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Abstract—The principal technologies for H,S removal are reviewed herein. Two technologies in particular, adsorp-
tion and catalytic oxidation, are considered as promising for desulfurization in terms of process simplicity, H,S removal
performance, and operational cost. Nanoporous materials such as activated carbons, zeolites, mesoporous silicas, and
metal organic frameworks are extensively used as sorbents because their porous characteristics are suitable for efficient
diffusion and capture of H,S. To improve the H,S adsorption performance, these materials are frequently modified
with functional groups or doped with various metal oxides. For example, representative metal oxide-based catalysts
(e.g., vanadium, magnesium, and iron oxides) have been investigated for the selective oxidation of H,S to elemental sul-
fur. In this context, the dispersion of active metals onto supports, or the addition of modifying metals, are reasonable
strategies for inhibiting catalyst deactivation and enhancing catalytic activity. Emerging studies based on the combina-
tion of adsorption and catalytic oxidation have introduced the syntheses of dual-function materials,, such as metal
nanoparticle-dispersed or metal-free porous carbons. In conclusion, comprehensive research into catalyst synthesis and
performance evaluation must continue in order to develop the most promising technology for H,S removal.
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INTRODUCTION

Hydrogen sulfide (H,S) is found in biogas generated from vari-
ous landfilled organic waste (e.g., sewage sludge, livestock excre-
tions, food and agricultural waste). Due to its severely corrosive
nature, H,S must be effectively removed from biogas before the lat-
ter can be used as an energy source [1]. Chemical industries, such
as crude oil or coal processing, also produce H,S during the hydro-
desulfurizing process [2], where uncontrolled emission could cause
serious danger to human beings and animals.

The unpleasant odor of H,S gas can be detected even at a con-
centration of 0.5 ppb [3], its low odor threshold leading to many
complaints from residents close to landfills. In addition, the inha-
lation of H,S triggers respiratory health problems [2], with a com-
prehensive study on human health indicating rapid fatality after
exposure to air contaminated with 700 ppm H,S [4]. The perils of
H,S are also related to attack of the neural system and internal
organs such as the liver and kidneys [5]. Moreover, the high corro-
siveness of H,S can damage concrete surfaces, sewer pipes, and pro-
duction facilities [6,7].

The adverse effects of H,S exposure are summarized in Table 1.
Due to this high risk, exposure is strictly limited by regulatory agen-
cies. For example, the US Environmental Protection Agency (EPA)
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has recommended an oral reference dose (RFD) of 0.003 mg/kg/
day and an inhalation reference concentration (RFC) of 0.001 mg/
m’ [2]. To protect employees, the Occupational Safety and Health
Administration (OSHA) asserted that industrial workplaces should
maintain H,S levels below 20 ppm during the working day [2]. For
drinking water, the H,S concentration is restricted to the level of
0.05 mg/1 by the US National Interim Secondary Drinking Water
Regulations (NISDWR) [8].

Considering the negative effects of H,S inhalation and the strict
regulations on emissions, it is necessary to develop efficient control
technologies for environmental protection. To date, various desul-
turization technologies have been studied, including stripping [9],
absorption [10], microbiological treatment [11], adsorption [12],
and catalytic oxidation [13]. Among these, adsorption is generally
regarded as promising due to its superior performance, economy,
operational simplicity, and low toxicity [2,14-16]. In addition, many
researchers have focused on the catalytic removal of H,S since it can
be selectively oxidized to elemental sulfur, which is reusable in a
wide range of industries [17].

Many research efforts have been devoted to enhancing the cur-
rent H,S removal technologies [2,14,15,17-21]. Nevertheless, although
adsorption and catalytic oxidation have been separately reviewed,
a comprehensive article that covers the characteristics, advantages,
and drawbacks of these two prominent technologies is still needed.
With this in mind, the present review focuses on the recent prog-
ress in adsorption and catalytic oxidation for H,S removal, along
with the introduction of novel materials at the cutting edge of nano-
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Table 1. Hazards according to the level of H,S exposure [4]

Exposure (mg/m3) Health effects
0.011 Odor threshold
2.8 Bronchial constriction in asthmatic individuals
5.0 Increased eye complaints
7 or 14 Increased blood lactate concentration, decreased skeletal
muscle citrate synthase activity, decreased oxygen uptake
5-29 Eye irritation
28 Fatigue, loss of appetite, headache, irritability, poor memory, dizziness
>140 Olfactory paralysis
>560 Respiratory distress
=700 Death

technology and material science. Other H,S removal techniques,
such as absorption, cryogenic distillation, and membrane separa-
tion, are beyond the scope of the present article. In addition, the
present article addresses the perspectives of future research and
provides guidance for the development of desirable materials for
H,S removal.

ADSORPTION

An adsorption process is used to remove contaminants from gases
using solid sorbents. This well-proven gas purification technology
has been successfully adopted in various areas for environmental
protection such as biogas separation, CO, capture, purification of
H, and CH,, and H,S removal [22]. Because the adsorbates are
adsorbed onto the sorbent surfaces during this process, the ad-
sorption capability is significantly affected by the surface area of
the sorbent. Adsorption is classified as physical adsorption (phy-
sisorption) or chemical adsorption (chemisorption) according to
the nature of the bonding between the gaseous molecules and the
sorbents. Physisorption takes place when the gas molecules are
attracted to the sorbent surface by van der Waals forces without
sharing electrons between the adsorbates and the surface of the
sorbent [16]. Low temperature is favorable for avoiding desorp-
tion of the adsorbed molecules, and the activation energy is small
in physisorption [15]. In contrast, chemisorption requires a rela-
tively high activation energy to induce chemical reactions involv-
ing the formation of covalent bonds between the adsorbed molecules
and the adsorbent surface.

