion combinations. Casting the net over a much wider search space
with the experimental approach is not only unrealistic but also expen-
sive in terms of time and cost. In this context, predictive thermodynamic
models based on computational chemistry or group contribution
methods or a combination of both have been developed and applied for
theoretical IL screening or design [180-183].

Mortazavi-Manesh et al. [180] extended the experimental solubility
of acid gases by comparing 425 ILs using the conductor-like screening
model for realistic solvation (COSMO-RS) [184,185] and the Peng-
Robinson equation of state [186]. They demonstrated that the vari-
ance in the molecular weight or area of the anion is twice that of the
same properties of the cation, concluding that solubilities within these
ILs are more sensitive to the anion. They also deduced the various factors
that could improve the solubility and selectivity of HoS and CO» in ILs.
Their results suggest that ILs with higher molecular surface areas have
higher absorption capacities of HyS and CyHg, but ILs with higher mo-
lecular weights also dissolve more CH4. They suggested that the most
promising IL candidates contain N4;11, PMG, and TMG as cations and
BF4, NO3, and CH3SO4 as anions. Zhao et al. [182] also used COSMO-RS
and demonstrated a systematic screening method to choose from over
ten thousand ILs, but it was not applied for H,S absorption.

While a preliminary screening based on thermodynamic and physical
properties is helpful to narrow down the list of possible choices from a
large number of ILs, the optimal IL absorbent should be identified based
on its performance in a continuous process. Process simulators are
widely used for such purposes. Santiago et al. [187] employed COSMO-
RS for a preliminary screening of over 700 ILs and then used Aspen Plus
for the simulation of the physical absorption process with selected ILs.
They found that the process is strongly controlled by kinetics even
though all the selected ILs have no thermodynamic restrictions (>99%
equilibrium-based HjS recoveries). The IL that shows the best thermo-
dynamic behavior ([emim][MePOs3]) faces severely limited transport
phenomena, resulting in very low HyS recovery at near room tempera-
tures. On the other hand, the IL that provides the best process perfor-
mance ([emim][DCN]) has much lower viscosity (16.83 cP vs. 149.12 cP
at 25 °C), highlighting the importance of absorption rates which are
usually not reported in most experimental studies. Lemus et al. [188]
extended this methodology to IL blends (one with a high H2S solubility
and one with low viscosity) and found that solvent viscosity remains the
key property even in IL blends. As a result, they did not succeed in
formulating IL-IL blends with enhanced thermodynamic/kinetic prop-
erties for HyS physical absorption, obtaining the best behavior with the
pure ILs with the lowest viscosity. The authors then separately created
an IL blend of a chemical absorbent with a high H,S absorption capacity
([bmim][Ac]) and a physical absorbent with the lowest viscosity
([emim][DCN]) and found that this IL blend results in an enhanced
absorption behavior forming a favorable compromise between thermo-
dynamic and kinetics. A blend of 25% [bmim][Ac] + 75% [emim][DCN]
at 10 bar of pressure offers the maximum HjS recovery of >98%. Wang
et al. [189] developed a more systematic, four-step screening method to
find the optimal IL absorbents for simultaneous removal of HyS and CO4
from natural gas. The prospective candidates are sequentially screened
based on an integrated mass-based Absorption-Selectivity-Desorption
index (ASDI) derived from the Henry constants in the first step, ASDI
derived from vapor-liquid equilibrium data in the second step, physical
properties (melting point and viscosity) in the third step, and rate-based
Aspen Plus simulation in the fourth step. Based on this method, 1-butyl-
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1-methyl-pyrrolidinium dihydrogen phosphate ([BeMPYO][H,PO4])
and 1-ethyl-3-methylimidazolium dihydrogen phosphate ([emim]
[HoPO4]) are identified as the two best absorbents for this task.

In addition to IL screening methods, technical and economic com-
parisons between IL-based processes and the industrially established
processes provides a vital perspective on the commercialization ability
of IL-based absorption. Kazmi et al. [190] compared an aqueous MDEA
solvent with imidazolium-based ILs for the simultaneous capture of HoS
and CO; from natural gas at 30 °C and 68 bar. The energies for the amine
and IL-based acid gas removal process were estimated to be 18,619 kW
and 3981 kW, respectively. They found that replacing amine-based
solvents with ILs reduced the thermal energy consumption and total
annualized cost by up to 78.6% and 59.8% respectively. 99.77% of the IL
could be recovered after being passed through three flash drums, while
the absorbed acid gases were completely removed. However, mass
transfer limitations of the IL were not considered, making it difficult to
assess the realistic performance. Wang et al. [191] simulated and
compared [bmim][TfoN] with the Rectisol (methanol) process [192] for
simultaneous capture of HyS and CO; from syngas in the coal industry.
The IL-based process performs better with a higher CO, capture ratio,
higher solvent recovery ratio, and lower cold energy consumption.
Haider et al. [193] reviewed a few other simulation-based studies
analyzing the technical, economic, and sustainability aspects of IL-based
processes used for acid gas removal. These studies demonstrate the high
potential of ILs to remove HyS and CO, from fuel gases at lower or
comparable cost compared to the existing technologies.

There is no question that the use of ILs as HyS (and CO5) absorbents
holds very high promise. However, the scale-up and commercialization
of IL-based processes remain difficult due to their high production cost,
complicated synthesis, toxicity, high viscosity, etc. Although ILs were
believed to have negligible vapor pressure [194], this has since been
proven untrue for many ILs [195,196]. Similarly, emerging evidence
that many ILs are toxic and poorly biodegradable questioned the status
of ILs as green and sustainable solvents [197-200]. Although several
PILs exhibit high absorption capacities and low viscosities at lower costs,
maintaining high thermal and electrochemical stabilities alongside low
viscosities has been a challenge [201,202]. An optimal trade-off be-
tween ease of preparation, viscosity, and thermochemical stability
should be an immediate focus area for research. Overcoming these
drawbacks is likely to require the development of new candidate ions or
new candidate solvents beyond ionic liquids.

2.2.4. Deep eutectic solvents

Deep eutectic solvents (DESs), discovered only about two decades
ago [203,204], have quickly emerged as alternatives to ILs in many
applications [205]. DESs are multicomponent mixtures of hydrogen
bond acceptors (HBAs) and donors (HBDs) (see Fig. 3) characterized by
significant depressions in melting points compared to those of the neat
constituent components [204,206]. DESs and ILs share many general
characteristics, such as low volatility, high thermal stability, high
tunability, wide liquid range, etc. However, DESs are typically non-
toxic, biodegradable, inexpensive, and easier to make than ILs
[207,208]. Over the years, DESs have been applied for capture of COq,
sulfur dioxide, and ammonia [146,205,209-211]. However, HoS capture
with DESs has hardly been explored.

Liu et al. [212] studied DES systems composed of choline chloride
(ChCl) and urea at three different ratios (1.5, 2.0, and 2.5) of ChCl/urea
for the absorption of HyS, CO5, and CH,4. The behavior of the absorption
isotherms suggest that the mechanism of absorption is physical for all
the studied gases. They also studied the absorption mechanism based on
quantum chemistry calculations and Monte Carlo (MC) simulations.
While the strong hydrogen bond between Cl of ChCl and H of HyS
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governs the absorption of H,S in ChCl-urea eutectic mixtures, the free
volume of solvents governs that of CO2 and CHy4. A decrease in ChCl/
urea ratios does not change the major site for binding with H,S in
ChCl-urea mixtures but decreases the number of interaction sites,
resulting in a decrease in HjS solubilities. On the other hand, the solu-
bilities of CO5 and CH4 in ChCl/urea (1:2.0) are higher than those in
ChCl/urea (1:1.5) and ChCl/urea (1:2.5) since ChCl/urea (1:2.0) has the
lowest melting point and, therefore, the highest proportion of free vol-
ume. Based on the different solubility trends of the three gases, the HyS/
COq, HyS/CH4, and CO5/CHy selectivities can be tuned by adjusting the
ratio of ChCl/urea in mixtures. Even though the ideal selectivities in
these DESs are higher than those reported for many physical solvents,
the absorption capacities of HyS and COy in ChCl-urea mixtures are
similar to those in propylene carbonate but inferior to most other
physical solvents. In addition, the thermal decomposition temperatures
of these ChCl/urea DESs are found to be about 450 K, which is suffi-
ciently higher than the temperatures used for solvent regeneration.

Wu et al. [213] explored the H,S absorption capabilities of two series
of DESs, tetrabutylammonium bromide (TBAB)/carboxylic acid (1:1 to
1:4) and ChCl/carboxylic acid (1:2 to 1:4). Both DESs acts as physical
absorbents and exhibit the same trends. Solubility of HyS increases with
decreasing carboxylic acid concentration and increasing alkyl chain on
the acid. As in the case of ChCl/urea, HyS absorption is dominated by the
strong interaction between the HBA (here, TBAB or ChCl) and HjS.
Therefore, decreasing the ratio of HBA/carboxylic acid decreases the
number of absorption sites available. In addition, the authors speculate
that the HsS solubility goes down with increasing acidity of the car-
boxylic acid. When comparing the two HBAs, TBAB-based DESs per-
formed better than ChCl-based DESs. This could be due to the stronger
and more complex hydrogen bond network within the ChCl-based DESs,
resulting in a lower free volume available for absorption. Comparing
these DESs with ChCl/urea DESs shows that both the new series of DESs
perform remarkably better than the ChCl/urea DESs studied by Liu et al.
[212]. These carboxylic acid based DESs also perform comparably to or
better than many ordinary ILs. It was also found that CO; has as high a
solubility as HyS in these solvents while the solubility of CH4, CO and H,
was negligible, making these DESs good candidates for simultaneous
physical absorption of HaS and COs.

As is the case with TSILs, functionalization of DESs could open more
possibilities due to the resulting chemisorption allowing for higher ab-
sorption capacities and selectivities. Shi et al. [214] designed a series of
five task-specific DESs (TSDESs) using semi-quaternized diamines with
free tertiary amine groups as HBAs and azoles as HBDs in a 1:2 ratio.
Previously, tethering tertiary amine groups to the cations and using
azole-based anions have shown success in designing TSILs for HyS ab-
sorption (see Section 2.2.3). Out of the five TSDESs, only [C4-TMEDA]
[Cl]1/1,2,3-triaz has a viscosity value (66.2 cP) below 100 cP at 313.2 K,
making the rest possibly impractical for industrial applications. On the
other hand, all the prepared candidates have high enough decomposi-
tion temperatures (>400 K) to be conveniently regenerated. When it
comes to HyS absorption, [C4~-TMHDA][CI]/Im exhibited the highest
capacity of 0.996 mol/mol at 303.2 K and 1.0 bar. This was the highest
value reported for any DES at the time and is on par with some of the top-
performing ILs. As expected, the strong H-bond between HsS and the
tertiary amine group on the HBA governs the solubility of HS. In
agreement with observations made for TSILs, TSDESs with higher al-
kalinities and larger free volumes exhibit higher HyS absorption ca-
pacities. The authors also found that these TSDESs have very low affinity
to CO., resulting in low physisorption capacities for CO, and high ideal
selectivities for HpS (5.2-12.1). Moreover, when subjected to regener-
ation at 342.2 K and 0.1 bar, [C4~-TMHDA][CI]/Im showed excellent
reversibility with 92% of the capacity retained after 5 cycles.
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Most recently, Shi et al. [215] designed another set of TSDESs but
with chemical dual sites. By replacing the chloride ion in the earlier
HBAs with the acetate ion, they hypothesized that the tertiary amine and
the acetate anion form dual chemical interactions with H,S, which could
lead to higher absorption capacities. Their results show the HyS ab-
sorption capacity at 313.2 K and 1 bar is 1.44 mol/mol in [C;-TMHDA]
Ac/MDEA, 1.17 mol/mol in [C;-TMHDA]Ac/Pyrol, 1.09 mol/mol in
[C1-TMHDA]Ac/AA, and 1.02 mol/mol in [C;-TMHDA]Ac/Im,
following the order of alkalinity of the HBDs. All these values are the
highest reported among DESs so far, while the relative absorption ca-
pacity of [C;-TMHDA]Ac/MDEA is the highest reported for any absor-
bent discussed in this work or elsewhere. Considering their high
capacities and ideal HoS/CO- selectivities (6.9-9.3), these TSDESs are
among the very few that rank high in both the indices. Spectroscopic
analysis and computational studies revealed that the acetate ion and the
tertiary amine groups in both MDEA and the cation of the HBA strongly
interact with HsS; the tertiary amine in the HBA has the strongest impact
among them. This DES also retained 92% of its absorption capacity after
6 cycles with regeneration performed at 342.2 K and 0.1 bar. However,
[C;-TMHDA]Ac/MDEA has a higher than practical viscosity of about
160 cP and 100 cP at 303.2 K and 313.2 K, respectively. On the other
hand, [C;-TMHDA]Ac/Pyrol and [C;-TMHDA]Ac/Im have viscosities
below 75 cP at 313.2 K, making them potentially better candidates for
large-scale studies.

Computational studies on structural interactions within DESs and
between DESs and gas solutes are the key to unlocking the full potential
of these solvents. This knowledge is especially important in the case of
HaS absorption where there have only been a few experimental studies
so far. Karibayev et al. [216] explored these interactions using molecular
dynamics (MD) simulations and ab initio computations for HoS and CHy4
absorption in four DESs: TBAB/caprolactum (CPL) (1:1), tetrabuty-
lammonium chloride (TBAC)/CPL (1:1), ChCl/urea (1:2), and methyl-
triphenylphosphonium bromide (MTPPB)/MEA (1:6). MD simulations
of TBAB/CPL DES showed a 15% decrease in the interaction energy
between the ions of TBAB and a 92% decrease in the number of
hydrogen bonds within CPL after the formation of the DES. They also
revealed that the formation of the DES is dominated by the hydrogen
bonds formed between the nitrogen atom in CPL and the bromide ion.
Similar behavior was observed for TBAC/CPL DES too. When H,S and
CH4 are added to TBAB/CPL DES, H,S exhibited stronger interactions
with CPL and both the ions of TBAB when compared to the interactions
between HyS and CHy4. This demonstrates that this DES can favorably
remove HyS from CHy. It was also shown that HyS had the strongest
interaction with the bromide ion, possibly by the formation of a
hydrogen bond. Similar behavior was observed with TBAC/CPL DES,
although the chloride ion had a much stronger interaction with HjS. In
addition, sensitivity analysis of process parameters suggested that low
temperatures (25 °C vs 60 °C), high pressures (10 bar vs 1 bar), and low
feed-to-solvent ratio (0.5 vs 2.5) are advantageous for H,S absorption in
these DESs. While all the four DESs exhibit similar absorption in-
teractions, the authors suggest TBAC/CPL DES for HyS removal from
CHg4.

Salehi et al. [217] attempted to compute solubilities of various gases
in ChCl/urea and ChCl/ethylene glycol DESs using MC simulations.
Although they could accurately reproduce the densities and radial dis-
tribution functions of pure DESs, the calculated solubilities are much
lower than experimental values and are highly sensitive to the force field
used. However, their calculations qualitatively predicted that CO, and
H3S (H2S > CO3) are much more soluble than CH4, CO, Hj, and N> in
both DESs. However, MC simulations are only one of the methods that
can be used to predict solubilities in DESs [218]. As is the case with ILs, a
popular approach to theoretical property predictions in DES-based
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systems is the use of COSMO-RS [219]. Stupek et al. [220] screened for
the best DES for biogas upgrading from among 23 low-cost DESs based
on thermodynamic properties calculated using COSMO-RS. They found
that ChCl/urea (1:2) and ChCl/oxalic acid (1.2) are the best DESs that
can simultaneously remove HsS, COo, and siloxanes to within regulatory
limits. A subsequent technoeconomic analysis demonstrated that both
the DESs are competitive with alkanolamines, water, membranes, and
pressure swing adsorption. Haider et al. [221] evaluated the tech-
noeconomic performance of ChCl/urea (1:2) with varying (0-70 wt%)
water content towards simultaneous removal of HyS and CO, from
biogas at 36 bar. These solvents are then compared to 30 wt% aqueous
MEA and [bmim][PFg]. All the studied solvents are able to satisfy the
quality objectives, but the DES-based solvents generally required less
number of stages in both the absorption and desorption columns (except
for the IL for desorption). The specific thermal load for regeneration is
only slightly higher in the DESs due to their larger pump loads. Eco-
nomic evaluation for integrated biogas upgrading and biomethane
liquefaction showed that 50-70 wt% aqueous DES can provide lower
capital, operating, and annualized costs compared to both the amine-
based and IL solvents. The 70 wt% ChCl/urea DES provides the best
performance with savings in total annualized cost of 14.26% and 8.71%
compared to 30 wt% aqueous MEA and [bmim][PFg¢], respectively.

DESs are garnering a high degree of interest due to their potential
advantages in terms of economics and sustainability. However, their
application to HsS absorption is still in the budding stage. Low absorp-
tion capacities and/or high viscosities [205] need to be overcome before
they can be considered serious alternatives to the commercial technol-
ogies based on alkanolamines and organic physical solvents. Similar to
the progress in IL solvents, task specific or functionalized DESs have
been shown to induce chemical absorption and result in high absorption
capacities and moderately lower viscosities. Such functionalization has
already been applied for the absorption of other acid gases [222-224]
but is yet to gain a foothold in H,S absorption. More work in this area
could lead to interesting breakthroughs. Overall, TSDESs present a vast
potential that is waiting to be tapped.

2.2.5. Hybrid blends

All the aforementioned classes of absorbents have both advantages
and disadvantages. One way to find a compromise between their fea-
tures is to mix two or more of them. A hybrid blend made of two or more
different kinds of solvents may provide better absorption performance
than each of the constituents. For example, the combination of a
chemical solvent and a physical solvent can result in a higher acid gas
absorption capacity and a shorter absorption column than the pure
physical solvent while also offering lower regeneration energy require-
ment and better removal of organosulfur compounds than the pure
chemical solvent. A few well-known examples of hybrid solvents are
Sulfinol-M (sulfolane + MDEA + water) and Sulfinol-D (sulfolane +
DIPA + water) from Shell, Flexsorb PS (sterically hindered amine +
physical solvent + water) from ExxonMobil, and Amisol (alkanolamine
+ methanol) from Lurgi [80].

Ghanbarabadi et al. [225] performed a feasibility study on Aspen
Plus for the removal of HyS, CO2, and organosulfur compounds from
natural gas using Sulfinol-M, 26.5 wt% DGA, and a blend of 45 wt%
MDEA + 15 wt% AMP as replacements for 45 wt% MDEA. The results
showed that Sulfinol-M, unlike MDEA, was able to remove organosulfur
compounds to trace amounts while meeting the gas quality requirements
for HyS and CO,. In addition, different Sulfinol-M formulations could
reduce the solvent circulation rate by 35-50% and the energy con-
sumption by 10-25%. Nejat et al. [226] tackled the same problem for a
different industrial case and found similar results. They reported that
Sulfinol-M with varying compositions could reduce the solvent
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circulation rate by 11% and the energy consumption by 31-43% while
achieving an exergy efficiency of >98.85%. Abd and Naji [227]
compared piperazine and sulfolane to be the activator in a blend of 40 wt
% MDEA + 5 wt% activator to remove CO2 and H,S from natural gas.
They found that replacing piperazine with sulfolane in the blend in-
creases HyS removal efficiency by 16% and decreases CO5 removal ef-
ficiency by 6%. This behavior is as expected since PZ is known to
enhance CO, absorption while sulfolane is known to be selective to-
wards H,S over CO5 [228]. Moreover, the authors also observed that the
sulfolane system saved more reboiler energy compared to the piperazine
system. However, care must be taken when using sulfolane with a pri-
mary alkanolamine since sulfolane is found to be a universal phase-
splitting solvent in a series of aqueous primary alkanolamines if the
feed gas contains CO3 [229]. This phase-splitting effect can dramatically
reduce the absorption efficiency of the solvent.

Due to the high cost and viscosity of most ILs, it is more economical
to blend ionic liquids with other low-cost solvents, such as alkanol-
amines or organic physical solvents, to reduce viscosity and enhance
mass transport. Tian et al. [112,230,231] evaluated the performance of
MEA, [N11111[Glyl, and [N1111]1[Arg] as promoters added at amounts
below 7.5 wt% to 30-50 wt% MDEA solutions to remove HyS at low
partial pressures. They found that all three compounds enhanced the
H,S absorption capacity of the aqueous MDEA solution due to the
increased number of interaction sites available for H,S absorption. MEA,
[N11111[Glyl, and [N11111[Arg] provide one (amino), two (one amino
and one carboxyl), and four (three amino and one carboxyl) additional
interaction sites per molecule [174]. As such, the order of absorption
capacities and efficiencies are in the order of MEA < [Nj111]1[Gly] <
[N11111[Arg].

Afsharpour and Haghtalab [232] studied the removal of HyS and CO»
using an aqueous blend of DIPA and [bmim][Ac] at varying concen-
trations of the constituents. The solubility measurements show that
increasing IL concentration increases HyS absorption capacity since
[bmim][Ac] absorbs H,S via both chemical and physical interactions.
On the other hand, increasing IL concentration initially decreases CO5
absorption capacity before increasing it at high pressures. The initial
reduction in CO, absorption is due to the decrease in the quantity of
water, which in turn limits bicarbonate formation. However, the IL still
acts as a physical solvent at high pressures, thereby increasing CO5
solubility. Since DIPA and [bmim][Ac] are both selective towards H2S,
increasing DIPA and IL concentrations in the blend leads to better HyS
solubilities. Lemus et al. (2021) reported that the blend of 25 wt%
[bmim][Ac] + 75 wt% TEGDME provides 98% HjS recovery at 1 bar,
resulting in a column performance remarkably better than the pure
solvents, the [bmim][Ac] + [emim][DCN] blends, and the best [emim]
[(MeO)PO,H] + TEGDME blend. The superior performance of the blend
of 25 wt% [bmim][Ac] + 75 wt% TEGDME is due to the synergistic
effect of the high absorption capacity of [bmim][Ac] and the low vis-
cosity of TEGDME.

2.3. Adsorption

Adsorption is a surface-based process that leads to the transfer of a
molecule from a fluid bulk to the solid surface of the adsorbent. In the
case of HyS removal, we describe only removal from a gas stream, which
under dry conditions is an exothermic process and, therefore, does not
require elevated temperatures. This dry desulfurization technology has
received great attention in the recent years, owing to its affordability,
flexibility, energy efficiency, and ease of operation [233]. Depending on
the strength of the adsorbent-adsorbate interactions, adsorption may be
classified as physisorption or chemisorption (reactive adsorption). While
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physisorption is dominated by Van der Waals forces and/or electrostatic
interactions, chemisorption is dominated by covalent and/or hydrogen
bonding interactions. Often, the distinction between physisorption and
chemisorption is instead based solely on the strength of the interaction,
regardless of the type of underlying interaction, especially for experi-
mental studies. In such cases, weak interactions are denoted phys-
isorption and strong interactions are denoted chemisorption. However,
physisorption can be quite strong, at least for slightly larger molecules
(e.g. [234]).

In addition to these interactions, the shape and size of molecules
could affect the selectivity in multicomponent mixtures. Generally, a
desirable adsorbent material would exhibit high breakthrough capacity
and selectivity towards target molecules (here, H,S), chemical and
thermal stability, and structural regeneration. Over the past few years,
numerous studies have focused on developing such cost-effective and
high-performing adsorbents for HaS removal, particularly at low tem-
peratures. In this respect, porous materials emerged as promising solu-
tions due to a wide variety of possible chemical architectures with
tunable pore size, high surface area, and large pore volume [235].

Natural and synthetic zeolites, activated carbons, and porous metal
oxides are the conventionally used adsorbents for HyS removal. The
virgin materials can be crystalline or amorphous and porous or non-
porous, but they can be modified to augment their affinity for HS.
The application of an adsorbent for a specific process is highly depen-
dent on its porosity, structural stability, and reusability [236]. The
presence of other compounds in the feed mixtures also has an impact on
the material used. Since fuel gas mixtures often require HyS to be
separated from non-polar molecules (e.g. CHy), a polar adsorbent sur-
face is chosen. However, separation based solely on polarity could be
challenging in the presence of moisture since water has a higher dipolar
moment than HyS. As discussed later in this section, depending on the
material and its modifications, the presence of a small amount of water
may aid or hinder HyS adsorption. The line between enhancement and
hindrance of H,S adsorption in the presence of water is likely based on
the amount of water present and the strength of interactions between
water and the sorbent. Since H,S is a stronger acid than water, it would
be beneficial to employ base functionalization to make adsorbents se-
lective for HyS. On the other hand, the presence of CO, poses further
limitations since both components are acidic. More recently, a new class
of adsorbents called metal-organic frameworks (MOFs) have grown in
popularity due to their high adsorption capacity and selectivity towards
H,S [237-239].

The rapid growth in the development and characterization of HyS
adsorbents (~2000 published works in the past 15 years, >1500 in the
past 10 years, and >1000 in the past 5 years) has resulted in a number of
reviews published over the past few years: adsorption
[233,235,236,240-243], zeolites [244], metal oxides [245], and MOFs
[246-248]. In the interest of not repeating the same information that
can be found in the aforementioned sources, this section will review the
most recent developments in the field. As such, the different H,S ad-
sorbents are classified into five categories: metal oxides, zeolites,
carbon-based sorbents, MOFs, and composite materials. In addition,
Table 4 reports the HyS removal performance of few of the best and
representative examples from each category. However, it must be noted
that the calculated breakthrough capacities are impacted by several
factors, such as the operating temperature, gas flow rate, bed height,
initial concentration of HjS in the gas stream, and the chosen break-
through point, which are not consistent across studies. For example,
most of the adsorbents in Table 4 that provide high adsorption capacities
also have high H,S content in the feed and/or report equilibrium-based
values. Such considerations must be taken into account while comparing
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Table 4
Recent developments in hydrogen sulfide adsorption.
Material BET Surface Area Feed Amount or Partial H,S Breakthrough Breakthrough Reference
(m?%/g) Pressure of HyS Concentration Capacity (mg/g)
Zeolites
NaX (13X) 571° N, and H,S at 1 bar and 298.15 K 50 ppmv 2.5-5.0 ppmv 8.94E-5 - 1.84E-4 [261]
100 ppmv 5-10 ppmv 2.14E-4 - 6.12E-4
AgNaA 201.79 N, and H,S at 1 bar and 298.15 K 15 ppmv 1 ppmv 33.24 [263]
NaA 263.35 13.95
NaX 515 N, and H,S at 1 bar and 298.15 K 110-126 ppmv 5.5-6.3 ppmv 277.86 [281]
Fe-X 350 10.01
IMS 590 Ar and H,S at 1 atm and 298.15 K 200-10,000 ppmv saturated 200 ppmv: 32.0 [270]
10,000 ppmv: 193.9
Metal Oxides
CaO-Fe 03 1.50 CO,, Hy, NH3, and H,S at 1123 K 230 ppmv na na [275]
ZnFe504 16 N, O,, Hy0 and H,S at ambient 1000 ppm 100 ppm 1.6 [287]
conditions
Mn,03/Fe03 6.19 H,S at 1 bar and 298.15 K 500 ppm 400 ppm 11.97 [278]
CoO/TiO, 45.92 N, and H,S at 1 bar and 2000 ppm saturated 100-410 [276]
NiO/TiO» 52.77 673.15-753.15 K 100-580
CuO/TiO, 44.34 40-300
ZnO 2-3 N, CO, Hy, CO,, H,0 and H,S at 100 ppmv 20 ppmv 673.15K: 10 [277]
28% Ni-ZnO 673.15-873.15 K 673.15 K: 210
773.15K: 178
873.15K: 117
28% Co-ZnO 673.15 K: 184
773.15K: 177
873.15 K: 145
28% Cr-ZnO 673.15 K: 48
28% Fe-ZnO 673.15 K: 101
DMO-5 27 Na, CO, H,, CO,, and H,S at 823.15 2000 ppmv 100 ppmv 250 [279]
K
AMDS 155.65 Ny and H,S at 1 bar and 298.15 K 110-126 ppmv 5.5-6.3 ppmv 8361 [281]
1000 ppmv 50 ppmv 235.55E3 -312.73E3
NMO-D 1.77 N, H,0, and H,S at ambient 500 ppm 400 ppm 439.2 [512]
NMO-T 2.56 conditions 818.7
NCO-D (NaCog 702.4) 1.15 N, and H,S at 298.15 K 500 ppm 10 ppm 154.6 [513]
NCO-T (NaCo; 103.3) 1.90 168.2
Carbon-based Sorbents
GAC na CHa, CO3, Oy, and H,S at 932-2350 ppm 100 ppm 615-1293 [291]
293.15-298.15 K
EUC na CHy, CO,, 05, H,S, and other minor 970 ppm saturated 460 [293]
ALM gases at ambient conditions 230
COF 22
ZnAc,-CAC 620.55 N, and H,S at ambient temperature 5000 ppmv 5-10 ppmv 2.37 [289]
Zn/AC na Na, O,, H,0 and H,S at 303.15 K 100 ppmv saturated 30.9 [514]
Cu/AC 559 129.2
Cug.5Zng 5/AC 570 118
AC 1120 N, O,, H,0 and H,S at 303.15 K 850 mg/m3 0.1 ppmv (0.15 mg/ 3.4 [294]
Zn/AC 769 m?) 38.5
Mgo.2Zng g/AC 653 113.4
Mg/AC 366 32.7
BAX (wood-based AC) 2158 N, O,, HyO and H,S at ambient 1000 ppm 100 ppm 5.6 [287]
10 wt% ZnFe;04/BAX 1403 conditions 122.5
RBC-500 (rice-based AC) 2.76 N, 05, H,0 and H,S at 298.15 K 300 ppm 270 ppm 12.11 [296]
50 wt% ZnFe,04/rice 1065 228.29
(RZF-500-1:1)
CaCO3/CH-600 22 Na, O, and H,S at 303.15 K 1000 ppmv 50 ppmv <100 [286]
CaO/CH-700 162 9100
CaO/CH-800 203 4400
CaO/CH-900 312 2380
PC 1340 N, 0,5, H,0 and H,S at 303.15 K 1000 ppmv 50 ppmv 12.5 [301]
NC 187 19.5
NPC-0.5 2459 119.1
NPC-1 1839 426.2
NPC-1.5 1274 334.5
NPC-2 1048 267.2
HNAC-802 1544 H,S at 298.15 K and 1-10 bar pure saturated 1 bar: 284.05 [303]
10 bar: 669.7
HNAC-812 1477 1 bar: 316.45
10 bar: 613.8
NMCS-0-5 1389 N, O,, H,0 and H,S at ambient 1000 ppm 250 ppm 48 [307]
20 wt% NayCO3/NMCS- na conditions 65
0-5
NMCS-50-8 1937 510
20 wt% Nap,CO3/NMCS- 983 1370

50-8
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Table 4 (continued)
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Material BET Surface Area Feed Amount or Partial H,S Breakthrough Breakthrough Reference
(m?%/g) Pressure of HyS Concentration Capacity (mg/g)
A-N-OMC-700 1538 N, O,, and H,S at 1 bar and 298.15 5000 ppm saturated 276.21 [515]
K
N-OMCS-700 1575 Na, Oy, and H,S at 1 bar and 273.15 5000 ppm saturated 456.94 (ca. 270 at [300]
K 298.15 K)
N-OMCS-800 1201 371.69
N-OMCS-900 1202 303.49
N-PCNF-1/2-800-40% na N, O,, Hy0O and H,S at 1 atm and 1000 ppm 50 ppm (B), 980 ppm B: 3340 [312]
298.15 K ) S: 3570
N-PCNF-1/2-800 1308 B: 1840
S: 2070
N-PCNF-1/2-700 1279 B: 1490
S: 1740
MCNs-PEI-25 193 N, O,, and H,S at 298.15 K 1000 ppm 50 ppm 466.23 [313]
Nj, O3, CO, and H,S at 298.15 K 438.62
AGA 40 N, O,, and H,S at 303.15 K 1000 ppmv 50 ppm 3190 [516]
Metal Organic Frameworks and Porous Organic Polymers
CuBDC 217.8 N», H,0, and H,S at 298.15 K 500 ppm 400 ppm 105.6 [326]
CuBDC-N 38.0 1.3
CuBTC 317.0 27.1
CuBTC 231.94 N, and H,S at 298.15 K 500 ppm saturated 77.1 [517]
CuBTC 434-1380 N, and H,S at 1 bar and 298.15 K 99.6 ppm 5 ppmv 17.1-56.3 [518]
Cu(BDC)g 5(BDC-NH2)o 5 19.4 N, and H,S at 298.15 K 500 ppm 50 ppm 128.4 [327]
SU-101 412 N, and H,S at 1 bar and 298.15 K 4.3 vol% saturated 543.58 [330]
MFM-300(Sc) 1360 N, and H,S at 1 bar and 298.15 K 10 vol% saturated 564 [329]
MFM-300(In) 1060 310
MIL-53(Al)-TDC 1150 N, and H,S at 1 bar and 303.15 K 5 vol% saturated 606-654 [328]
ED-ZIF-8 1st 1389 CHy, CO,, H,S, and He at 2 bar and 3 vol% 1500 ppmv 3299 [337]
298.15K
Ui0-66 1351 N, and H,S at 303.15-323.15 K 4000 ppm saturated 50-80 [519]
4500 ppm 2250 ppm 51.12-95.43 [520]
MOF-199 (CuBTC) 725 N, and H,S at 1 bar and 298 K 10 ppmv 1 ppmv (B), saturated B: 40 [239]
()] S: 69
MOF-5 424 B: 1.2
S: 4.97
UiO-66-NH, 963 B: 0.04
S: 0.07
CBAP-1-EDA 672 B: 0.033
S:0.12
CBAP-1-DETA 667 B: 0.026
S: 0.1
N-HPP-p- 1186 H,S at 1 bar and 298.15 K pure saturated 177 [521]
phenylenediamine
N-HPP-bipyridine 1350 188
N-HPP-HMTA 1397 198
N-HPP-3-aminophenol 1229 153
N-HPP-pyridine 792 170
HPP 1605 94
Composite Materials
ZnBDC/ZnO 12.35 N, and H,S at 298.15 K 500 ppm 400 ppm Dry: 10.6 [347]
Moist: 13.6
ZnBDC-N/ZnO 14.99 Dry: 9.4
Moist: 7.9
ZnBTC/ZnO 20.63 Dry: 14.3
Moist: 7.8
SBA-15-PEI-25 495 N, O,, and H,S at 298.15 K 1000 ppm 50 ppm 26.58 [313]
HKUST-1/GO-PEI 56-489 N, and H,S at 1 bar and 298.15 K 99.6 ppm 5 ppmv 30.67-55.55 [518]
CuO/Si0, 13.44-175.75 N, and H,S at 1 bar and 423.15 K 100 ppm 5 ppm 32-363 [349]
Cu0/SiO, na N, and H,S at 303.15 K 850 mg/rn3 0.15 l‘ng/m3 145.6 [522]
Zn0/Si02 106.3-168.5 28.6-108.9
C0304/8i02 na 114.3
20 wt% ZnO/MCM-41 686 Nj, H,0, and H,S at 298.15 K 500 mg/rn3 1.5 mg/m3 54.9 [523]
20 wt% ZnO/SBA-15 213 41.0
30 wt% ZnO/MCM-48 323 53.2
30 wt% ZnO/MCM-41 459 Nj, CO, Hy, CO,, and H,S at 773.15 2000 ppmv 100 ppmv ~84 [348]
30 wt% ZnO/MCM-48 308 K ~54
5 % N-TiO2/GO 145 N, and HsS at 1 bar and 493.15 K 4400 ppm 2200 ppm 250 [524]
5% TiO2/GO 154 200
1% TiO,/UiO-66 1171 N, and H,S at 303.15-323.15 K 4000 ppm saturated 180-210 [519]
3% TiO2/UiO-66 986 140-180
5% TiO,/UiO-66 652 80-130
Ui0-66/GO 1002-1432 N, and H,S at 303.15-323.15 K 4500 ppm 2250 ppm 115.9-296.5 [520]

# Langmuir surface area.
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the results reported in the literature.

2.3.1. Zeolites

Zeolites, also commonly referred to as molecular sieves, are micro-
porous crystalline materials that are widely used as ion exchangers (e.g.
in water softening), catalysts, adsorbents, additives, etc. [249-252].
Structurally, they are principally comprised of a three-dimensional
framework of TO4 tetrahedra (T denotes tetrahedrally coordinated Si,
Al, P, etc.) linked to each other by sharing their vertex O atoms
[253,254]. The different ways in which these primary building blocks
are linked to each other give rise to a many distinct types of frameworks.
In general, these materials have a large surface area, unique and tunable
pore structure, and high thermal stability. Natural zeolites and many
commonly used synthetic zeolites are aluminosilicates whose frame-
works are typically anionic and have alkali metals or alkali earth metals
as charge-compensating cations to retain electrical neutrality. These
mobile, non-framework cations take part in ion-exchange processes,
making them suitable for selective HoS adsorption. There is an abun-
dance of literature on synthesis, structure, and properties of different
types of synthetic zeolites, such as zeolite-A (LTA), zeolite-Y (FAU),
zeolite-X (FAU), and ZSM-5 (MFI), and natural zeolites, such as mor-
denite, clinoptilolite, erionite, phillipsite, and ferrierite [255-259]. In
addition to the framework type, extra framework species, and porous
architecture, chemical composition (Si/Al ratio) plays a crucial role in
determining the applicability of a zeolite material for adsorption. Zeo-
lites containing lower Si/Al ratios are more hydrophilic with an affinity
for polar substances such as HyS via chemisorption. On the other hand,
high-silica zeolites (including charge-neutral pure-silica frameworks
such as silicalite-1) often possess fewer structural defects and are
considerably hydrophobic, resulting in H,S adsorption via physisorption
[252,260].

Several previously published studies [244] on different types of
synthetic zeolites have concluded that zeolite 13X (Na-X) and its de-
rivatives are the best adsorbents for the removal of sulfur compounds.
Bareschino et al. [261] studied the impact of 13X on H»S (50-100 ppm)
removal at typical biogas operating conditions. From the analysis of the
concentration profiles, they observed that the system never reaches
complete saturation due to the formation of sulfur and polysulfides.
They also noted that the presence of a small amount of water aided the
adsorption of HyS. Temperature profiles from adiabatic tests showed
that the adsorption mechanism was initially physisorption but shifts to
chemisorption after saturation. Barelli et al. [262] prepared a Cu-
exchanged 13X zeolite sorbent (13X Ex-Cu) for hydrogen sulfide cap-
ture from biogas (200-1000 ppm H,S) to obtain a desulfurized fuel
suitable for molten carbonate fuel cell systems (H2S requirement of <1
ppm). The performance of the material is not only measured across a
range of operating conditions but also compared to other sorbents, such
as impregnated and virgin activated carbons (ACs), sepiolite, natural
zeolite, etc. As discussed in section 2.3.3, carbon materials possess the
highest surface areas (817-1599 m?/g) followed by sepiolite (275 m?/g)
and 13X Ex-Cu (239 m?/g). At 30 °C, 200 ppm H,S, and a GHSV of
10000 h™!, breakthrough times and adsorption capacities followed the
order: AC Cu-Cr (4.4 hr, 27.15 mg/g) > AC KOH (3.6 hr, 20.43 mg/g) >
13X Ex-Cu (2.1 hr, 11.46 mg/g) > AC KOH-KI (1.0 hr, 6.60 mg/g) >
virgin AC (0.27 hr, 1.71 mg/g) with the natural zeolite and sepiolite
adsorbing virtually no HsS. Compared to 13X studied by Bareschino
et al. [261] in similar conditions, the enhanced desulfurization perfor-
mance of 13X Ex-Cu is attributed to the presence of numerous Cu* ions,
leading to an efficient physical-chemical adsorption. Decreasing GHSV
and increasing temperature led to increasing capacities in 13X Ex-Cu.
Moreover, an increase in inlet sulfide content expectedly resulted in a
decrease in breakthrough time and capacity.

Bahraminia et al. [263] synthesized and modified the NaA nano-
zeolite by silver ions using the ion-exchange process to evaluate the
performance of the resulting AgNaA nano-zeolite in removing HsS from
biogas for fueling solid oxide fuel cells. Increasing the surface area of the
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adsorbent by decreasing its crystallite size and introducing Ag" ions into
the zeolite structure have improved the H,S removal performance of the
sorbent, and AgNaA nano zeolite showed a longer breakthrough time of
310 min and a higher capacity of 33.24 mg/g to achieve 1 ppmv of HxS
in the outlet gas in comparison to the unmodified NaA nano-zeolite and
commercial 4A. In addition, AgNaA also performed better than 13X Ex-
Cu discussed above. FT-IR, TGA, and XRD analyses suggest the forma-
tion of water during adsorption, which is a product of the reaction be-
tween HaS and the zeolite. The higher quantity of water formed in the
AgNaA sample could indicate that the chemisorption of HsS is more
likely in this adsorbent, resulting in better performance. The change in
adsorption capacity from regeneration of AgNaA is quite small (around
5% each cycle) and is attributed to the zeolitic water loss due to high
regeneration temperatures.

Yan et al. [264] performed grand canonical ensemble Monte Carlo
(GCMC) simulations to examine the capability of 95 kinds of all-silica
zeolites in the removal of the six toxic gases: SOy NHs, HaS, NO,, NO,
and CO. The simulation results showed that HyS, NO, NO5, CO and NH3
are well captured by zeolite structures with accessible surface area of
1600-1800 m2.g~ ! and pore diameter of 0.6-0.7 nm, such as AFY and
PAU. However, their results show that both the adsorbents (including
most of the top 10 adsorbents for HoS based on maximum loading)
exhibit either the same or a larger capacity for NHs over HyS. Specif-
ically for HyS adsorption, AFY, PAU, and MER are found to be the best
adsorbents with loadings of 7.8, 5.5 and 5.4 mmol-g~ !, respectively.
Moreover, the authors suggested that zeolites with a surface area around
1700 m?g~ ! and a void fraction around 0.3 are good candidates to
remove HjS. On the other hand, zeolites RWY, IRR, JSR, TSC, and ITT
are found to exhibit better abilities to capture all the gases at saturated
adsorption. RWY exhibits the highest H,S storage capacity with 17.74
mmol-g~ !, and the other 9 zeolites have a capacity of 8-10 mmol-g~
for H,S adsorption.

A similar study by Song et al. [265] for various all-silica zeolites
found that the best materials for HoS adsorption have an accessible
surface area of 800-1600 m?g~ ! and a pore diameter of 0.7-0.9 nm,
which are approximately in the range of the values reported by Yan et al.
[264]. They observed that the Van der Waals force is dominant at low
pressures and that space or cavity size of zeolites assumes a critical role
at high pressures. For a blast furnace gas as feed (HsS, CO, CO,, H20 and
Nj), CHA exhibited the highest adsorption capacity with good selectivity
for HyS, while FAU and LTA exhibited excellent selectivities for HyS at
low adsorption capacities. To enhance CHA’s selectivity to HsS, they
studied the performance of metal-modified SSZ (CHA topology). The
considered metals are Cu, Fe, Ni, and Co. The authors found that Co-SSZ
exhibits the highest gap between adsorption energies of H,S and other
gases and, therefore, could be a promising material for this application.
As shown by these studies and a few that came before them [266-268],
the use of molecular modeling tools can provide a great deal of insight
into the behavior and performance of zeolites in adsorption processes
[269]. Similar studies aimed at understanding the interactions of
various feed gas molecules with the secondary and composite building
blocks of zeolites can help identify the most suitable frameworks for HyS
adsorption.

Georgiadis et al. [270] employed an industrial molecular sieve (IMS)
with a Si/Al ratio of 0.97, non-framework cations of Na and Ca, and a
structure closely resembling that of an LTA-type zeolite such as 3A or
4A. Analyses based on changing temperature, activation energy, and
thermodynamic studies indicate physisorption that is exothermic and
spontaneous. The material was successfully regenerated for 15 cycles
with a loss in capacity that is within the bounds of experimental error.
For a feed gas mixture of Ar and 200-10,000 ppmv H,S at 1 atm and
25-100 °C, the highest equilibrium capacity of 193.9 mg/g was obtained
at 10,000 ppmv H,S and 25 °C. However, H»S adsorption capacity de-
creases with increasing CO, content in the feed gas. For a 3000 ppmv
H,S in the feed gas, the equilibrium capacity decreased from 164.5 mg/g
in a COo-free feed matrix to 57.7 mg/g in a feed matrix with 36% CO5. In
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this study, the desorption step was carried out at 200 °C, which is lower
than many other studies that performed regeneration at temperatures
above 350 °C. Nevertheless, this highlights one of the drawbacks of
using zeolites: high regeneration temperature. This regeneration im-
poses a substantial energy requirement for hydrogen sulfide adsorption
and remains as the main bottleneck for industrial applications. On the
other hand, zeolites are usually the only class of commercial adsorbents
(such as AxSorb series) that can be regenerated. In addition to the
regeneration penalty, these materials suffer from insufficient selectivity
in the presence of other compounds, such as H,O, CO2, NHg, etc. One
example of an application where this poses an issue is biogas upgrading.
There are also two other key challenges that must be addressed to
facilitate progress in this field: (a) quickly and effectively assessing the
feasibility of new zeolite materials found by modeling methods and (b)
targeted synthesis of zeolites with new pore structures and composi-
tions. On the other hand, the interesting properties of zeolites may
present opportunities for modified zeolites and zeolite-based composite
materials that can likely counter some of the disadvantages of their
unmodified counterparts.

2.3.2. Metal oxides

Due to their high chemical affinity for H,S, metal oxides have long
been the most widely used adsorbents for high-temperature desulfur-
ization [245,271]. As such, a large variety of adsorbents based on the
oxides of Zn, Cu, Fe, Mn, Co, Mo, Ca, etc., have been investigated.
Among them, sorbents based on iron oxide, cobalt oxide, copper oxide,
and zinc oxide are the most commonly used even at low temperatures for
selective catalytic oxidation of HyS [272]. In general, bulk metal oxides
have low surface-to-volume ratios, poor dispersion, and insufficient
porosity, which results in limited sulfidation rates. Thus, porous metal
oxides emerged as better and viable alternatives [273]. They offer larger
surface areas, higher porosity, additional HyS adsorption sites, and
better HyS diffusion through the internal open pores. Over time, mixed
metal oxides either as single-phase materials or as nanocomposites have
gained increased attention due to the possibility of an improved per-
formance compared to their constituent oxides [274]. The capture
mechanism in metal oxides is predominantly chemisorption which re-
sults in the formation of sulfides, elemental sulfur, and/or sulfates. This
generally leads to higher adsorption capacities at a lower material price
when compared to zeolites, but the higher capacity comes at the cost of
limited regeneration ability.

Dashtestani et al. [275] studied the performance of a CaO-FeyO3
sorbent in the calcium looping process for CO2 removal in the presence
of ammonia (2300 ppmv) and H,S (230 ppmv). They reported that the
average HS removal efficiencies for the three cycles of the carbonation
stage were 97.8%, 90.2% and 89.2%, while the corresponding outlet
HoS concentrations were 6.6, 30.4 and 32.3 ppmv. In addition, the
sorbent was more effective for NHs decomposition than H,S adsorption.
Because of the presence of these contaminants, the removal efficiencies
of CO; in each of the three cycles have slightly gone down. Furthermore,
the concentration of S-based compounds in the outlet gas streams was
below 0.4 ppmv, except for 60 min into the first cycle when there was a
peak value of 2.7 ppmv. The authors attributed this peak to the high
removal efficiencies in the first cycle of the carbonation stage, resulting
in a higher concentration of S-compounds released during the subse-
quent calcination stage.

Orojlou et al. [276] studied the impact of various operating param-
eters on the performance of NiO/TiO;, CuO/TiO3, and CoO/TiO,
nanocomposites for HoS removal at relatively high temperatures. All
three promoted TiO; nanocomposites have removed H,S considerably
better than the pure TiO5 support or the pure metal oxides. They found
that there is no distinct difference between the surface properties of the
prepared samples. Therefore, the difference in adsorption capability of
the nanocomposites should not be associated with the surface charac-
teristics. XRD analysis showed that NiO, CuO, and CoO promote HyS
adsorption by actively reacting with it. At 480 °C, the CoO/TiO5 sorbent

20

Separation and Purification Technology 298 (2022) 121448

showed the best performance. However, after decreasing the tempera-
ture to 400 °C, the performance of the sorbents changed considerably
with the best results observed for the NiO/TiO, nanocomposite. This
behavior between CoO-based and NiO-based mixed metal oxides was
also observed by Pan et al. [277], who noted that the NiO-based sorbent
performs better until around 500 °C after which CoO-based sorbent
takes over as the better one. Regeneration experiments by Orojlou et al.
clearly indicate that the drop in the sulfur adsorption capacities
remained limited after one sulfidation-regeneration cycle. However,
more experiments are needed to properly assess the cycle dependency of
these TiOg-based nanocomposites. On the other hand, regeneration ex-
periments by Pan et al., who used ZnO instead of TiO; as the base metal
oxide, found that the adsorption capacity of CoO-ZnO sorbent after
regeneration was higher than the fresh sorbent for two cycles. Perfor-
mance measurement over additional cycles would help in evaluating the
regeneration ability of these materials too.

Kim et al. [278] reported the use of a coral-like MnyO3/Fey03
nanocomposite at 298 K and 1 bar at different bed loadings and H»S flow
rates. This material, which was synthesized by surfactant-mediated co-
precipitation, has a surface area of 6.18 m? g~ with a pore volume and
diameter of 0.117 ¢cm® g~! and 75.4 nm, respectively. The highest
adsorption capacity of 11.97 mg g~ * was found for an adsorbent mass of
0.75 g and a flow rate of 0.2 L min~'. The authors observed that a
further increase in the bed length (adsorbent mass) at the same flow rate
lowers the adsorption capacity, possibly due to the formation of large
dead zones in the bed, which remain unutilized during the initial phase
of the adsorption process. Similarly, a further increase in the gas flow
rate for the same bed length also lowers the adsorption capacity,
possibly due to insufficient residence time which limited gas diffusion
into the pores. Analysis of the spent adsorbent showed that adsorbed
sulfur species were mostly in the form of sulfate ions with minor con-
tributions from elemental sulfur and sulfide ions. In addition, XPS and
XRD analyses suggest that Mn,Os played an important role in the
oxidation of HyS at room temperature while Fe;O3 did not.

Wu et al. [279] synthesized a series of mesoporous double metal
oxides (DMOs) derived from Zn-Fe-based layered double hydroxides
[280] with the Zn/Fe molar ratios ranging from 1:1 to 5:1. These DMOs
contain both ZnO and ZnFe;04. The authors reported a sheet-shaped
morphology for most of the DMOs, which affords a high specific sur-
face area for adsorption. Breakthrough time and capacity increased with
increasing Zn/Fe ratio as expected since ZnO has a higher thermody-
namic desulfurization potential than ZnFe;O4 and Fe,O3. Compared to
DMO-2 (DMO with a Zn/Fe ratio of 2) which is composed of both par-
ticles and sheets, DMOs with higher Zn/Fe ratios have hierarchical mi-
crostructures composed of sheets. At 500 °C, these sheet-like DMOs have
breakthrough times and capacities increased by 309-515% and
155-282%, respectively. The authors found that DMO-5 performed the
best. Temperature analysis between 450 °C and 700 °C showed that the
best operating temperature is 550 °C where DMO-5 has the highest
breakthrough time (321 min), breakthrough capacity (250 mg/g), and
saturation capacity (302 mg/g). Further increase in temperature led to
the formation of denser surfaces at 600 °C and sintering at 700 °C, both
of which are undesirable. In addition, DMO-5 showed the least change in
pore volume from before and after sulfidation, indicating a better ability
for regeneration. Regeneration tests showed complete regeneration at
the optimal conditions of 600-650 °C and 2-4% oxygen levels. Addition
of Fe allowed for a lower regeneration temperature and higher structural
integrity than many Zn-based adsorbents. The regenerated DMO-5
exhibited higher surface area, pore volume, breakthrough time, and
sulfur capacity than the fresh sorbent over four sulfidation-regeneration
cycles. The combination of high capacity, low deactivation constant for
sulfidation, complete regeneration, and relatively low regeneration
temperature make DMO-5 an attractive choice for high-temperature
desulfurization.

Ahn et al. [281] employed a waste material, acid mine drainage
sludge (AMDS), for HsS removal and compared it against zeolites and
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sands. AMDS is a nontoxic, highly stable, low-cost material that contains
various metal oxides and is rich in iron oxide (56.6%). The results
showed that AMDS had the best adsorption efficiency. It also has a
higher surface area, lower density, and smaller grain size when
compared to the other adsorbents. This is largely attributed to the higher
amounts of Fe;03 and FeOOH, which result in better performance of HoS
removal. The breakthrough curve was directly proportional to the initial
concentration of HsS, so the curve reached capacity quickly when the
initial concentration of HoS was increased. H,S adsorption capacity also
decreased with increasing HS flow rate. In the case of AMDS, a H,S flow
rate of 0.5 L. min~! was associated with a 1.33-fold higher H,S adsorp-
tion capacity than a flow rate of 2.0 L min~'. With an initial HyS con-
centration of 110-126 ppmv and a gas flow rate of 0.02 L min~! at
ambient conditions, AMDS exhibits a 5% breakthrough capacity of 8361
mg/g, which is one of the highest values reported in the literature and is
30 times higher than that of zeolite 13X.

Although metal oxides, such as AMDS, exhibit good adsorption ca-
pacities for HyS, there are several disadvantages that arise with their use.
Since the absorption mechanism is usually irreversible chemisorption, it
leads to high costs from replacement and disposal of spent adsorbents.
For example, the adsorption capacity of regenerated AMDS in the next
two cycles dropped to 22% and 12% of that of the fresh sample, when
the regeneration took place at room temperature. When regenerated at
200 °C, the adsorption capacity of AMDS reduced to 11%. In addition,
the utilization of unsupported metal oxides may lead to the reduction of
desulfurization performance with time because they would rapidly
sinter and aggregate during sulfidation-regeneration cycles at high
temperatures. They must also be carefully monitored for spalling and
sublimation. Overall, their use is limited by poor chemical and me-
chanical stability at high temperatures and low surface areas at low
temperatures.

2.3.3. Carbon-based sorbents

Activated carbons and other carbon-based materials are widely used
as adsorbents for low temperature desulfurization due to their large
specific surface area (>1000 m?/g), high pore volume, high thermal
stability, and controllable surface chemistry. Since AC is produced from
different types of easily available carbon sources, such as coal, wood,
coconut shell, rice husks, peat, etc., it is generally cheaper than other
types of adsorbents. The adsorption chemistry of ACs and other porous
carbon materials is highly controlled by their surface functionalization
[282,283], which largely determines the strength of adsorbate-
adsorbent interactions and, consequently, the extents of physical and
chemical absorption. As such, a wide range of functionalized carbon-
based sorbents synthesized via heteroatom doping, impregnation, or
deposition—precipitation has been investigated so far [284-289].
Recently, a direct integration method has been proposed as a better
alternative to impregnation [290].

Ou et al. [291] investigated the application of granular activated
carbon (GAC) for H,S removal from the biogas generated by small- to
medium-sized cattle or pig farms. In this regard, they conducted a long-
term investigation of the sorbent performance for biogas generated from
treating wastewater collected from 200 dairy farms. The tests were
performed at different gas volumes, adsorbent masses, and inlet HyS
concentrations without a systematic procedure to analyze the impact of
different factors. Therefore, it is not possible to draw proper conclusions.
However, for inlet HyS concentrations of 932-1560 ppm and a break-
through concentration of 100 ppm, GAC provides breakthrough capac-
ities of 745-1293 mg/g at 20-25 °C. For higher inlet HoS concentrations
of 1920-2060 ppm, the breakthrough capacities were found to be
615-703 mg/g. These values are quite high when compared to other
types of adsorbents. Low cost and high adsorption capacities make GAC
an attractive choice for the application. Nevertheless, no attempt was
made to regenerate the sorbent.

Using waste biomass sources to make carbon-based adsorbents
lowers the cost of adsorption and increases resource efficiency. The
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lignin and cellulose content of the waste biomass positively impacts the
yield and microporous surface area of the resulting biochar [292].
Sawalha et al. [293] synthesized activated carbons from spent coffee
grains (COF), eucalyptus barks (EUC), and almond shells (ALM), which
are all locally available biomass wastes in Palestine, to capture HyS from
biogas containing an average of 970 ppm H»S. Following the order of the
lignin content in the biomass sources, the obtained biochar yields (w/w)
were 36%, 28.5%, and 23.9% for EUC, ALM, and COF, respectively. This
order remains the same for breakthrough time, adsorption capacity, and
removal efficiency. For a bed height of 2 cm and gas flow rate of 1.5 L/
min at ambient conditions, EUC performed the best by a significant
margin with an adsorption capacity of 490 mg/g and a time to saturation
of 180 min, while COF was quite poor with an adsorption capacity of 22
mg/g and a time to saturation of 10 min. In comparison, GAC studied by
Ou et al. [291] performed much better at similar conditions. Sawalha
et al. observed that increasing bed height provides increasing adsorption
capacity and removal efficiencies. For example, the saturation time of
COF increased from 10 min to 170 min when the bed height was
increased from 2 cm to 8 cm, likely due to the longer contact time be-
tween adsorbent and adsorbate. The authors then impregnated EUC
with 20 wt% KOH or ZnCl; to create functionalized ACs and found that
KOH/EUC provides a much better performance than ZnCly,/EUC. The
basic nature of KOH promotes dissociative adsorption of HyS while the
acidic nature of ZnCl; prevents it. This is the cause for the difference in
capacities between the two functionalized EUCs. However, the authors
did not calculate the adsorption capacities for these materials. Upon
comparison between the breakthrough curves of EUC, KOH/EUC, and
ZnCly/EUC, we conclude that the performance of EUC and KOH/EUC is
practically identical, whereas the performance of ZnCly/EUC is worse
than EUC but better than ALM. This wasn’t addressed by the authors.
Since the distribution of pore diameters and volumes before and after
impregnation was not provided, we can only speculate that the effect of
pore blocking or collapse balances out the effect of increased pH and
additional active sites in the case of KOH/EUC. On the other hand, loss
of pore structure and decreased pH compounded each other to decrease
the adsorption capacity of ZnCl,/EUC when compared to EUC.

Surface functionalization with metal oxides or hydroxides is one of
the most common ways of imparting basicity to the surface of the carbon
sorbent and provide additional active sites for HoS capture. In simple
terms, the favorable chemical properties of the metal oxides combined
with the favorable textural and structural properties of the carbon ma-
terials offer a beneficial pathway to enhance H,S adsorption [284]. Yang
et al. [294] reported the use of ZnO-MgO/AC adsorbents with a total
metal oxide content of 20 wt%. The authors expected that ZnO would
lead to chemisorption of H,S while MgO would facilitate the dissociation
of HyS, the latter of which is beneficial for both reactive adsorption and
catalytic oxidation [295]. In moist conditions and for a breakthrough
concentration of 0.1 ppmv, the sorbent with a molar ratio Mg/(Mg + Zn)
of 0.2 provides uniform dispersion of the oxides, the longest break-
through time (380 min), and the highest breakthrough capacity (113.4
mg/g). This sorbent also showed a high adsorption capacity of 96.5 mg/
g in dry conditions. The results confirmed the key role played by MgO in
enhancing the HyS adsorption capacity of the ZnO-based AC. Addition of
MgO promoted dissociative adsorption, but increasing the MgO content
beyond a certain amount led to pore blocking. No regeneration experi-
ments were performed to assess the cycle dependency.

Yang et al. [287] also prepared ZnFe;04/AC adsorbents using com-
mercial pelletized wood-based AC with various ZnFe;04 loadings (5-30
wt%) via impregnation followed by calcination. They found that the
optimum loading was 10 wt%, which results in a breakthrough capacity
of 122.5 mg/g. The pure mixed metal oxide and the unmodified AC have
breakthrough capacities of 1.6 mg/g and 5.6 mg/g, respectively. The
authors explored the effect of the surface oxygen-containing groups on
the performance of 10 wt% ZnFe;04/AC and found that, as long as the
pore structure remains intact, the surface functional groups have
negligible impact on the adsorption capacity. Thermal treatment at 500
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°C under Nj for 2 h led to the regeneration of the adsorbent with little
loss (2.2%) in the adsorption capacity over three regeneration cycles.
Yuan et al. [296] prepared the same sorbent in a one-step strategy.
However, instead of using a commercial AC material, they used leftover
kitchen rice. In addition, the loading of the mixed metal oxide was
varied from 25 wt% to 75 wt% and the activation temperature from 400
°C to 600 °C. The rice-derived carbon without the addition of metal-
based activators exhibited a low surface area of 2.76 m?/g and a low
breakthrough capacity of 12.11 mg/g. The results showed that the best
metal oxide loading was 50 wt% and the best activation temperature
was 500 °C. This is in stark contrast to the study by Yang et al., who
found that increasing the oxide content over 20 wt% resulted in a drop in
sorption capacity. The difference becomes greater considering yield of
biochar that was not reported by Yuan et al. Since the actual AC content
is much less than the amount of rice used, the resulting oxide loading in
AC is higher than 50 wt%. The corresponding adsorbent, RZF-500-1:1
(500 °C activation temperature with a 1:1 mass ratio of rice to mixed
metal oxide), exhibited the highest breakthrough capacity of 228.29
mg/g with a surface area of 1065 m?/g. This material can also be re-
generated by thermal treatment with a minimal loss of 4.5% and 8.6%
after three and five regeneration cycles, respectively. Moreover, Yang
et al. and Yuan et al. hypothesized that the FeOOH, a possible inter-
mediate in the desulfurization process, promotes the dissociation of H,S.
The major difference between the ZnFe;04/AC materials studied in
these two works is the presence of N-groups in rice-based carbon matrix.
These groups are known to increase the sorption capacity of porous
carbon materials and will be discussed further below.

On a similar note, Pan et al. [286] synthesized 2D CaO/carbon het-
erostructures (CHs) from calcium gluconate in a facile, one-step
carbonization method. The obtained catalysts were named as CaQ/
CH-x, where "x’ represented the carbonization temperature (>700 °C).
Morphological analyses confirmed the formation of ultrathin 2D carbon
nanosheets with C, O, and Ca homogeneously distributed on the surface.
The 2D nanosheet structure could not only provide faster reaction ki-
netics by shortening the HsS diffusion pathway into the bulk but also
enhance the sulfur capacity at room temperature by serving as the
storage space to accommodate the produced elemental sulfur [297]. The
authors also found the presence of numerous oxygen-containing func-
tional groups in the carbon matrix. The surface area of these structures
increased with increasing carbonation temperature. CaO/CH-700
exhibited the strongest alkalinity and a breakthrough capacity of
9100 mg/g, a high value for any class of adsorbents. CaO/CH-800 and
CaO/CH-900 exhibit surface roughness, lower alkalinities, and
increased particle sizes, thus hindering the dissociation of H,S and the
subsequent oxidation reaction. Despite its high sulfur capacity, CaO/CH-
700 shows an extremely poor regeneration ability (<0.2 g/g) owing to
the irreversible chemical reaction between CaO and H,S.
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Fig. 4. Formation of N-rich hierarchical porous carbons via pyrolysis of cypress sawdust and carbon nitride. Reprinted with permission from [301]. © 2021 Elsevier.
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Over the past decade, nitrogen-rich carbonaceous materials have
emerged as metal-free adsorbents and catalysts for HyS capture and
oxidation [298]. They are touted as safer, more sustainable, and more
efficient alternatives to carbons functionalized with metals, metal ox-
ides, or caustic compounds [299,300]. Chen et al. [301] synthesized N-
rich hierarchical porous carbons (NPCs) via one-step strategy from cy-
press sawdust (CS) with carbon nitride (CN) loading and K3COs3 acti-
vation (see Fig. 4). The prepared carbons were named NPC-n, where n
represented the weight ratio of CN to CS. Porous carbon material
without CN loading was named as PC while the porous carbon material
without K;COs3 activation was named as NC (CN/CS = 1). The authors
reported that the NPCs showed hierarchical porous structure with
microporous and mesoporous volumes up to 0.434 and 0.597 cm®/g,
respectively. It must be noted that the one-step, in-situ synthesis allowed
NPCs to maintain similar or higher surface areas than PC. Except NPC-
0.5 which has an N content of 4.56 wt%, the other NPCs had >9.69
wt% of N content, higher than the 8.11 wt% in NC which has a CS/CN
loading of 1 without chemical activation. In contrast to post-synthesis
urea modification followed by KpCO3 activation [302], the one-step
strategy used in this work resulted in the activator having no impact on
the N content. The breakthrough capacities of NPCs increased rapidly
when the ratio of CN/CS increased from 0.5 to 1 and then decreased
slightly when the ratio of CN/CS increased from 1 to 2. While PC
exhibited a relatively weak HyS removal performance (19.5 mg/g), the
NPCs achieved a maximum breakthrough capacity of 426.6 mg/g,
demonstrating the enormous impact of N-doping. Although CN loading
significantly enhances the HyS removal by increasing N content and
introducing active N-containing functional groups to the carbon,
excessive CN may cause the partial micropores and mesopores to
collapse into some macropores during carbon pyrolysis process. With S
and SO%’ as the main desulfurization products, a two-step water
scrubbing and heating treatment method efficiently regenerated the
exhausted NPCs. The breakthrough capacities are reported to be 99.03%
and 86.3% of the initial value after one and five regeneration runs,
respectively.

Fakhraie et al. [303] prepared activated carbons with high nitrogen-
doping (HNAC) derived from nitrogen-rich carbon quantum dots (N-
CQDs) after high-temperature activation with KOH. The pore structures
of HNACs differed for different activation temperatures, activation
times, and KOH/N-CQD mass ratios. Just as in the work of Chen et al.
[301], the N-rich carbon structures exhibited low surface area and
porosity before the activation step. After KOH activation at high tem-
peratures (ca. 800 °C), the amorphous and spherical of N-CQDs was
transformed into micro-mesoporous, graphene-like structures with
uniform nanosheet fragments. However, increasing the activation time
beyond 1 h and KOH/N-CQD ratio beyond 2 would lead to a significant
loss in porosity and structure. Although KOH activation imparted a
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porous structure, it also lowered the N content from 16.49 at% in N-
CQDs to 2.63 at% in HNAC-812 (activated at 800 °C for 1 h with a KOH/
N-CQD ratio of 2). This behavior is in line with prior literature
[304-306], which demonstrates that high-temperature KOH activation
leads to decomposition or consumption of some N-species. Among the
prepared HNACs at 1 bar and 25 °C, HNAC-812 and HNAC-802
possessed the highest HyS adsorption capacities of 316.35 mg/g (H2S/
CO4 selectivity of 2.17) and 284.05 mg/g (H2S/CO- selectivity of 1.83),
respectively. In addition, regeneration tests on HNAC-812 at 120 °C for
4 h under vacuum pressure via pressure swing adsorption showed that
the adsorbent maintained 94% of its initial capacity at the end of 10
cycles.

Similarly, Yu et al. [307] reported high-performing N-doped meso-
porous carbon nanosheets (NMCS) derived from microporous Zn-based
zeolitic imidazole framework (ZIF), ZIF-8. Since the carbon source is
also the nitrogen source, this method also comes under in situ N-incor-
poration methods. Unlike NC from the work of Chen et al. and N-CQDs
from the work of Fakraie et al., NMCS itself has a high surface area of
1937 m?/g and a high adsorption capacity of 510 mg/g. After impreg-
nation with 20 wt% NayCOs, the surface area and pore volume reduced
nearly by 50%, but the adsorption capacity jumped to 1370 mg/g.
However, no regeneration experiments were performed. With N-doping,
the nitrogen functional groups could directly incorporate within the
carbon matrix and provide stable Lewis basic sites on the surface of
carbon catalysts. This promotes the surface polarity and electron
donating ability of the material, thus dramatically improving the cata-
lytic performance of the carbon-based metal-free catalyst [308,309].
However, in situ N-doping is not the only way to introduce such func-
tional groups to different carbon-based sorbents [310-312].

Wang et al. [313] loaded polyethyleneimine (PEI) into mesoporous
carbon nanosheets (MCNs) via impregnation to promote the selective
oxidation of HyS. Due to the interconnected pore network, PEI was
uniformly dispersed into the carbon matrix at nanoscale, enabling a high
HyS/active site interfacial area. Although the pristine MCNs themselves
have a high surface area of 872 m?/g, a large pore volume of 2.97 cm®/g,
and an average pore size of 7.5 nm, they have negligible H,S catalytic
oxidation capacity. After PEI loading, the porosity of the support de-
creases dramatically due to abundant PEI molecules covering the pores.
This is an inherent risk of post-treatment N-functionalization routes such
as impregnation. With the increasing PEI amount from 0 wt% to 65 wt%,
the surface area and pore volume decrease from 872 to 31 m?/g and 2.97
to 0.15 cm® g}, respectively. The breakthrough sulfur capacity gradu-
ally raises with the PEI loading content and reaches a maximum value of
13.68 mmol/g at the PEI loading of 25 wt%. Further increasing the
loading amount of PEI to 50 wt% leads to loss of performance owing to
the disappearance of the H,S/PEI interfacial area caused by the pore
blocking, making it difficult for HyS diffusion into the deeper carbon
layers. The authors also replaced MCNs with SBA-15 to demonstrate the
role of the 2D carbon matrix. They found that the breakthrough capacity
of SBA-15 loaded with 25 wt% PEI is over 17 times lower with almost no
sulfur detected on its surface. This demonstrates that the carbon nano-
sheet matrix not only contributes to the catalytic oxidation of HyS but
also enhances the removal efficiency. MCNs-PEI-25 also displays a
remarkable regeneration ability with no loss in performance over six
regeneration cycles.

Thermal treatment with ammonia is another common way to intro-
duce N-groups into porous carbon materials. For example, Xu et al.
[314] obtained N-doped porous carbons from waste air-laid paper
through KOH impregnation following by high-temperature ammonifi-
cation. They observed that the fibrous-like morphology of the raw
biomass turned into 3D honeycomb-like porous structure after KOH
impregnation and remained the same after NH3 post-treatment. This 3D
structure possessed high surface area and a largely microporous struc-
ture with the additional presence of both mesopores and macropores.
For feed gas containing 1 vol% H3S, the N-doped carbons were able to
obtain >85% HyS conversion and >80% sulfur selectivity. They
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attributed this performance to the combination of defect degree, high
surface area, and abundant pyridinic N. As discussed so far, the effect of
the N-groups in enhancing the properties of the carbon material depends
on the strategy used to incorporate those groups and the type of N-
groups that are formed. Li et al. [315] and Leng et al. [316] provide a
more targeted and detailed review of these strategies and their effects.

Although carbon-based materials have been studied for HsS
adsorption for a long time, the past decade has seen an increased focus
on the development of cost-effective, high-capacity, regenerable, and
sustainable adsorbents. As it stands, they are some of the best materials
reported for H,S capture at low temperatures. However, more emphasis
must be placed on regeneration tests in experimental studies. The future
research in this field is likely to heavily focus on materials with 1D or 2D
hierarchical porous structures functionalized with N-groups or metal
oxides that can be prepared using low-cost, sustainable precursors in
easy one-step syntheses. Although the cost of material would go up with
functionalization, the increases capacities and satisfactory regeneration
exhibited by some of these sorbents could soon make hierarchical porous
carbons functionalized by metals or N-groups an extremely competitive
choice for H,S removal in many applications.

2.3.4. Metal organic frameworks

Metal-organic frameworks (MOFs) are a special class of solid-state
organic-inorganic hybrids that have recently emerged as modular and
functional porous materials [317]. They are crystalline materials with
ultrahigh porosity (up to 90% free volume), enormous internal surface
areas (1000 to 10,000 mz/g), high thermal and chemical stability, and
an extraordinary degree of variability for both the organic and inorganic
components of their structures [318,319]. This makes MOFs target
candidates for potential applications as gas (hydrogen, methane, etc.)
storage media in clean energy infrastructure and as high-capacity ad-
sorbents (COy, SO2, HsS, NHs, etc.) to meet various separation needs
[320-325]. As such, MOFs are gradually gaining popularity as adsor-
bents for H,S.

Gupta et al. [326] studied three copper-based MOFs (CuBDC, CuBTC,
and CuBDC-N) for H,S removal at room temperature. The surface area of
CuBDC and CuBTC was significantly higher than CuBDC-N. CuBDC
formed thin sheet-like structures with micropores and mesopores.
CuBTC formed crystals with no well-defined morphology with micro-
pores and mesopores. CuBDC-N, on the other hand, is largely in the form
on prismatic-shaped microcrystallites with mesopores. The large parti-
cle size of CuBDC-N was responsible for its low surface area. The HoS
absorption capacities of CuBDC, CuBTC, and CuBDC-N are calculated to
be 105.6, 27.1, and 1.3 mg/g, respectively. The Cut/Cu?" ratio gov-
erned this trend since the strong interactions of HS™ or $2~ with Cu®*
sites dominated the adsorption process. For instance, CuBDC has the
lowest Cu*/Cu?* ratio and the highest absorption capacity. Surpris-
ingly, amine-functionalized CuBDC performed much worse than CuBDC.
This could be due to several reasons, such as its much smaller surface
area and lower Cu®" content. Zhang et al. [238] previously reported that
the presence of primary or secondary amine groups adversely affects the
structure of MOF-199 (or HKUST-1 or CuBTC) while a tertiary amine
group up to a certain amount enhances its HyS removal performance.
FTIR spectra showed that CuBDC-N has distinct bands for N-H bond
vibrations, suggesting the presence of secondary amine groups. The
strong interaction between these groups and the copper center likely
caused the collapse of the porous structure, which in turn resulted in a
low surface area and a low adsorption capacity. Gupta et al. also
observed that the breakthrough capacities of CuBDC-N and CuBTC
increased in moist conditions due to the easier dissociation of HpS to HS™
in the water film. However, CuBDC experienced a decrease in its ca-
pacity in the presence of moisture. In addition, the XRD pattern of spent
CuBTC showed a partial loss in the crystallinity due to the formation of
sulfuric acid and Cu-S bonds.

Although the irreversible nature of the chemisorption process makes
it difficult to regenerate HyS-loaded Cu-MOFs, Gupta et al. [326]
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adopted a two-step methanol and UV-assisted regeneration method in an
attempt to remove physically adsorbed HyS and generate new binding
sites. However, this process could not regenerate CuBDC-N. CuBDC was
partially regenerated with the breakthrough capacity of regenerated
CuBDC only 32% of the fresh CuBDC, suggesting that most of the Cu-
sites were bound to sulfide and could not be regenerated. On the other
hand, regenerated CuBTC showed an exceptional adsorption capacity of
95.6 mg g~ which is 3.5 times that of the fresh CuBTC. The authors
attribute this significant rise in capacity to the increased surface area
and availability of unoccupied Cu sites that were previously inacces-
sible. This shows that the regeneration process proposed here is a cost-
effective method to recycle a few chemisorbed MOFs without compro-
mising their structural and functional integrity.

Gupta et al. [327] also investigated a Cu-based mixed-ligand MOF,
Cu(BDC).5(BDC-NH>)g 5, at the same conditions. It has a similar thin
sheet-like morphology as the CuBDC discussed above but with a much
smaller surface area due to the aggregation of nanosheets into micro-
sheets and pore blocking by the amine groups. Nonetheless, it showed an
absorption capacity of 128.4 mg g~! for 500 ppm of H,S flowing at a rate
of 0.1 L min~". The feed flow rate had a market effect on the adsorption
capacity, which decreased drastically from 128.4 mg/g at 0.1 L/min to
64 mg/g at 0.2 L/min to 2.6 mg/g at 0.4 L/min. Presence of moisture
was found to be detrimental to the performance of the MOF. The authors
observed that the adsorption takes place by breaking Cu-carboxylate
while forming covellite CuS nanoparticles and sulfates. The amine
groups also took part in the adsorption process by strongly interacting
with HyS. The methanol and UV-assisted regeneration method could
only partially regenerate the MOF with the absorption capacities suc-
cessively dropping to 22.9, 17.4, and 9.9 mg/g after the first thre8e
regeneration cycles. Moreover, various characterization tests indicate a
structural collapse after UV-based regeneration due to the loss in the
node-linker interactions.

Zarate et al. [328] employed a water-stable microporous MOF, MIL-
53(A1)-TDC, for H3S removal at 30 °C and 1 bar from a feed gas con-
taining 5 vol% HjS. They reported a breakthrough capacity of 18.13
mmol/g or 618 mg/g, which is the highest reported value among MOFs
albeit at high inlet and breakthrough concentrations of HsS. Their re-
sults showed the formation of hydrogen bonds between HyS molecules
themselves confined in the pores of MIL-53(Al)-TDC, a relatively weak
hydrogen bonding interaction between HyS and the p-OH group that
bridges two Al metal centers, interactions between HyS and the thio-
phene linkers, and an overall weak HS adsorption within the pores of
MIL-53(Al)-TDC. They demonstrated that MIL-53(Al)-TDC retains its
crystal structure upon HyS exposure. Moreover, cyclic absorp-
tion—desorption experiments at the same conditions showed that the HaS
absorption capacity remained constant at around 18.5 mmol/g over five
cycles, indicating that HsS is completely desorbed in the MOF regener-
ation step. The MOF was regenerated by simply flowing dry N3 gas be-
tween 65 and 200 °C. Overall, this MOF stands out as one of the best
adsorbents and arguably the best MOF in terms of fresh adsorption ca-
pacity, chemical stability towards HsS adsorption, mild regeneration
conditions, and cyclic regeneration capacity.

Flores et al. [329] studied the performance of another water-stable
MOF, MFM-300(Sc), for HyS adsorption and reported an adsorption
capacity of 16.55 mmol/g or 564 mg/g at 25 °C with a feed gas con-
taining 10 vol% HsS. Although this MOF also retained its crystalline
structure upon adsorption and desorption, its pore volume reduced by
34%, signifying the presence of irreversibly adsorbed species. The
reactivation of this MOF is carried out by simply purging with dry N> for
15 min at 25 °C. Cyclic absorption—desorption experiments showed that
the adsorption capacity fell by 39% to 10.08 mmol/g after the first
regeneration cycle. However, the capacity remains almost constant from
the second to the fifth cycle. Increasing the regeneration temperature to
250 °C does not influence the capacities, confirming that the reduction
in capacity after the first cycle is due to irreversible chemisorption. They
found that the irreversibly chemisorbed species are polysulfides
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resulting from the strong hydrogen bonding between H,S molecules
themselves confined in the pores. In addition, they postulated that only
low-order polysulfides (n = 2) are formed and that it occurred only
during the first adsorption cycle. Since such small polysulfides cannot
completely block the pores, a majority of the pore volume was still
available. Beyond this, no more polysulfides are formed in the conse-
quent cycles, and HyS is only physisorbed.

Grape et al. [330] synthesized the first bioinspired microporous
MOF, BizO(H20)2(C14H20g)-H20 (SU-101), using phytochemical ellagic
acid under ambient aqueous conditions without any external energy
input. They reported that it is thermally stable up to 250 °C in air and
that the overall chemical stability of SU-101 appears to be better or
similar to that of commonly used MOFs such as UiO-66 and ZIF-8.
Applied towards H»S removal at 25 °C from a feed gas containing 4.3
vol% H,S, the adsorption capacity is found to be 15.95 mmol g~! or
543.6 mg/g. Although the adsorption capacity of SU-101 is close to that
of MFM-300(Sc), the surface area is much smaller (412 vs. 1360 m? g‘l).
After the MOF was regenerated, they found that the absorption capacity
and surface area decreased to 0.2 mmol g~! and 15 m? g™}, indicating
that the capture mechanism in SU-101 is irreversible chemisorption. The
chemisorbed species is found to be polysulfides, which completely block
the pores of SU-101 and exhibit relatively strong interaction with the
phenolate group of SU-101. Although SU-101 and MFM-300(Sc) cannot
be regenerated, their high stability and polysulfide formation could pave
the way towards MOF-based lithium/sulfur batteries [331].

As seen in Table 4, MOF-based studies tend to report the adsorption
capacities at saturation and/or high HyS concentrations in the feed.
These conditions often inflate the performance of the material beyond
what can be achieved in realistic conditions. Lee et al. [239] compared
the performance of three MOFs (MOF-199, MOF-5, and UiO-66-NHy),
two amine-functionalized covalent organic polymers (CBAP-1-EDA and
CBAP-1-DETA), and commercial carbonaceous sorbents (Carbopack-X
and charcoal AC) at a low partial pressure (1 Pa = 10 ppmv) of HyS at 1
bar and 25 °C. MOF-199 (CuBTC) significantly outperformed the rest
with breakthrough (10%) and saturation capacities of 40 and 69 mg/g,
respectively. The adsorption performance at the breakthrough point
followed the order: MOF-199 > MOF-5 > AC > UiO-66-NH;, > CBAP-1-
EDA > CBAP-1-DETA > Carbopack-X. However, all the MOFs in this
study were found to undergo structural deformation upon interaction
with HQS.

ZIFs are a subclass of MOFs with structures similar to conventional
aluminosilicate zeolites. Simply put, ZIFs can be pictured as zeolites
with the tetrahedral Si(Al) and the bridging O replaced with transition
metal ion and imidazolate linkers, respectively [332,333]. As a result,
ZIFs possess the combined advantages of both MOFs and zeolites.
Generally, they have higher thermal and chemical stability than MOFs
and higher porosity than zeolites [334]. This has led to explosive
research activities employing ZIFs for various applications, including
CO4 capture and separation [335,336]. However, studies on their po-
tential for HyS capture have been rather limited. Over the past three
years (as of December 2021 in the Web of Science Core Collection), there
have only been two experimental studies applying ZIFs for HyS removal.
Jameh et al. [337] investigated the effect of ethylenediamine (ED)
functionalization on the performance of ZIF-8 nanoparticles. As has been
the trend with functionalization via impregnation, ED enhanced the
adsorption capacity of ZIF-8 up to a certain amount of loading (here, ED:
ZIF-8 = 5:100 by mass) after which its beneficial effect became inferior
to the pore blocking it causes. For pure HyS at 1 bar and 25 °C, ED-ZIF-8
1st (5:100 wt ratio of ED and ZIF-8) exhibited the highest saturation
capacity of approximately 325 mg/g. For an industrially relevant feed
gas stream containing 3 vol% H,S at 2 bar and 25 °C, the same material
had a breakthrough (1500 ppmv) capacity of about 3299 mg/g. Both
physical and chemical adsorption took place with the former being the
dominant capture mechanism. Although it was mentioned that the
material maintained its structural stability after regeneration under
vacuum at 120 °C, no information on the adsorption performance of the
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regenerated sample was provided. Moreover, in the same mixed gas
conditions, ED-ZIF-8 1st had 3 times higher breakthrough capacity for
CO,, making it a promising choice for acid gas removal but not for se-
lective removal of HyS. The only other experimental study [338] on ZIFs
for H,S capture used ZIF-67 modified by triethylamine. Although the
prepared materials were reported to have high removal efficiencies,
their adsorption capacities have not been reported. Besides, the material
could not maintain structural integrity after HoS adsorption.

The major theme in most of the studies on H,S capture using MOFs is
the lack of structural stability under external stimuli, especially in the
presence of HyS [339,340]. In general, this property should be possible
to be tuned by varying the nature of the metal sites. MOFs based on Cu,
Zn, and Fe are commonly used yet unstable for HyS adsorption, whereas
MOFs based on Al, Mg, Ni, V, Zr, and Ti demonstrate robustness to HaS
environments [340,341]. Furthermore, the organic linkers and their
functionalization also has a major effect on the material’s stability
[342]. For example, fluorinated MOFs exhibited high stability against
H,S and H,0 [343-345]. Even though the exact mechanism or cause of
structural deformation in MOFs is still unknown, a few studies
[341,346] have theoretically evaluated the interactions between MOFs
and acid gases (HoS and SO2) and proposed strategies to tune the to-
pology and functionalization of MOFs towards stability. In addition to
chemical stability, the high price of MOFs is a hurdle for their industrial
adoption. Despite these disadvantages, MOFs hold high promise among
the research community. Since the application of MOFs towards HyS
adsorption is a relatively young endeavor, there is still much to explore.

2.3.5. Composite materials

A composite sorbent is formed by combining two or more different
adsorbents to benefit from their synergistic properties. These are anal-
ogous to hybrid blends in the case of absorbents. Many of these have
been covered in the previous subsections as seen fit, attesting to the
widespread adoption of composites over pure, virgin materials. Gupta
et al. [347] studied three Zn-MOF/ZnO nanocomposites with different
organic linkers for adsorptive removal of HoS gas at room temperature.
The authors found a large presence of ZnO in the MOFs with the Zn
content of 5.25%, 5.47%, and 4.82% in ZnBDC/ZnO, ZnBDC-N/ZnO,
and ZnBTC/ZnO, respectively. The surface area of Zn-MOF/ZnO nano-
composites was in the range of 12-21 m? g~ ! with negligible micropo-
rosity. Owing to its surface area and porosity, ZnBTC/ZnO exhibited the
highest adsorption capacity of 14.2 mg g . The order of adsorption
capacities is ZnBTC/ZnO > ZnBDC/ZnO > ZnBDC-N/ZnO. In addition,
Zn-HKUST-1 performed poorly compared to the nanocomposites,
demonstrating the importance of ZnO nanoparticles in the MOF for a
higher H,S uptake. In moist conditions, the adsorption capacity
increased for ZnBDC/ZnO but decreased for ZnBTC/ZnO and ZnBDC-N/
ZnO. As a result, the order changed to ZnBDC/ZnO > ZnBDC-N/ZnO >
ZnBTC/ZnO. The spent ZnBDC/ZnO experienced a significant loss in the
MOF crystallinity due to the chemical interaction of S~ with Zn?" ions.
Combined methanol- and UV-assisted regeneration method could
partially recover the capacities of the composites. Regenerated ZnBDC/
ZnO, ZnBDC-N/ZnO, and ZnBTC/ZnO in the second cycle exhibited
about 34%, 11%, and 54% of their original capacities.

A popular strategy to mitigate issues arising from the usage of metal
oxides is to support the metal oxides on mesoporous silica-based struc-
tures or other porous carriers. Such carriers should ideally offer high
specific surface areas and structural stabilities. They should also increase
the efficiency of mass transfer by reducing the resistance to gas diffu-
sion. Carbon-based carriers were discussed in Section 2.3.3. Wu et al.
[348] compared the hot coal gas desulfurization performance of Zn-
based sorbents supported on MCM-41 and MCM-48. Based on material
characterization, the authors opined that the introduction of the active
component is more likely to cause pore plugging in the 3D cubic channel
arrangement of MCM-48 than the 2D hexagonal pore arrangement of
MCM-41. Although MCM-41 and MCM-48 have similar pore sizes and
specific surface areas, the breakthrough sulfur capacity of 30 wt% ZnO/
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MCM-41 is 24.4-56.3% greater than that of 30 wt% ZnO/MCM-48. At
desulfurization temperatures of 400-700 °C, ZnO/MCM-41 has its best
performance at 500 °C and ZnO/MCM-48 at 600 °C. The initial desul-
furization reaction rate constants of ZnO/MCM-41 are 1-13 times
greater than those of ZnO/MCM-48, suggesting that the former provides
higher number of active sites for desulfurization. This is attributed to the
disparity in the structure of these sorbents. Larger wall thicknesses of
MCM-41 compared to MCM-48 makes the former more stable at higher
temperatures. On top of this, the introduction of ZnO into MCM-41
increased the wall thickness of the material, which was in contrast to
the decreased wall thickness in ZnO/MCM-48. ZnO/MCM-41 also ex-
poses more active sites due to the smaller sizes of both the support
particles and the ZnO grains, while its higher porosity is beneficial for
gas diffusion into and out of sorbents. Furthermore, the authors
observed that the simultaneous presence of CO and H in the coal gas has
a synergistic effect on the breakthrough capacities of both the sorbents,
with a higher improvement in ZnO/MCM-41 (7.1-24.5%) than ZnO/
MCM-48 (0.7-11.5%). However, supported metal oxides have a major
drawback that must be addressed. The nature of desulfurization using
metal oxides is such that oxides are converted to sulfides which, due to
their larger size, cause an expansion of pore structure and may lead to
breaking of the carrier.

Basina et al. [349] proposed the use of heterostructures made of CuO
encapsulated in an ultra-thin mesoporous SiO; matrix that are prepared
using a surfactant-based method with Cu(OH); as the intermediate seeds
of CuO. Depending on the synthesis conditions, composites with diverse
morphologies (spheres, fibers, wires, and leaves) and sizes (ranging
from <2 nm to 25 nm) were obtained. These composites possessed a
combination of relatively large meso/macro cavities interconnected by
mesoporous channels. This allowed for protection against sintering. HyS
adsorption studies revealed that the best composites had a high loading
of CuO, a crystallite size of 14-25 nm, large macro-cavities providing
ample space for the particles to expand and contract, and a high degree
of interconnectivity for easy diffusion. The highest stable cyclic sulfur
capacity of 10.224 + 1.076 mmol/gcyo (a fresh capacity of 11.10 +
1.25 mmol/gcy0) was observed in the composite of 16.7 nm CuO/SiO,
with a loading of about 91 wt% CuO and a leaf-like morphology.

Okonkwo et al. [350-352] investigated the performance of sterically
hindered and unhindered amines grafted onto SBA-15 under both dry
and humid conditions. Over the course of the three studies, they studied
3-aminopropyltrimethoxysilane (APS), (N-methylaminopropyl)trime-
thoxysilane  (MAPS), (N,N-dimethylaminopropyl)trimethoxysilane
(DMAPS), (3-amino-3-methylbutyl)trimethoxysilane (AMBS), (N-cyclo-
hexylaminopropyl)trimethoxysilane (CHAPS), and (tert-butylamino-
propyDtrimethoxysilane (TBAPS). Among these, only TBAPS and
DMAPS were used to evaluate the impact of humidity on sorption per-
formance. The amine loading of the sorbents was set to 1.7-2.0 mmol N/
g under dry conditions and 2.2-2.9 mmol N/g under humid conditions.
Under dry conditions at 30 °C with a feed gas containing 1% H>S in N,
the adsorption capacities of the sorbents follow the trend of MAPS >
APS > TBAPS > CHAPS =~ AMBS > DMAPS. The cyclic stability of the
unhindered primary amine, APS, is found to be relatively unsatisfactory
(35% loss from the second to fourth cycle), while the rest of the amines
showed good to excellent cyclic stability over at least three cycles. When
the feed gas was changed to 1% H,S and 10% CO; in CHy, the HjS
adsorption capacity of MAPS/SBA-15 halved from about 6.8 mg/g to
3.4 mg/g. In contrast, the sorption capacity of TBAPS/SBA-15 increased
by alittle over 10%. The trend in sorbent capacities changed to TBAPS ~
MAPS > CHAPS ~ AMBS > DMAPS. These results show that steric
hindrance plays a key role in the capacity stability and HpS/CO; selec-
tivity of the supported amines. Although unhindered MAPS (secondary)
provides relatively high adsorption capacity, it exhibits poor selectivity
for HyS. Moderately hindered CHAPS (secondary) and AMBS (primary)
exhibited relatively stable capacities with moderate increase in CO5
concentrations (e.g. 0 to 10%), while severely hindered TBAPS (sec-
ondary) and DMAPS (tertiary) exhibited highly stable capacities even at
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high CO5 concentrations (0 to 30%). Moreover, as discussed in the case
of absorption, hindered amines offer selective HyS capture. The HyS/
CO4, selectivity of TBAPS, CHAPS, and AMBS are found to be 40, 11, and
5, respectively. Most importantly, TBAPS/SBA-15 matches some of the
most selective adsorbents for desulfurization with essentially no CO; or
CHj4 uptake.

However, Okonkwo et al. [352] observed that the presence of hu-
midity makes a significant impact on the performance of these silica-
supported amines. Under humid conditions (49% relative humidity) at
30 °C with a feed gas containing 1% H,S in Ny, the capacities of TBAPS/
SBA-15 and DMAPS/SBA-15 markedly increased by a factor of 9.4 and
33.3, respectively. As a result, DMAPS/SBA-15 provides 50% higher
capacity than TBAPS/SBA-15 in the presence of water. Through DFT
calculations and spectroscopic analysis, the authors concluded that HoO
promotes proton transfer from HsS to the amine group, resulting in
chemisorbed HS™ species. This is in contrast to weak H-bonding in-
teractions under dry conditions. In addition, the kinetics of HsS
adsorption were found to be significantly faster than that of COo, leading
to high selectivities observed for both the sorbents. When the humid
adsorption is followed by dry He desorption at 120 °C, the capacities
decreased significantly each cycle because of incomplete desorption. As
noted frequently in this section, chemisorption is usually partially or
fully irreversible. However, when the authors tried humid He desorption
at 80 °C, TBAPS/SBA-15 and DMAPS/SBA-15 exhibited a loss of 6% and
15% in amine efficiency from the first to second cycles but remained
stable from the second to third cycle. The authors opined that the strong
bonds of chemisorption formed under humid conditions can likely be
reversed only under humid conditions during desorption. Although this
provides a potentially valuable pathway towards improved structural
reversibility for these and many other sorbents, it must be noted that this
would require higher energy and water usage in the regeneration step.

In general, well-designed composite materials provide advantages in
performance. However, considering the massive domain of adsorbent
materials, it is often a difficult task to pick the right combination of
materials and modifications that would ultimately lead to an improved
performance. This underlines the major disadvantage of adsorption
processes: the lack of accurate understanding of the underlying mech-
anisms. Another glaring drawback is the apparent choice between high
performing sorbents and regenerative sorbents. Barring a few excep-
tions, all the adsorbents for HoS capture can be largely divided into these
two groups. Materials that provide high breakthrough capacities and
selectivities for HyS do it through partially or completely irreversible
chemisorption with the spent sorbents facing some form of structural
impairment within a few cycles. Such materials (especially, metal oxides
and ACs) are relatively cheaper and generally used as a deep removal
step after primary treatment. On the other hand, materials exhibiting
complete or a high degree of regeneration capture HyS through phys-
isorption but do not provide sufficient capacities and/or selectivities for
Hj,S. Such materials (such as zeolites) are usually more expensive and
therefore used in applications where regeneration of the spent sorbent is
prioritized. MOFs, being the new materials, currently fall into the
category of expensive materials that cannot be regenerated, thus making
them unlikely candidates for industrial use.

2.4. Advanced oxidation processes

Advanced oxidation processes (AOPs) were first introduced by Glaze
[353] as processes that generate and use reactive species, mainly hy-
droxyl radicals (-OH), for the acceleration of the decomposition of target
compounds. -OH is a well-known highly oxidant species with a redox
potential of 2.8 V, which is higher than other known oxidants, such as
sulfate radicals, hydroperoxyl, chlorine, permanganate, persulfate
anion, hydrogen peroxide and ozone; it’s lower than only fluorine (3.03
V) [354]. Over the years, AOPs have seen a rapid increase in their
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application for the removal of various compounds in different industrial
matrices, such as air and aqueous polluted streams. AOPs come in
various forms, including photo-irradiated processes, hydrogen peroxide
(H203)- and/or ozone (Os)-mediated systems, photo/H302, photo/Os,
photocatalysis, Fenton and electro-Fenton processes, and plasma-based
processes, which all produce -OH to decompose the target compounds
[355,356]. The characteristics of AOPs stated in the literature show that
this technology has some significant advantages over the others,
including the high efficiencies in very short reaction times, long-term
performance stability, the lack of mass transfer limitations, small foot-
print, high degree of mineralization and yields, the possibility to operate
at ambient conditions, and little to no sludge production [357,358].
Some drawbacks have been also expressed by researchers, including
requiring UV light to activate catalysts, cost of the photo-reactor,
toxicity due to residual HO5 in the effluent, and decreasing efficiency
of the photo-mediated process with suspended solids or less soluble salts
(more possible for H,S oxidation process) [359]. However, applying
combined AOPs, e.g. photocatalytic/H20; reactors, or more recently
developed systems, e.g. UV-vis/catalyst, can diminish the drawbacks of
the conventional AOPs by utilizing the synergy between the individual
methods.

In recent years, a few investigations have employed AOPs for the
oxidation of gaseous and aqueous HyS [360-365]. A comprehensive
review of the HyS-degrading reactors is also provided in Table 5, and
some of them are discussed here. Yu et al. [360] evaluated the photo-
catalytic degradation of HyS using TiO» film and a microwave electro-
deless discharge lamp (MEDL) as an irradiation source. They could
achieve a significant amount of the reactive oxygen species, oxidizing
H,S to sulfate (S03") as a main product in the purified air stream. At the
optimal condition (TiO2/660 W irradiation), the maximum and mini-
mum removal efficiency of about 68% and 25% were obtained at HaS
concentrations of 5 and 130 mg m™>, respectively. Wang et al. [362]
examined a corona discharge plasma system to degrade HyS along with
carbonyl sulfide (COS) and dust (as a carrier for these gases under the
electric field). In the plasma reactor, HoS and COS were decomposed and
converted into a higher oxidation state of sulfur compounds such as S,
SO,, and SO3™ as well as carbon-containing products after interaction
with reactant radicals, ozone, and electrons. In this reactor, about 98%
and 90% conversions were achieved for COS and HsS, respectively. The
feed to the system contained a concentration of each pollutants in the
order of 2100 ppm, O concentration of about 0.8%, and dust content of
5600 (+ 5%) mg m3. Dang et al. [361] reported a non-thermal
dielectric barrier discharge (DBD) plasma reactor containing metal
oxide catalysts for simultaneous decomposition of H,S and O3 and found
that adding the catalysts to the plasma process enhanced the HjS
removal efficiency by around 30%. The catalysts performed in the order
of Mn > Ag > Cu > Fe. The highest removal of 100% was with Mn, while
the lowest removal of almost 75% was with Fe, both recorded at a
highest applied voltage of 22 kV. Wang et al. [363] employed a wet
bubbling reactor irradiated with UV in the presence of persulfate for
degradation of H5S vapors. Under photolysis of persulfate, the leading
active species for oxidation of the sulfide ions (HS") are sulfate radical
anion (SO4-") and -OH, leading to the formation of SO%’ and sulfur (S°) as
the main products in a liquid phase. A removal efficiency of over 90%
was obtained in this reactor under UV irradiation of 72 W with an initial
H,S concentration of up to 1000 ppm.

As an example of the degradation reaction, an oxidation pathway of
H,S is listed in equations (12)-(18) for a UV/TiO4 reactor. This is a
commonly used AOP system because TiO; has a proper bandgap, high
stability, reasonable cost, and low toxicity [366-368]. In this process,
protons and electrons detached from the valence and conduction bands
in an irradiated catalyst (TiO3) can dissociate water and oxygen mole-
cules to produce -OH and Hy0,, respectively, which attack H,S adsorbed
on the surface of the catalyst and oxidize it to SO7".
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Table 5
AOP-based H,S removal studies.
Process Apparatus Reaction Media HoS Amount ~ Mass of Gas Residence Conversion Final Reference
Chemical Time Efficiency (%) Products
Gas-phase oxidation
UVA/TiO, 8 W UV-A lamp/TiO, An annular 35 ppm 23-30 mg 0.7 s with a space 40% S0,, SO5~ [369]
supported by polyethylene borosilicate glass TiO, time of 1.2 x 10°
terephthalate and cellulose mg S mol?
acetate
UVA/Vis/TiO, 8 W UV-A lamp and 8 W vis Tubular gas flow 30 ppm 200 mg TiO, A residence time Close to 80% With Cr: [367]
light /20% TiOx— cylinder of 0.43 s and a S03~ and
M-MCM—41 (M = Cr or Ce) space time of 8 x with Ce:
10'° mg S mol* S0y, SO
Uuv/vuv Irradiation from microwave Gas flow pipe 0-25 mg - 1-5s ~65-93% S03 [525]
(mercury and iodine) m3
discharge electrodeless lamps
uv/ TiO,-coated glass plates Tubular gas flow 15 ppm na 3.6s 80% S0y, SO [358]
TiO,-SiMgOx  irradiated by two 8 W UV-A cylinder
lamps
Plasma/ Plasma/catalyst: A plasma quartz 200 mg m~3  Each catalyst na 75-100% S, H,SO03, [361]
catalyst: Non-thermal dielectric barrier  cylindrical tube 0.75 wt% H,S04, and
discharge Plasma + catalysts having tungsten likely SO,
(Mn > Ag > Cu > Fe) discharge and SO3
wire
TiO,/UV/VUV Irradiated by a microwave Cylindrical TiO»- 0-140 mg na 3.35s 25-68% SO, SO5~ [360]
(mercury) electrodeless coated gas m3
discharge lamp reactor
CdS-ZnS/Fe;03 34 W Vis-light lamp Packed bed 25 ppm 1000 mg na 92% na [526]
reactor catalyst
Corona Reactor consists of a ground Gas cylinder 1200 ppm - na 98% S, 80,5, 803 [362]
discharge electrode, a negative
(plasma) discharge
electrode
Liquid-phase oxidation
Catalytic Sodium carbonate solution, as  Gas-liquid 1400-1700 20 mg L7! na ~99.5% (of na [370]
oxidative an absorbent, doped with a contactor ppm catalyst/ 1400 ppm)
absorption commercial 888" catalyst (rotating packed 0.11-0.17 mol
bed) L~ NayCO;
Fenton-like Adding Fe**/H,0, and Cu**/  Bubbler column 400-5000 0-1.5 (0.6 1.32-19.98 min Fe3* /H,0,: S0%, S, FeS, [371]
AOP H,0, in a column equipped ppm optimum) mol  (based on reactor 98.3% (of 400 CuS
with a bubbler L~ ! H,0, and dimensions and ppm) and 72.5%
25 air flow rate) (of 5000 ppm)
mol L ! Fe®* Cu*"/H,0y:
and Cu** 91.8% (400
ppm) and 52.5%
(5000 ppm)
Photo-Fenton Four UV-C lamps with powers Bubble column 600-3200 0-0.3mol L' na From ~100% (of SO%’, S [364]
wet oxidation of 18, 36, 54, and 72 W scrubber ppm H,0, and 600 ppm) to
process 0-0.12 mol ~20% (of 3200
L7 Fe?* ppm)
Fenton Adding Fe®'/H,0, in a Scrubber 200-3000 0tol (0.4 na 98.3% (of 200 S07%, S [372]
spraying column equipped ppm optimum) mol ppm) to 70.5%
with a bubbler L H,0, and (of 3000 ppm)
0-0.16 mol
L ! Fe®"
uv/ A bubbler occupied with UV-C Bubbler column 600-2400 0-0.03 mol na Maximum 96.1% S and SO~ [363]
Persulfate lamp ppm L~! Persulfate (at H,S:1500
ppm)
UV/Oxone- 36 W UV-Cadding oxone Scrubber 500-2500 0-0.04 mol na 98.3% S and SO?{ [527]
induced (KHSOs-KHSO4-K»S04) ppm L~! Oxone
oxidation
. + -
TiOy + hv—h™ +e A2 1S + 4H,0,—80%, + 2H —4H, 0, 18)
ht + Hy0u—HO" +H (13) In the case of matrices containing organic compounds, the final goal
of the purification system is the conversion of the compounds into COs,
h* +OH,,,., —HO" 14) which is the main index for mineralization in the oxidation systems. In
an advanced oxidation system targeted for treating the HyS-containing
0,+2e” +2H'—>H,0, (15) effluent, the production of non-toxic sulfur compounds, such as bisulfite,
sulfite, and sulfate, or even sulfur, is desired. As can be seen in the above
H3 8,45 +4HO" =S 0445 + 2H" =2H, 0,14 (16) equations and the results obtained by the reviewed studies, SO3" is the
main byproduct of HyS oxidation reactors. Although SO~ anion is not
HSuis +8HO —SO5, +2H " —4H,0 145 a7) considered as a toxic mineral matter, it can produce insoluble salt
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particles that can precipitate on the light source or the catalysts. These
insoluble particles can also block the light-shining path in the photo-
dependent reaction sink. Such impediments hinder the progress of the
oxidation process. As equation (16) shows, the other potential limitation
with the oxidation of H,S is the emission of toxic and corrosive sulfur
dioxide (SO2), which has been reported in the literature. Portela et al.
[369] detected SOF and SO, as byproducts of the H,S oxidation in a UV/
TiO4 reactor and reported a decline in the photocatalytic activity due to
the accumulation of SOF~ precipitate on the lamp surface. They found
that simple washing with distilled water is successful in recovering most
of the initial activity of the photocatalyst and that alkaline pH and
higher temperatures accelerate SO~ removal. These challenges will
remain until we find a fundamental solution, such as developing an
oxidation system to partially oxidize HyS to S°, to completely solve the
production SOF while preventing the emission of SO, in the system.
However, sulfur can also cause deposit formation or turbidity that may
pose a problem.

Portela et al. [358] developed a photocatalyst composite to prevent
SO, release. They synthesized porous TiO; using a sol-gel method to
provide an immobilized thin film of the catalyst. By incorporating sur-
factants (Brij58 and F127), they observed the catalyst selectivity for SO,
enhanced compared to reference dense sample. Afterward, they com-
bined the catalyst with a metal oxide adsorbent to build an incorporated
hybrid TiO,-SiMgOx composite, aiming to enhance the adsorption of
H,S and SO using SiMgOx and to have an SO»-selective photocatalysis
process using surfactant/TiOy interactions. Thus, by integrating
adsorptive properties with the SO;-selective photocatalysis process they
claimed that the SOy production problem has been solved while
improving the lifetime of the photocatalyst. In another study by Portela
et al. [367], they used TiO2/M—MCM—41 (M = Ce or Cr) for UV or Vis
light-mediated H,S oxidation and found that adding Cr into the com-
posite not only led to an enhanced H5S conversion efficiency with both
light sources but also resulted in no generation of SO,. However, they
had a catalyst blockage issue due to the formation of precipitates arising
from the reduction of Cr®" to Cr** and SO%‘ accumulation, leading to
deactivation of the catalyst active sites.

An H,S oxidation process can be performed in either the gas phase or
the liquid phase media. Considering Table 5, it is worthwhile to mention
that using liquid phase AOPs processes may limit the SO5 release
problem, whereas it can be seen that most of the gas phase oxidation
reactors produced SO;. The results revealed by some studies
[363,364,370-372] indicate that a liquid phase reaction is also capable
of processing higher amount of HyS while providing high conversion
efficiency. Gas absorption coupled with the oxidation in a liquid phase
can be reasonably potent enough to explain this difference between the
systems. For instance, a photo-Fenton wet oxidation process designed by
Liu et al. [364] is one of the most powerful processes reported for the
conversion of HyS in a scrubber column. 600 ppm of inlet HyS were
completely removed, while >90% of 1800 ppm of inlet HyS was
removed, both without releasing SO, in the treated gas stream. There-
fore, compared to the gas phase systems, aqueous free radical AOPs may
be greener with stronger oxidation capacity, making them more
appealing for industrial application. However, the discharge of sulfur-
rich wastewater by these reactors can be a challenge that should be
managed.

As mentioned above, the HyS-oxidizing photocatalytic methods face
the catalyst blockage issue due to the deposition of SO~ in the active
sites of catalysts. Therefore, the regeneration efficiency of the deacti-
vated spent catalyst is a significant challenge particularly in field ap-
plications. Deactivation caused by SO3~ precipitates is an irreversible
phenomenon as sulfate is a non-volatile product. Methods like air blower
or high-temperature process can be used for reversible deactivation, but
addressing sulfate-induced deactivation needs a specific chemical solu-
tion [358]. Portela et al. [358] reported that rising TiO2-SiMgOx com-
posites with a 1 M KOH solution increased the catalytic activity as a
result of the creation of new basic active sites. In another study, Liu et al.
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[366] successfully regenerated the TiOo/zeolite composite by washing
with 0.01 M NaOH aqueous solution and using ultrasonic calcination,
which was employed for the catalyst coating on the zeolite adsorbent.
The activation effect of calcination was due to the improvement in TiO;
dispersion on the adsorbent, thereby increasing the surface area and
volume of the composite with a site-blocking effect. Similarly, Tellez
et al. [373] showed that using a weakly basic washing with 0.01 M
NaOH not only regenerated the photocatalytic activity but also
increased the adsorption of HyS molecules by TiOg/zeolite composite.
However, this highlights possibly the biggest drawback of AOPs: high
cost. The energy and chemical reagents required to operate the system
contribute significantly towards the high operating and maintenance
costs. Moreover, the scalability of many AOPs is still unexplored.
Currently, the best application for AOPs is likely as a secondary or ter-
tiary treatment option, such as after biological treatment or in tail gas
treatment.

2.5. Electrochemical processes

Electrochemical technologies for environmental remediation have
been around for three decades. However, capture and/or oxidation of
hydrogen sulfide from aqueous solutions using an electrochemical unit
was reported about 50 years ago [374-376]. In an electrochemical unit,
a series of oxidation and reduction reactions take place due to an elec-
tron flow produced by external power sources. This can be an advantage
over the chemical-intensive processes to use chemical-less electrical
oxidation instead of dosing, transport, and storage of potentially toxic
material to conduct an oxidation process [377]. Furthermore, easy
control of the cell performance by adjustable operational parameters,
such as current and voltage, and no limit on electron flux are significant
advantages over some technologies like photocatalytic reactors [378].
The energy expense of an electrochemical cell sometimes is the most
dominant problem in field applications. But when renewable energy
resources are utilized, this method can be a sustainable and versatile
technology applicable to various concentrated waste streams with high
operational and energy efficiencies as well as an easily compatibility
with remote applications [379,380].

An electrochemical cell comprises of the following elements: i) two
electrodes, anode and cathode, where oxidation and reduction reactions
take place; ii) one or several electrolytes that are electronically
conductive materials supporting less or non-electroactive ions, thereby
increasing conductivity in the cell; iii) one or several separators, usually
ion-exchange membranes (IEM), which can selectively allow ion trans-
fer between the two sides of the cell (see Fig. 5).

HsS-removing electrochemical systems can be implemented under
two mechanisms: oxidation and precipitation. The oxidation process in
an electrochemical cell can take place in two forms, direct and indirect
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Fig. 5. A typical electrochemical cell. The anode is a positively charged elec-
trode (allowing oxidation reactions) and cathode is negatively charged
(allowing reduction reactions). IEM selectively transfers positively or nega-
tively charged ions. Reprinted from [378]. Licensed under CC BY-NC-ND 4.0.


https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

A. Pudi et al.

Separation and Purification Technology 298 (2022) 121448

Table 6
Studies on electrochemical removal of H,S.
Electrolyte Potential/Current Anode Material H,S Amount Temperature (°C)/ Maximum Main Reference
Density Initial pH Conversion Products
Efficiency

Electro-oxidation

Hot fuel gas + (Lig g2, 76 mA cm 2 Gd,Tiy xMo,O7 0.2-2 M% 650-750 °C/na removal flux of S [389]
Ko.38)2C03 4.6 x 10~° mol

min~! cm ™2

Synthetic 11.9Am? Carbon fibre brush 2-3.5gSL 1 21°C/7 na S [397]

Synthetic (geothermal 0.197 V Pyrolytic 0.01 M 25-150 °C/na Removal rate of S, S0%~ [384]
fluid) + 3.5% NaCl graphite 6.75 mmol h™!

Synthetic sour brines 100 A m 2 Ti, O, (Ebonex®) 30mML! na/13 na Nevm [395]

Synthetic (3.5% NaCl + From -0.95 to + Platinum 0.15 mM 25 °C/(9-12) na S, SO%’ [528]
sulfide) 0.80V

0il (4.5mgL ™) ORP -300 to -600 Ti/IrO, 4.21-50 mg L ! 11-60 °C/(~2-12) ~ 100% (25 min for o [387]
wastewater containing mV/16.67 mA cm 2 50 mg S L’l)
NaCl (3549 mg L™

Petrochemical effluent 2.2V/200 mA Vitreous Carbon 0.055 M na/13 ~65% $,0%", [388]

SOz~
10 mM NaCl 300-500 A m 2 DSA covered with 5.0 vol% of carrier 25°C/8 99% na [390]
Iridium and tantalum gas (N3)
NaySO, (0.5 mol L) 3,6V Graphite 600-1600 ppm (with na/na 100% CdS, CusS, S, [393]
O, and carrier Ny) S0%

Electro-precipitation

Pulp and 3.6-17.9 mA cm 2 Iron 7.5-9.5 mg L} na/6.5-7.1 88% FeS [398]
paper mill

Swine manure 0.7V Low carbon steel 169 mg L' 4,19, 31 °C/6.71 95% FeS [399]

Synthetic produced 32.5 mA cm 2 Iron and 100 mg SL™! Ambient/7.7 99% FeS [529]
water aluminum rods

Beet sugar wastewater 07,1V Low carbon steel na 4,19, 30 °C/4.6-7 90% H2S(aq) and FeS [400]

99% HaS(g)

reactions. Direct oxidation reaction occurs at the electrode and elec-
trolyte interface, so-called electrode surface, when the target compound
is electrochemically active. Indirect oxidation takes place in the elec-
trolyte in the presence of oxidants, e.g. chlorine and oxygen, released
from the electrode into the bulk liquid. Oxidation of H,S can take place
by both reaction routes as it is an electrochemically active compound
[377].

Direct oxidation of HsS can produce SO, Szog’, SO%’, or SO‘Z(,
depending on the anode material and its applied potential. It is shown
that elemental sulfur is stable in acid solutions but dissociates to HS™,
SO7 and polysulfides (S%) in alkaline regions. However, SO7 is stable
in aqueous solutions at all pH ranges [381]. Dutta et al. [382] found that
direct oxidation of sulfide can take place at both low and high potential
voltages. However, applying a low voltage results in selective oxidation
process, which limits unnecessary side reactions. In other words, at low
potentials, it is possible to only partially oxidize sulfide to S? as it needs
only two electrons. The formation of S° is a preferred reaction from an
economical viewpoint as it needs less electrical energy, and solid sulfur
can be easily separated from the system. At high potentials, in the
presence of at least 8 electrons or more, sulfate is supposed to be the
most common product that can be further oxidized to form thiosulfate.
Compared to direct oxidation, indirect oxidation of sulfide takes place at
a higher potential. Therefore, all oxidation reactions can occur in the
electrolyte, where the oxidants can non-selectively oxidize the sulfur
compounds. This, consequently, reduces the current efficiency for target
(sulfide) oxidation and requires high energy consumption. In this
mechanism, there is no need to diffuse sulfide to the electrode surface.
The type and level of formation of the oxidants in the electrolyte depend
on the electrolyte content, sulfide-containing waste streams, and the
anode material and potential. Considering the process taking place in an
oxidative electrochemical environment, an in-situ recovery of valuable
products in the industry, such as sulfur, sulfuric acid (H2SO4), Hy, or
caustic soda (NaOH), can reduce the operational costs.

In electrochemical precipitation (also called electrocoagulation),
HjS is removed from the system by the precipitation process. In these
systems, a metal (usually iron) acts as a sacrificial anode and releases
metal ions (Metale) — Metal>t + 2e7) into the electrolyte. These ions
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react with dissolved sulfide to produce insoluble metal sulfide solids
(Metal>" + HS™ — Metal-S + H"), which can then be removed from the
treated aqueous solution. At the cathode, Hy gas bubbles can be pro-
duced as a result of the dissociation of water molecules (H,O + e~ — Hy
-+ OH™). The hydrogen bubbles rise towards the surface of the cell and
cause the suspended metal sulfide particles to float. This phenomenon is
called electroflotation, which simplifies the cell operation by periodic
removal of the precipitates [383].

The simple and efficient process of electro-precipitation makes it
easily compatible with remote operation as it is not required to add salts
and anions like chlorides, thus avoiding the accumulation of salts in the
cell. It can also be a tunable process as the progress of the process is
directly depends on the current. In addition, it could allow the separa-
tion of other compounds (e.g. oil) present in industrial waste streams
alongside HyS removal [383]. However, due to the low selectivity of the
electrocoagulation process, a large amount of the precipitated sludge
can be generated in these electrochemical cells, increasing the opera-
tional costs due to the sludge handling. The presence of heavy metal in
the sludge can also be a limitation from an environmental point of view.

The studies that have recently been conducted for the electro-
oxidation and electro-precipitation of HyS from aqueous and gaseous
matrixes are presented in Table 6. Electrochemical oxidation of
hydrogen sulfide has been the subject of interest for the treatment of
HS-containing liquid waste streams, such as geothermal brines
[384-386] and wastewater streams in the petrochemical industry
[387,388], and gaseous waste streams, such as fuel gas [389] and biogas
[390].

Ateya et al. [384] evaluated the treatment of geothermal brine with
oxidation mechanism by employing a graphite-made electrode and
found that it is possible to oxidize sulfide to sulfate and sulfur at a low
applied potential of 0.197 V for the anode. In this study, the anode
passivation arising from the deposition of solid sulfur on the electrode
was the main limitation of the system. The deposition of sulfur on the
anode surface can be a significant limitation of any HsS-oxidizing
electrochemical system. To avoid this problem, Selvaraj et al. [391]
proposed an electrochemical membrane process to generate elemental
sulfur. They obtained sulfide oxidation using a titanium substrate
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insoluble anode (TSIA) with low energy inputs (20 mA cm~2). In this
study, the current distribution of the TSIA allowed a sulfur recovery
process. Feng et al. [379] countered the deposition problem using in-
direct oxidation. A partial cathodic recovery of produced sulfur (about
30%) is suggested by Sergienko et al. [392] as sufficient to limit elec-
trode passivation and prolong electrode lifetime. In this work, electro-
chemical and chemical recovery processes did not remove the
electrodeposited sulfur from the surface of the activated carbon elec-
trode since sulfur incorporated into the carbon structure.

Li et al. [393] conducted a study on a catalytic (palladium and
copper) oxidation-assisted electro-precipitation system. In the reactor,
the catalyst oxidized a portion of HjS to sulfur and sulfate by transition
metals and electroactive substances, while the rest of the HyS was
removed from the system by electro-precipitation. The combination of
the catalyst and the electrochemical process maximized the removal
efficiency and demonstrated that the performance of this integrated
system is better than either of those methods operated alone. Some
studies evaluated the effect of the electrode material in the H5S electro-
oxidation process. Waterston et al. [385] obtained successful oxidation
of sulfide to sulfate using BDD electrodes both in the presence and in the
absence of chloride, but they found that the high price of the electrodes
limits their application in industrial-scale goals. Haner et al. [386]
showed that Titanium/IrO»-Tay0s5 was poisoned by sulfide in long-term
use. In another study, the carbon materials acted as sacrificial electrodes
[394]. Ebonex electrodes studied by El-Sherif et al. [395] showed a
sulfide conversion of 50% with the production of sulfate as the pre-
dominant oxidation product. Generally, carbon electrodes can be the
most promising anodes since they are cheap and may cause selective
oxidation towards elemental sulfur at low applied potentials [377,392].
Sergienko et al. [392] also successfully oxidized HsS to elemental sulfur
using low-cost carbon-based porous materials, activated carbon felt
(ACF) and graphite felt (GF).

Although the versatile applicability of the electrochemical methods
(e.g. the simultaneous removal of organic compounds along with sul-
fide) strengthens their case for some industrial streams, their high en-
ergy consumption for the removal of organic and inorganic compounds
may limit their practical application for the treatment of the main
streams containing sulfide ions. Szpyrkowicz et al. [396] reported
removal efficiency of over 90% for Chemical Oxygen Demand (COD),
Total Kjeldahl Nitrogen (TKN), and sulfide. However, it required a high
energy consumption of up to 300 kWh m ™3, Kang et al. [390] achieved
near complete removal of HyS and NH3 from biogas by employing an
absorption column and an electrochemical oxidation reactor. In the
electro-oxidation reactor, the generated reactive chlorine species
oxidized almost all the transferred HyS. In this system, the HyS con-
version efficiency was closely dependent on the mass ratio of the HyS
transferred and the reactive species generated. Although a high elec-
trochemical conversion efficiency of gaseous sulfide to sulfur can be
achieved, such systems have an anode passivation issue since a liquid
absorber is used before the electrochemical cell to solubilize sulfide. This
problem can be solved by switching the polarity of the electrodes
alternatively [397].

HyS has also been successfully removed using the electro-
precipitation process [398-400]. Wang et al. [399] used carbon steel
electrodes to precipitate HoS from swine manure. An applied voltage of
0.7 V was sufficient to progress the precipitation process at the anode
and to minimize Hy formation at the cathode to limit floatation. They
achieved an average sulfide removal rate of 0.97 mg S>~ cm 2.d 'and a
maximum removal efficiency of 95%. In another study by Wang et al.
[400] for HyS removal from beet sugar wastewater, a low-cost sacrificial
anode material was employed. Up to 90% aqueous sulfide removal and
99% hydrogen sulfide removal from the gas stream was achieved at
0.7-1 V without sulfate generation.
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2.6. Membranes

Membrane technology is a relatively new method for gas separation
with respect to the more classical technologies such as absorption and
adsorption, as its industrial applications started only in the second half
of the last century [401]. Indeed, even though the first studies on
membranes date back to 19th century, the development of synthetic
membranes for industrial-scale application can be traced to early 1962
with the fabrication of the first cellulose-acetate-based reverse osmosis
membrane for water desalination by Loeb and Sourirajan [402]; mem-
brane companies broke into the gas processing industry only in the 1980
s [403]. Since then, polymeric membrane technology has become one of
the most important methods for gas separation because of its high per-
formance and high efficiency in gas transport. Membranes can optimize
the gas separation process by (a) reducing the equipment size and the
capital costs, (b) by improving the process safety and operational
simplicity, (c) the absence of complex control systems, and (d) low en-
ergy requirement, especially when pressurized gas is already available.

Applications in gas separation and/or natural gas sweetening are
currently dominated by polymeric membranes since inorganic mem-
branes, due to higher costs and difficulty of production, are generally
limited to those systems where operating conditions, usually related to
high temperatures, prevent the direct use of polymeric membranes
[404]. Therefore, this review will not consider inorganic membranes,
focusing mainly on polymeric membranes used and tested for H,S sep-
aration in natural gas purification. Over the past decade or so, research
in this field was devoted to attaining process stability and preparing
more resistant and durable materials in the quest to obtain better per-
formance in gas separation. When dealing with acid gas removal,
membranes are usually tested for COy capture and purification, while
H,S studies are far more limited because of the toxicity of the gas and the
very high purification specification (down to ppm) that can be hardly
reached with membranes alone. Nonetheless, owing to their high
chemical stability, polymeric membranes are proven to work in harsh
environments and can be a very effective pretreatment to increase the
efficiency of other technologies when purification of streams with high
H,S content is desired [405-407]. In fact, most of the applications for
membranes are focused on natural gas purification where hydrogen
sulfide concentration is in the order of 10-20% or even higher [408]. In
this regard, the two most important factors that drive this separation are
selectivities of HS/CH4 and HS/CO3, which is also the case for biogas
desulfurization [407]. However, it is interesting to note that, despite the
similarity of the process and the widespread use of membranes, very
limited information is reported about membrane performance in HyS
removal from biogas [409,410]. The amount of HyS in indeed too low (in
the order of 1% or less) to attain high separation with membranes alone

1000

100

Selectivity

100

10,000
Permeability (Barrer)
Fig. 6. Upper bound limit for different gas pairs. Permeability refers to the

more permeable gas considered in the mixture. Modified from [487]. Licensed
under CC BY.
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even if, once again, membrane materials are reported to withstand the
presence of the acid components in the feed stream [411].

2.6.1. Mass transport in membranes

Gas separation with membranes is a pressure-driven process, where a
gas is flown on a thin selective layer that has the ability to separate
different chemical species according to their different interactions with
the material [412]. The driving force of the process is the pressure
gradient across the membrane which allows the penetrants to move from
the high- to the low-pressure side of the membrane according to their
ability to solubilize and diffuse into the polymeric matrix. The perme-
ation rate depends on thermodynamics factors (partitioning of species
between feed phase and membrane phase), kinetics properties (diffu-
sivity), thickness of the selective layer, and the interaction between the
polymer and the penetrant [413]. In simple words, the more soluble the
gas and the faster its diffusion across the membranes, the higher will be
the final flow for a given pressure difference and a given membrane
thickness.

The separation performance of polymeric membranes is described by
two key parameters: permeability (P) and selectivity (a). Permeability
(or permeance when it is reported per unit thickness) is the rate at which
any compound permeates through a membrane, while selectivity is the
ability of a membrane to accomplish a given separation and to achieve
high product purity and high recovery [414]. They are generally defined
as follows:

P; (p?p _ p?’own) A

Ji=—
]

i=1,2 19)
where J; is the mola flow of the ith component across the membrane, A is
the membrane surface area, [ is the membrane thickness, (p¥ — pf™™) is
the partial pressure difference of the ith component through the mem-

brane (up for upstream and down for downstream).

oy = (2)

iy P;
where the y refers to the molar fraction of the components of interest (i
or j) at the two sides of the membrane and can be approximated to the
ratio of components permeability when the downstream pressure is
close to zero.

As reported by Robeson [415], for most of the polymeric membranes,
there is a trade-off between permeability and selectivity. An increase in
selectivity is accompanied by a decrease in permeability coefficient and
vice versa (see Fig. 6). The challenge for an optimal gas separation
process design is to try to overcome this limit by finding the best
compromise between selectivity and permeability coefficients in order
to obtain the highest performance of the membrane with the highest
product purity and the highest recovery. Good membranes, in addition,
must also have acceptable durability and high enough thermal and
chemical stability under the operating conditions expected in the
application environment.

(20)

2.6.2. Polymeric membranes

In the last few decades, new materials with higher permeability and
selectivity towards the desired compounds have gained much attention
[412]. Among the various materials, polymers have taken the spotlight
because they present a compact configuration, a large-scale reproduc-
ibility, and low material and manufacturing cost. Moreover, polymeric
materials possess advantageous properties, such as solution-
processability and precise control over chemical functionality, espe-
cially in the case of chain flexibility and durability. Considerable efforts
have also been directed towards fabricating longer-lasting, defect-free,
and resilient polymeric membranes with increased mechanical resis-
tance, thermal and chemical stability, and resistance to plasticization,
making them much more suitable for acidic compound separation [416].
The high solubility of acid gases, such as COz and HsS, indeed allows to
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obtain high permeability in many polymeric materials that are, there-
fore, promising candidates for acid gas removal from less condensable
gases such as methane, hydrogen, nitrogen, and oxygen.

The choice among the different materials, however, is not straight-
forward as it is well known that the high solubility of acid gases in
polymers can induce swelling and plasticization [417] and can speed up
aging in glassy polymers [418]. These phenomena lead to a modification
of the polymeric structure and a reduction of the membrane separation
performance [419,420]. Gas separation in polymeric membranes is also
affected by the operating conditions where the interaction between the
polymer and the gas can change according to the feed temperature and
pressure. Furthermore, CO2 and HyS permeability in the same mem-
brane can be different depending on whether the polymeric layer is
exposed to a pure or to a mixed inlet stream. This phenomenon is called
competitive sorption that is generally observed when both gases are
present in the same current. Since H,S can replace the CO, absorbed by
the polymer, CO, permeability and CO,/HsS selectivity are conse-
quently reduced. To avoid such a drop and to increase membrane life-
time, several studies have been carried out to identify the best polymeric
materials for acid gas removal.

From this point of view, before analyzing the different options and
reviewing different studies, it is worthwhile to recall that polymers can
be divided into two main categories according to their glass transition
temperature (Tg): they are defined glassy polymers when the Ty is higher
than the room temperature, while when the Ty is lower than the room
temperature, they are demarcated as rubbers. The glass transition tem-
perature is specific for each type of polymer, it is influenced by their
specific structure (saturated or unsaturated bonds and the presence of
aromatic/aliphatic groups) and, moreover, it influences the mechanical
properties of the material.

Rubbery polymers are softer and more flexible because they are free
to rotate along their main axis implying high chain mobility. This con-
dition is caused by their large amount of space, called free volume,
existing among chains that leads with high permeability and a generally
low selectivity of the membrane material for gas separation [421].
Selectivity is then mainly related to gas solubility as the high mobility of
the polymeric matrix usually allows all the different gases to easily
diffuse across the membrane. For this reason, considering the higher
solubility of HoS with respect to other gases, this compound can be
separated with good efficiency by using rubbery polymers.

On the other hand, glassy polymers generally exhibit higher selec-
tivity and lower permeability compared to rubbers since they have a
limited chain mobility and a low free-volume fraction. Therefore, glassy
polymers are generally hard and rigid materials with insufficient space
and mobility for large-scale co-operative movements of the polymer
backbone. Due to this physical status, glassy polymers offer size-
selective separation that allows the possibility of diffusion-based selec-
tivity based on the different kinetic diameters of the different com-
pounds. For example, since the kinetic diameter of CHy4 is larger than
that of CO5 and HS (3.8 ;\, 3.3 10\, and 3.6 A for methane, CO5, and HsS
respectively [403]), acid gases—CO; in particular—can also be sepa-
rated through glassy polymers [240]. However, high partial pressure of
carbon dioxide and other compounds (such as hydrocarbons, water, and
aromatics) could affect the separation properties of the membranes by
inducing plasticization effect. Moreover, glassy polymers can undergo to
physical aging due to which the materials gradually lose their perfor-
mance over time becoming much less permeable to HyS and COy with
respect to methane.

The separation of acid gases and HyS with membranes is therefore
possible, as said above, even if problem like plasticization, aging and
competitive sorption must be prevented to optimize membrane prop-
erties. Several techniques have been implemented to overcome these
problems and more in general to improve the membrane performance
and durability: these includes the use of facilitated transport mem-
branes, which use a carrier-based approach to improve the acid gas
permeability [422,423], as well as the modification of the base materials
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Table 7
H,S permeability and selectivity in polymeric membranes.
Polymer H,S Permeance [mol/ H,S Permeability [mol/ SHas/cH4 Shas/ T [K] P Feed Reference
(mzs-Pa)] (m-s-Pa)] co2 [bar] composition
PDMS 2.9%1071° 6.5 1.8 308 1.1 pure [530]
1.68%10712 10 3.08 308 pure [441]
PDMS + PEG + PSf 261078 140 5.7 298 4.4 pure [240]
PDMS + PEG + PSf (glycerol) 3.6%1078 162 8.1 298 4.4 pure
Pebax SA01 MV3000 1.75%10713 50.48 4.87 308 1.17 pure [406]
2.1%10712 60.43 5.83 308 2 pure
2.25*10713 67.32 5.83 308 2.76 pure
2.42¥10713 64.94 6.49 308 3.45 pure
Pebax 4033 SA00 1.04*10713 24 3.70 308 10 yCH, = 70.8% [428]
yCO, = 27.9%
yH,S = 1.3%
Pebax 3533 SA00 2.97¥10°13 21 3.65 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
Pebax 6333 SA00 1.26%10° 14 20 5.11 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
Pebax 7233 SA00 2.54%1071° 15 1.85 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
Pebax MX 1657 8.3¥107 14 50.6 3.59 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
Pebax MX 1074 2.33%10713 50.4 4.48 308 10 yCH,4 = 69.4%

yCO, = 18.1%
YH,S = 12.5%

1.85¥10713 54 4.53 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
Pebax MX 1041 5.85%10 49 4.41 308 10 yCH,4 = 70.8%
yCO, = 27.9%
yH,S = 1.3%
PVDC 1.4*10-9 303 0.93 pure [531]
PPG (poly ether urethane) PU1 7.99%10714 21 3.0 308 10.8 yCH4 = 70.8% [428]
yCO, = 27.9%
yH,S = 1.3%
6.12*107 14 22.6 4.28 308 10.8 yCH,4 = 69.4%

yCO, = 18.1%
YH,S = 12.5%

PEG (poly ether urethane) PU3 9.07*107 14 58 4.6 308 10.8 yCH4 = 70.8%
yCO, = 27.9%

yH2S = 1.3%
9.37*1071* 54.9 4.5 308 10.8 yCH4 = 69.4%

yCO, = 18.1%
YH,S = 12.5%

PPG (poly ether urethane urea) 2.05%10° 13 19 3.1 308 10.8 yCH,4 = 70.8%

_PU2 yCO, = 27.9%
yH2S = 1.3%

2.07%10713 18 3.17 308 10.8 yCH,4 = 69.4%

yCO, = 18.1%
yH,S = 12.5%

PEG (poly ether urethane urea) 6.661071* 74 4.45 308 10.8 yCH,4 = 70.8%

_PU4 yCO, = 27.9%
yH,S = 1.3%

7.46%10714 66 4.39 308 10.8 yCH,4 = 69.4%

yCO, = 18.1%
yH,S = 12.5%

Cellulose Acetate (CA) 2.91¥1071° 30.5 1.01 308 34 yCH4 = 60% [445]
yCO, = 20%
yH,S = 20%
1.33*107 14 27.5 1.44 308 48 yCH4 = 60%
yCO, = 20%
yH,S = 20%
9.4*10-12 19 0.88 308 10.8 yCH4 = 65% [428]
yCO, = 29%
yHyS = 6%
3.8%10-11 30 308 35 yCH4 = 60% [445]
yCO, = 20%
yH,S = 20%
Modified Cellulose Acetate 6.82x1071* 34.3 1.58 308 34 yCH4 = 60%
yCO, = 20%
yH,S = 20%
6.36x1071* 27.5 1.40 308 48

(continued on next page)
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Table 7 (continued)
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Polymer H,S Permeance [mol/ H,S Permeability [mol/ SHa2s/cH4 Shas/ T [K] P Feed Reference
(mzs-Pa)] (m-s-Pa)] co2 [bar] composition
yCH4 = 60%
yCO, = 20%
yH,S = 20%
Poly(vinyl trifluoroacetate) 1.4*10-8 303 1 pure [531]
PTBP 5.35%1071° 9.4 0.94 303 2.1 pure [532]
PDTBP 6.69*107 15 4 0.74 303 2.1 pure
PVBTAF 9.3*10-9 7000 303 1.2 yCH,4 = 89.5% [533]
yCO, = 0%
yH,S = 10.5%
4.3*10-9 950 303 5 yCHy = 79.7%
5.4*10-9 3300 10.8 303 1.1 yCO, = 10%
2.810-9 2100 8.7 303 8.5 yH,S = 10.3%
PVTMS 11710713 1.59 - - pure [534]
6F-PAI-1 2.07¥1071° 8.1 0.19 308 4.48 pure [535]
6F-PAI-2 1.00%1071° 10.3 0.21
6F-PAI-3 1.67¥10°1° 10.9 0.23
6FDA-DAM:DABA (3:2) 1.00¥107 14 10 0.29 308 2 pure [454]
3.88*1071° 9.0 0.21 308 6.7 yCH4 = 70%
yCO, = 20%
yH,S = 10%
5.15%1071° 10.3 308 20.8 yCH4 = 70%
yCO, = 20%
yH,S = 10%
7.26%107 1% 13.2 308 41.3 yCH4 = 70%
yCO, = 20%
yH,S = 10%
9.77*107 1% 15.6 308 62 yCH, = 70%
yCO, = 20%
yH,S = 10%
PPO 2.6%10-8 3.1 295 4.5 yCHy = 99.96%  [448]
yH,S = 0.4%
PPOP 4.01%107 15 10 2.5 303 2.1 pure [532]
Poly(ester urethane urea) + 4.4%10-8 43 308 10 yCH4 = 91.6% [429]
teflon 3.79 yCO3 = 5.4%
yH,S = 3%
3.0v10-8 27 2.72 308 30 yCH,4 = 91.6%
yCO, = 5.4%
yH,S = 3%
8.210-8 43 3.91 328 10 yCH,4 = 91.6%
yCO, = 5.4%
yH,S = 3%
2.9%10-8 12 1.90 328 30 yCH,4 = 91.6%
yCO, = 5.4%
yH2S = 3%
Cytop 3.8%10-12 310 1 yCO, = 10.5% [441]
yH,S = 15%
Nafion NE111 1.87*107 12 293 1 pure [466]
Nafion NE117 7.56%10713
Aquivion 1.07%10* [RH 20%] 12 0.53 308 1 yCH4 = 90% [465]
yH,S = 10%
1.26*10713 28 0.93 308 2 yCH4 = 90%
[RH 85%] yH,S = 10%
PBI composite membranes 2.72%10713 140 7.5 323 1.15 yCH4 = 89.6% [4771
yCO, = 5.1%
yH,S = 5.3%
PVDF + [bmim][BF,] 5.35*10714-3.68*107 13 130-260 308-338 4 pure [478-479]
PVDF + [bmim][BF,] 1.36*10712 36.6 3.7 313 1 Pure—— [423]
PVDF + [bmim][PFe] 6.38%107 13 29.8 3.7
PVDF + [bmim][Tf,N] 8.7%10713 19.8 2.1
PVDF + [bmim][CF5SOs] 1.44%10712 50.7 4.0
PVDF + [bmim][AC] 2.44*10712 136 11.7
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Fig. 7. PDMS chemical structure. Reprinted with permission from [432]. ©

2006 American Chemical Society.
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Fig. 8. PEBAX chemical structure. Reprinted from [443].

by cross-linking or/and coupling with different types of filler obtaining
hybrid or mixed matrix membranes more resistant in the presence of
swelling penetrants and possibly more selective towards the gas of in-
terest [403,424,425].

Vaughn and Koros [406] analyzed the main differences in gas
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Fig. 9. Correlation between CO,/CH4 and H,S/CHy4 selectivity. Adapted
from [443].

separation properties between rubbery and glassy polymers, focusing on
plasticization resistance and swelling sorption of condensable compo-
nents. Several different polymers have been considered such as high free
volume polymers, Polyimides, PDMS, PEBAX, PEG, polyurethanes and
fluorinated polymers [406,426-437], which all proved to be very
promising due to their high selectivity towards acid compounds such as
CO, and more importantly to HyS. Some of the most promising results
obtained from different studies are reported in Table 7, which provides
an overview of the most common polymeric materials for membrane-
based HjS separation.

2.6.3. Rubbery polymers

2.6.3.1. PDMS. Polydimethylsiloxane (PDMS) (see Fig. 7) is one of the
most used rubbery polymers for membrane module separation. It has a
glass transition temperature of around —123 °C [435] and elevated
mobility chains at room temperature, which gives the material a high
permeability but a poor ability to sieve molecules based on size [438].
On the other hand, its good selectivity is governed by the differences in
penetrant solubilities that make this polymer very suitable for CO5, CHa,
and hydrocarbon separation from natural gas [439].

PDMS polymeric membranes have been also tested for HaS removal,
although to a lesser extent. The presence of HyS tends to increase the
elasticity of the polymeric matrix, resulting in a very high permeability
value of 10,000 Barrer for H,S compared to 3250 Barrer for CO5 and 950
Barrer for CH4 as reported by Robb [440]. As is the case for many
rubbery polymers, permeability with respect to acidic compounds is
very high, while the H,S/CH,4 and H2S/CO> selectivities are in the order
of 10 and 3, respectively. However, the author stated that no plastici-
zation took place during the test since the permeability coefficients
remained the same even when the feed pressure was increased. Other
authors found that the permeability of H,S in PDMS membrane is much
higher than that of CO,. In particular, Merkel et al. [441] reported a
permeability of 5100 Barrer at 23 °C, while Bhide et al. [442] calculated
a permeability of 10,000 Barrer at 25 °C. Therefore, hydrogen sulfide
proves to be very soluble in the matrix, as reported by Merket and Toy
[432], much more than CO,. This behavior increases by increasing the
feed pressure and concentration, likely due to the competitive sorption
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of acid gases for the gas transport across the membrane [433,435].

2.6.3.2. PEBAX. PEBAX® is a commercial copolymer characterized by
material coexistence of rigid blocks of polyamide chains (PA) and flex-
ible blocks consisting of polyether chains (PE), whose chemical structure
is reported in Fig. 8. The properties of this material strictly depend on
the chemical nature and on the relative content of the two types of PA
and PE segments. Polyether is known for its high affinity to acid gases,
CO4 in particular [443], while polyamide confers stability to the struc-
ture, avoiding the PE crystallization. The ratio between AP and PE can
change in the polymeric structure, producing different types of PEBAX.

In this regard, Amo et al. [443] found a correlation between the
polymer structure and the selectivity of acidic gases over methane. In
fact, the different types of PEBAX used showed different transport and
separation properties following the changes in chemical formula both in
terms of composition and monomers used. They used four different
membranes for their experiments: PEBAX 2533 and 5533 (which
contain polyamide PA12 and polytetramethylene glycol PTMG) and
PEBAX 4011 and 1074 (which contain Polyamide PA6 and Polyethylene
glycol PEG). Separation performance of different materials is shown in
Fig. 9, which shows that CO5/CHj4 selectivity increases together with the
HyS/CHy4 selectivity. They are also reported in Table 7.

Amo et al. [443] also noticed that, among the various materials,
PEBAX 4011 has the highest selectivity for H,S/CH4 and H2S/CO» of
greater than 70 and 15, respectively. They underlined that the presence
of COy causes the swelling of the polymeric matrix, leading to an in-
crease of HyS and CH4 flux across the membrane. This has been
explained, once again, through the absorption competition’s effect in
the polymer between CO; and H,S, which leads to a decrease in their
solubility but, at the same time, to an increase in the diffusivity of all
components caused by the matrix swelling [435].

Other authors studied the effect of HyS permeability on PEBAX
membrane for gas separation. In particular, Vaughn and Koros [406]
tested PEBAX membranes for CO and Hj,S removal from natural gas at
35 °C and different feed pressure. They noticed that as the pressure in-
creases from 15 to 100 psia, the permeabilities of CO2 and H,S increase
by 10% and 70% (to 600-900 Barrer) respectively, while CH4 perme-
ability remains the same. This behavior could be attributed to a higher
diffusivity coefficient of the two acidic compounds in the polymeric
matrix due to an increase of the mobility chains. Moreover, solubility of
H,S also increases since the material contains amide groups which have
a high affinity for hydrogen sulfide.

2.6.3.3. Polyurethanes. Polyurethanes are thermoplastic elastomers
made by rigid and flexible domains. The first one gives strength and
mechanical properties to the matrix, resulting in a good selectivity of the
polymer, while the second one confers the material high permeability.
Due to their structure conformation (see Figs. 10 and 11), they are
largely investigated as a suitable membrane for natural gas purification
since they exhibit high selectivity to HoS/CH4. Chatterjee et al. [428]
synthetized two types of polyurethanes in the form of dense homoge-
neous membrane: the poly(ether urethanes) and the poly(ether urethane
ureas) using PEG or poly(propylene glycol) for the ether block. They
noticed that all these modules present higher H,S permeability than CO,
and CHy4, both at low and high pressures (10 atm) and both for pure and
mixed gas feed. These results demonstrate that the permeation of the
three gases is controlled by the gas solubility and that, in polyurethanes

i"" 0
sty -Gror O Hoarmyof - O-or Oty

Fig. 10. Poly(ether urethanes) chemical structure. Reprinted from [428]. Licensed under CC BY-NC-ND 4.0.
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Fig. 11. Poly(ether urethanes ureas) chemical structure. Reprinted from [428]. Licensed under CC BY-NC-ND 4.0.
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Fig. 12. Chemical structures of (a) cellulose acetate and (b) silane-modified
cal Society.

membranes, the permeability increases with increasing the feed pres-
sure. For these polymers, HaS permeability goes from around 95-130
Barrer at 4-15 atm and 20 °C to 600 Barrer at 10 atm and 35 °C indi-
cating that polyurethanes are highly plasticized by HaS, much more than
CO,. However, even if permeability increases in PU4, selectivity is not
negatively affected by plasticization phenomena with values that remain
close to 102 for ay,s/cy, and 4.59 for ay,s;co, at 10 atm and 20 °C when
the feed composition (CH4/CO2/H,S) is 70.8/27.9/1.3.

Another explanation is given by Mohammadi et al. [429] who
attributed the higher selectivity coefficient to an increase in the avail-
able free volume of polar hydroxyl groups in PEG compared to PPG.
They also noticed that the separation performance of the membrane can
be improved by increasing the feed temperature and pressure.

2.6.4. Glassy polymers

2.6.4.1. Cellulose acetate. Cellulose acetate (CA) is a glassy polymer
derived from cellulose where parts of the hydroxyl group are replaced
with acetates (see Fig. 12a). It was the first material used as membrane
for acidic compounds removal from natural gas [403,413] since it is
durable and easy to process with fairly good separation performance.
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cellulose acetate. Adapted with permission from [445]. © 2013 American Chemi-

This type of membranes generally possess a HoS/CH4 selectivity of
around 15-30 [428,444,445]. Nevertheless, it has been reported that the
presence of HyS on cellulose acetate membrane, together with COo, in-
duces membrane plasticization even at low concentration, thus
decreasing separation performance [446].

Furthermore, as reported by Baker et al. [447], the HS flux shows an
irreversible decline as the relative humidity increases: in fact, the cel-
lulose acetate membranes are hydrophilic and they tend to lose their
structural rigidity when they are in contact with liquid water [448]. For
these reasons, their use in industrial scale is limited to optimal operating
conditions so that the water vapor content in the flue gas must be
knocked down in order to ensure high selectivity and permeability. US
4,589,896 patent by Chen et al. [449] describes a possible process for
CO2 and HyS removal from natural gas with cellulose acetate mem-
branes. The process consists of a multistage membrane module separa-
tion and, although the ratio of COy and HjS content is high (about
400:1), the gas must pass through a minimum of four modules to achieve
good hydrogen sulfide separation. Even though CA is not a good sepa-
ration membrane for Natural gas sweetening, in different studies it has
been modified with different agents and solvents to improve its me-
chanical resistance and separation performances. Cellulose acetate has
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Fig. 13. Chemical structures of (a) Matrimid [488], (b) 6FDA [489] (© 2020 American Chemical Society), (c) 6FDA-HAB [453] (© 2002 Elsevier), (d) 6F-PAI [406]
(© 2014 Elsevier), and (e) 6FDA-DAM:DABA [454] (© 2013 Elsevier). Reprinted with permission.
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Fig. 14. PPO chemical structure. Reprinted with permission from [448]. ©
2011 Elsevier.

been modified by grafting the vinyl methoxysilane onto the polymer-OH
groups (see Fig. 12b). The modified material shows similar selectivity to
pure cellulose acetate (in the order of 25-30 for HoS/CH4 and around 1.4
for H,S/CO3), but permeability is almost one order of magnitude higher
(from 8.7 Barrer previously to 200 Barrer after modification) [445].

Liu et al. [450] studied the effect of plasticization on the removal of
H,S and CO5 from mixed gas feed stream by using cellulose triacetate
hollow fibers (CTA). Even in this case, hollow fiber demonstrates higher
H,S and CO; permeance which tends to increase with the feed pressure.
In fact, when the gas composition is 20/5/3/3/300 ppm of HyS/COy/
CoHg/C3Hg/toluene balanced with CH4 and the pressure is increased
from 5 to 30 bar at 35 °C, the permeance of H,S goes from 80 to 140
GPU, while that of CO4 goes from 80 to 120 GPU. This behavior in CTA
hollow fiber confirmed the plasticization effect of the material at high
pressure and the presence of a competitive sorption with higher hy-
drocarbon present in the feed mixture. Contrary to what one would
expect, COo/CHy4 selectivity decreases with pressure, but that of HyS/
CH,4 increases from 26 at 7 bar to 28 at 31.8 bar. The higher H,S sepa-
ration efficiency allows the membrane to remove more HyS than CO,
and the plasticization effect given by the acid gases provides a benefit for
the HyS/CHy separation in the glassy polymer [451].

2.6.4.2. Polyimide. Polyimide polymers (PI) (see Fig. 13) are thermo-
plastic materials that are extremely resistant to high temperatures and
corrosion while possessing good chemical stability. They are widely
used as membrane materials for gas separation because they exhibit
strong separation performance (in terms of both selectivity and perme-
ability), excellent mechanical properties, and high resistance to plasti-
cization caused by acid compounds. The most known polyimide is
Matrimid®, a commercial polymer used as membrane’s material even
though it is not the best one for mixture gas separation. In fact, as re-
ported by Scholes et al. [452], when Matrimid is tested with a mixture of
CO9 and HsS, its permeability result to be rather low due to competitive
sorption between the two gases even at low concentration.
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Other polyimide materials that better fit the need for H,S separation
are partially fluorinated modified polyimides such as 6FDA (4,4'-hexa-
fluoroisopropylidene diphthalic anhydride), 6FDA-HAB (4,4'-hexa-
fluoroisopropylidene diphthalic anhydride hydroxybenzoic acid), 6F-
PAI-1 (4,4'-hexafluoroisopropylidene dianiline) and 6FDA-DAM:DABA
membranes [406,453,454]. All these types of polymers proved to be
highly selective to CO5 and HyS respect to CHa, with a selectivity ranging
from 30 to 60 for CO,/CH4 and from 10 to 16 for HyS/CH4. Moreover,
Kraftschik et al. [454], demonstrated that in dense film membranes of
the copolyimide 6FDA-DAM:DABA (3:2), tested with HpS/CH4 mixture,
the plasticization effect can be reduced by thermal treatment resulting in
hydrogen sulfide permeability in the order of 100 Barrer. Similar results
were obtained also with CO2/H,S/CH4 ternary mixtures proving that the
penetrant-polymer interaction increases the membrane selectivity. In
their work, Vaughn and Koros [406] studied the H,S separation per-
formances in different types of modified polyimide, in particular 6FDA
and 6F-PAI-1. They obtained results similar to the existing literature
data [453] with acoz/cus over 30 and apas/cus over 10. In general, the
presence of fluorinated groups in the matrix gives more strength and
stability to the polymeric membrane ensuring higher resistance and
increased selectivity and permeability of the material with respect to the
acidic compounds.

2.6.4.3. Polyphenylene oxide. Polyphenylene oxide (PPO) materials are
amorphous thermoplastic glassy polymers that generally exhibit optimal
separation properties, especially for COo/CH4 and H2S/CH4, making
them very suitable for membrane process separation. As shown in
Fig. 14, PPO exhibits a phenyl ring inside its polymer chains that gives
the structure a hydrophobic character and makes it resistant to alcohols,
acids and bases [455,456].

In their work, Chenar et al. [448] studied the permeability of HS in
PPO hollow fiber module at different feed pressure and acid concen-
tration. They found out that the permeance of H,S increases by
increasing the feed pressure and concentration, while the permeance of
CH,4 remains almost the same. On the other hand, both CH4 and H,S
permeability increases by increasing the temperature of the system. In
the first case, they justified this behavior by the higher driving force of
hydrogen sulfide partial pressure in the feed; meanwhile, in the latter
case, those rise in permeability with temperature can be imputed to the
higher and faster molecular flux of gases across the membrane. How-
ever, the selectivity of H;S/CH,4 in PPO membranes still stays quite low,
in the order of 4. This parameter could slightly increase with the HoS
concentration in the feed, but it remains unchanged with the
temperature.
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Fig. 15. Chemical structures of (a) Teflon [432] (© 2006 American Chemical Society), (b) Cytop [432] (© 2006 American Chemical Society), (c) Nafion [465] (©
2021 Elsevier), and (d) Aquivion [465] (© 2021 Elsevier). Reprinted with permission.
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2.6.4.4. Fluorinated polymers. Fluoropolymers are fluorocarbon-based
polymers with multiple covalent bonds between carbon and fluorine
atoms. They have been found as materials with elevated thermal and
chemical stability, even though they are generally costly and difficult to
process. For these reasons and due to their low gas permeability related
to their high semi-crystalline and crystalline structure, fluorinated
polymers were initially not used as a membrane material [432]. How-
ever, they have unusual transport properties, especially for H,S, so they
have been modified in order to synthetize a new class of amorphous and
glassy perfluoropolymers suitable for membrane separation. The most
used fluoropolymers are polytetrafluoroethylene (PTFE or Teflon),
polyvinylidene fluoride (PVDF) and Perfluoro sulfonic acid (PFSA)
[344]. All the chemical structures of those materials are reported in
Fig. 15.

Merkel and Toy [432] compared different type of fluoropolymers
and nonfluorinated polymers for HoS and CO» separation from natural
stream. They noticed that Teflon and Cytop sorb more CO;, than HyS,
demonstrating the existence of unfavourable interactions between HsS
and fluoridated polymers that lead to lower solubility and permeability
when compared to nonfluorinated polymers. However, these results
suggest that fluorinated polymers are more resistant to plasticization
from acidic compounds than other types of polymer and, as a conse-
quence, should not suffer from performance losses in the presence of
such acidic compounds.

Different considerations can be made for perfluorosulfonic acid
(PFSA) membranes, such as Nafion and Aquivion, which present a
similar chemical structure to fluoropolymers, but also possess side chain
ending with highly acidic -SOsH groups. These ionomers have a het-
erogeneous matrix since they have a hydrophobic phase consisting of
perfluorinated chains and a hydrophilic phase consisting of polar sul-
fonic acid groups (-SOsH) [457-460].

As reported by many authors [459,461,462], in dry conditions they
have a typical glassy behaviour where the gas transport is governed by
solution-diffusion and the separation performance depends on the ki-
netic diameter of the penetrant. Permeability, however, is very low and
far from that of interest for membrane separations. On the other hand,
when used in humid conditions, PFSAs show a very interesting affinity
to polar compounds and also good separation performance in view of
their use in natural gas sweetening [459,463].

Although these materials do not have particularly interesting prop-
erties in dry conditions due to their low permeability [458], their
behavior changes when exposed to water vapor. They become much
more permeable to gases without changing substantially their perme-
ability. This behavior is due to the polymer hydrophilic phase that
absorb large quantities of water creating interconnected channels of
water swollen polymer in which CO, and H,S can easily diffuse because
of the high solubility of these gases in water [461,463,464]. The HaS
permeability indeed at 35 °C increases from 32 to 370 Barrer when
increasing the relative humidity, which is similar to the change of CO5
permeability (from around 40 to 250 Barrer) also considering the dif-
ferences between the two gases [465].

Despite their poor separation performances in dry condition, per-
fluorosulfonated iononomers can be considered as promising materials
for acidic compounds removal due to their high resistance and low HjS-
plasticization ability and consequent performance losses. Moreover, the
H,S solubility can be largely increased by increasing the water content
which allow membranes to reach higher permeability coefficient, HyS/
CHy selectivity that goes from 19 to 32, and H,S/CO; selectivity around
0.8-1.2 due to the different temperature and water content in the ma-
trix. Literature data in this concern refers to permeability for HyS as 100
and 160 Barrer for NE 111 and N117, Na substituted Nafion® mem-
branes, respectively, at 20 °C [466] and as up to 450 Barrer at 27 °C and
95% relative humidity for Aquivion® E87-12S material [465]. The latter
membrane also showed a selectivity of 36 for H,S with respect to
methane in the same conditions.
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2.6.5. Other materials

Several research groups have been investigating polymeric mem-
branes for HsS removal and the data from some of those works are
presented in Table 7. As mentioned above, polymeric membranes can be
modified to increase their separation performance to try to overcome the
permeability and selectivity trade-off. They can be produced by altering
the matrix through the addition of selective nanofiller, obtaining the so-
called Mixed Matrix Membrane (MMM), or through the use of reactive
carrier, creating the facilitated transport membranes (FTM) [467].

MMM are considered a new generation membrane for gas purifi-
cation, and they are processed by including molecular sieving material
into the polymer matrix. These innovative materials put together the
best properties of polymeric and inorganic membranes. In this concern,
membranes meet the economical demand (due to the polymeric part)
with the transport properties and high performance of gas separation
(due to the inorganic part) [407]. MMMs generally exhibit high tem-
perature and chemical resistances, high mechanical strength, and
durability [468], even if their preparation maybe difficult due to the
poor adherence between inorganic filler and the polymer, which can
create defects that alter the membrane permeability and selectivity.
Even in this case, the major data available consider CO, permeability
condition in different type of membranes, since the separation condition
depends on gas dimension and the H5S kinetic diameter is smaller than
CO3 [344,469-471]. Nonetheless, some work exists mainly related to
the use of metal organic frameworks in the contemporary separation of
HyS and CO3 from natural gas both from the simulation [472] and
experimental point of view [344,473].

The facilitated transport approach is used to selectively increase the
affinity of one penetrant over the others is based on the incorporation of
active agents into the polymer. Those chemical carriers react with the
target component during the permeation, increasing its physical flux in
view of a chemical reaction, whereas all the other penetrants permeate
through the membrane only by physical mechanism [412]. The addition
of those chemical carriers allows increase the flux for the component of
interest (so its permeability) without alter the one of other components
thus simultaneously increasing also the selectivity of the membrane for
the target molecule.

FTMs can be divided in three categories according to the type of
carrier is used: fixed membrane, solvent-swollen membrane, and
immobilized liquid membrane. Fixed carrier membranes are generally
prepared by introducing reactive functional groups into the polymer
chain, while solvent-swollen membranes are prepared by swelling the
polymer in a suitable solvent followed by the introduction of carrier
species. At last, the immobilized liquid membranes (ILM) are obtained
by saturating an inorganic porous membrane with a liquid contained
carriers [407].

A typical example of facilitated transport mechanism in polymeric
membranes is given by the carrier’s amine-based solvent or other type of
basic solvents since they react with acidic compounds and the complex
can freely move into the swollen matrix, allowing the transport through
the membrane’s layer. However, there are not a lot of permeability and
selectivity data in literature that explore HyS facilitated transport
because this system is largely characterized and effective for CO,
transport, which results in very high CO, permeability. But this
parameter is not as satisfactory as expected when it comes to HyS. Way
and Noble [474] studied the sorption of CO; and HyS in per-
fluorosulfonic acid membrane functionalized with an amine carrier
(HEDA, EDA) which should increase the flux of both compounds. They
found out that the permeability of both CO, and H»S increased due to the
presence of amine-carrier gas. Nevertheless, they also noticed, as
confirmed by other authors [423,475], that a competitive sorption oc-
curs between the two gases because carbon dioxide exhibits a higher
reaction rate than hydrogen sulfide. Thus, the higher the CO; flux, the
lower that of HsS.

Instead of amine-based carriers, Ilconich [476], Quinn [477] and
Park [478] proved the possibility of increasing H>S/CHy selectivity by
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Table 8 simplified operation which still leads to a high degree of purification of
able

Suggestions for current cost-effective primary treatment strategies.

Inlet HyS
Content

Gas Flow Rate

Low-Moderate

High

Low-Moderate

High

Scavenger or Redox or
Biological Treatment
Membrane + (Adsorption

Redox or Biological Treatment or
(Membrane + Adsorption)
Membrane + Absorption

or Absorption)

using ionic liquid-facilitated solvent. Each of them characterized
different type of liquid, based on various organic/inorganic salts
(ammonium, phosphonium, bromide, tetrafluoroborate), that are able
to react with HyS and increase its solubility in the matrix. Higher solu-
bility means higher selectivity, which is now in the range 500-800 for
HyS/CH4 [476,479].

From the data and the results reported in this work, it is possible to
understand that, nowadays, the available polymeric materials usable for
H,S separation from natural gas are limited, even though they can be
increasingly modified to improve their resistance and separation per-
formances. The separation performances of polymeric membranes are
determined by their permeability and selectivity coefficient which can
be compared one to another and synthetized in the Robeson’s plot,
namely the physical limit for membrane separation. As can be noticed
from Fig. 16, the best exploitation of the permeability-selectivity trade-
off is given by FTMs that in terms of separation performances probably
represent the most promising material for acid gas separation and pu-
rification through membranes. However, they still suffer from other
limitations related to stability and loss of performances at high pressure
(carrier saturation phenomena) [480] which currently prevent their
deployment in many industrial applications.

Other polymeric materials are therefore generally used for this
purpose even if with lower intrinsic performances. Interestingly, while
glassy polymers are usually preferred for CO, capture, when it comes to
H,S, rubbery polymers exhibit higher permeability and, in the case of
block copolymers like Pebax, also a good stability and a sufficient me-
chanical resistance for application in industrial separation. In this re-
gard, it is worthwhile to recall that the most promising application for
this technology is in the field of natural gas sweetening, where the feed
has a high pressure to provide a high driving force to the process and
where high initial contents of HyS can be found which makes mem-
branes attractive in comparison to other separation technologies. It
holds the advantages of reduced cost of construction and operation and
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the feed stream.
3. Status, opportunities, and challenges

The wide breadth of techniques and materials developed to capture
HyS from various (mainly gaseous) streams is a testament to the
immense need to address this problem. Suitability of a technique to a
specific application depends on numerous factors, such as operating
conditions, cost, space and weight restrictions, gas volume, inlet H,S
content, outlet specification, technological maturity, etc. Although this
choice usually requires a detailed analysis, Table 8 provides general
suggestions for current cost-effective strategies divided into four broad
application envelopes, and Table 9 provides a general comparison be-
tween various techniques of wide interest to serve as an initial guide. It
must be noted that this general comparison does not directly apply to
every material used in every technique. For example, technology read-
iness level (TRL) of a particular material may not be the same as that of
the technique it is employed for. If we consider the case of chemical
absorption, Table 9 presents a TRL of 9 due to its widespread industrial
implementation using some of the most common alkanolamines as ab-
sorbents. However, chemical absorption using functionalized ionic lig-
uids would only have a TRL of 2-4. On the other hand, it is more likely
for an absorbent material at TRL 4 to be more readily integrated into the
current industrial environment than a membrane material at the same
TRL since absorption as a technique has a higher TRL than membrane
technology for selective HpS removal. As such, TRL is an important
metric that depicts the progress of a material’s (and technique’s)
development and the ease of its industrial implementation.

However, the metrics that drive this innovation are economics and
sustainability. The most commonly used materials now are aqueous
amines, zeolites, activated carbon, metal oxides, chelated iron solution
(LO-CAT or Sulferox), and triazine-based liquid scavengers. Despite
their disadvantages in one or both of the metrics, most of these materials
have been used for decades. Cost-effective and sustainable alternatives
are yet to be found. ILs were long believed to be sustainable solvents, but
this was refuted for most traditional ILs. Protic ILs and DESs have since
shown promise as cheaper, simpler, and more sustainable than normal
ILs, but they are still more expensive than amines. In the recent years,
MOFs have taken the world of materials science by storm, especially for
adsorption applications. Although they exhibit performance on par with
or exceeding that of zeolites, MOFs tend to be more expensive than ze-
olites and amines. Carbonaceous materials functionalized with active
basic sites display an exciting enhancement in their H,S removal ability,
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FO. 5 2E = = = 3 re-injected into the geological reservoir at high pressure without
> © = 9 b} . . . s g . .
E %° ‘é & g ES S % g5 liquefying methane, cryogenic distillation followed by either an ab-
= 2o 8 N = . . . .
3| & &8 TEg8a23z 2 Z2E sorption or adsorption process can be used. In general, adsorption is
| 8 3 5 ESE & [ P P P 8 P
= = s 0 d > . . s
E b £ g T z § gEEQ & o 2 é" E most economical when used as a deep removal step with low inflow of
=] -~ ‘5 =S o (%) %) = .
gz g g ?-; 8 Eq ) °9 ‘Zé, § z, E H g HaS (<10-20 ppm) since most spent adsorbents currently cannot be
= wv .= = T — [7) — o)} . .11s
g B © regenerated and may even require landfilling.
E v & Cost of a material plays an important role in determining the appli-
= | .1s . . . .
S 2 8 c cability of the material. A material’s cost typically goes down as its TRL
- — . . .
§ g & 2 X 9 goes up and its production is scaled up. The current state of laboratory-
A Q@ . . . . .
% 9 & E’ y 357 scale development of the new materials discussed in this work is far from
'2 o3 g ﬁ what’s required to transition to higher TRLs. Most of the experimental
- 80 B . . o s aps
2 g g2 2 g k] studies are yet to consider the effect of realistic feed gas compositions on
i= o ~ U . . . .
g, & g ‘é Sg3 w0 2 ~ the material performance. The presence of carbon dioxide, other im-
[ o— a7 .. . . . .
£ g E It 2« 3 £8 5% purities, and water is known to affect HoS removal efficiency. This also
o 4 & -85 s o . - -
o3 P g ol 8 g g E‘E - E highlights a clear gap between science and engineering. For example,
= g § § = g E. § E o © § E nearly all the studies on absorbents and adsorbents report the material
g O 2 performance in terms of equilibrium loading or breakthrough capacity

39



A. Pudi et al.

and aim to maximize them in single gas experiments. However, relying
solely on these parameters often does not result in the best (or even a
feasible) process performance. Purity, selectivity, recovery, kinetics,
regeneration energy requirement, material-to-feed ratio, working ca-
pacity, etc., are crucial process parameters that dictate the overall cap-
ture cost of HyS. As such, a more holistic assessment of material
properties and performance must be adopted. Moreover, the particular
issues that must be overcome by each class of materials are discussed in
their respective sections. Addressing these issues is paramount to
advancing the development of these materials.

Recent years have seen an increasing number of studies on hybrid
and/or composite materials. N-functionalized mesoporous silica or
carbon adsorbents, amine-functionalized MOFs, supported amine
membranes, supported IL membranes, mixed matrix membranes based
on zeolites or MOFs are some of the promising examples. Much of the
work on the use of these materials for acid gas removal has so far focused
on the capture of carbon dioxide, and their use for H,S capture could be
exciting. It is likely that these next-generation adsorbents and mem-
branes, along with functionalized ionic liquids and deep eutectic sol-
vents, will occupy most of the research attention in this field over the
next few years. Advancement in the TRLs of AOPs and electrochemical
systems is also expected, making these technologies potentially cost-
effective for low-moderate sulfur loads either with or without a prior
liquid-phase absorption step. In addition, the early use of computational
tools for molecular design and process modeling is expected to rise and
provide a strong impetus towards the realization of ‘designer materials’
with respect to technical, economic, and sustainability criteria.

Elemental sulfur is the end-product of all the H,S removal processes
today. While a large amount of this sulfur is converted to sulfuric acid,
there is still a significant quantity of surplus sulfur that has no use. With
increasing exploitation of sour gas reserves around the world and
adoption of biomass-based processes, the amount of recovered sulfur
from these processes is only bound to increase. This presents a signifi-
cant challenge to the growing public momentum to achieve a circular
economy. Therefore, there is a need for new and innovative solutions in
this area. A large set of opportunities exist in the field of sulfur-based
products. Development of different sulfur-derived products, such as
batteries [481], will be a massive step towards resource efficiency and
circular economy. Conversion of captured H,S directly to value-added
chemicals is another pathway to circular economy. For example, a
multiphase reactor using phase transfer catalysis could potentially
replace the expensive regeneration column in the alkanolamine-based
absorption process and convert dissolved HpS to dibenzyl sulfide
bypassing the need for a sulfur recovery unit [482]. This could have a
huge impact on the overall economics and sustainability of HaS removal
processes [483]. In this regard, process intensification could lead to
multifunctional unit operations and innovative flowsheets in gas
sweetening applications, providing promising alternatives to the con-
ventional H,S removal strategies [484].
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