Activated carbons [23-28], zeolites [29,30], mesoporous silicas
[31], and metal organic frameworks (MOFs) [32-35] have been
extensively studied for H,S adsorption. These materials generally
have substantial adsorption capacity due to their porous structure,
high surface area, and large pore volume.

Another approach is the use of metal oxides to adsorb H,S via
chemical reactions which lead to the formation of metal sulfides
via the following reaction [36]:

MO, +xH,S—>MS, +xH,0 (1

where M is the metal. This reaction mostly takes place at low or
moderate temperatures (25-300 °C). Representative metal oxides for
H,S adsorption include iron oxide [31,36-38], copper oxide [39],

and zinc oxide [40]. Although these materials are thermodynami-
cally feasible for desulfurization, their relatively low surface area com-
pared with that of nanoporous materials is a major drawback of
the metal oxide-based sorbents [41]. Hence, it is a reasonable strat-
egy to disperse metal oxides on high-porosity support materials
[42-46]. In the present section, the discussion will focus on repre-
sentative nanoporous materials used for desulfurization, while the
metal oxide-based sorbents will be discussed later.

1. Activated Carbon

Activated carbons (AC) have been widely used for desulfuriza-
tion due to their excellent surface area (>1,000 m*/g) and high degree
of microporosity [16,24]. For the preparation of AC, carbon is usu-
ally activated by pyrolyzing carbonaceous precursors such as coal,
wood, coconut shell, or peat [20]. This step forms charcoal with
pores that are too small for practical use, so further activation is
performed by steam or CO, to generate accessible pore structure
[16]. The high surface area of AC generally favors its adsorption
capacity by providing sufficient adsorption sites [47]. However, the
adsorption properties are not solely determined by the surface
area; rather, the physical and chemical properties of the AC signifi-
cantly affect the adsorbate-adsorbent interaction [27]. With this in
mind, ACs impregnated with various chemical agents have been
synthesized to improve the adsorption performance in H,S removal
[47-51].

Surface acidity is one of the factors affecting the adsorption be-
havior of ACs [47,48,51]. For example, Turk et al. prepared granu-
lar activated carbon (GAC) impregnated with KOH or NaOH to
obtain caustic carbon with an enhanced H,S adsorption capacity
that was 1.3-2.7 times higher than that of the pristine AC [48].
Interestingly, the injection of ammonia gas into the gas stream was
also found to be advantageous for H,S adsorption, with an enhance-
ment in the adsorption capacity by a factor of 3 or more com-
pared to that of the caustic carbon. It was suggested that ammonia
acts as a catalyst to facilitate the oxidation of H,S via the following
reactions:

3NH,+3H,S<>3NH,HS )]
NH,HS+1.50,—NH,HSO0, 3)
NH,HSO,¢>NH;+S0,+H,0 @)
2NH,HS+S0,—35+2NH;+2H,0 ()
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where the rate determining step for the catalytic reactions was Eq.
3).

The influence of surface property on the removal of H,S has
been extensively studied by Bandosz et al. [24,27,52-55]. The pres-
ence of pores with specific sizes, along with surface acidity pro-
vided by alkali metals, was shown to be beneficial for the removal
of H,S by stimulated oxidation [52]. In addition, surface-oxidized
ACs prepared with nitric acid or ammonium persulfate revealed a
correlation between the heat of H,S adsorption (Q,;) and the struc-
tural parameters of the carbon surface [53]. The values of Q, for
the modified samples ranged between 39 and 47 kJ/mol, which
was 1.9-2.3 times higher than that obtained for carbon black [54].
Further, a study on the effect of the presence of surface functional
groups revealed that the adsorption of H,S was improved by car-
bons with surface functionality [54]. This was attributed to the ad-
sorption of water by the surface groups, which facilitates the oxi-
dation of H,S to elemental sulfur or water-soluble sulfur species.
The effect of surface basicity of AC was also investigated by Adib
et al, who demonstrated that wood-based ACs impregnated with
urea could oxidize H,S to water-soluble H,SO, via basic nitrogen
groups that were highly dispersed in the micropores of the car-
bon matrix [55]. Thus, the basic compounds lead to the dissocia-
tion of H,S into the reactive HS™ ion, which is readily oxidized to
sulfur oxides and sulfuric acids. However, the adsorption capacity
of H,S was decreased by about 10% compared with that of the
unmodified AC, presumably due to the reduction of surface area
after urea impregnation. Surface modification of AC using 3-ami-
nopropyltriethoxysilane (APTES) has been performed by [56]. The
enhanced basicity due to the -NH, groups significantly increased
the breakthrough capacity of H,S removal to 16.84 mg/g with an
inlet H,S concentration of 1,600 ppm, which was 3.55 times higher
than that of the unmodified AC (4.74 mg/g). The presence of water
in the gas stream and high temperatures were found to decrease
the H,S removal performance, while the presence of oxygen im-
proved H,S removal.

The feasibility of repetitive AC re-use has been investigated via
adsorption/regeneration cyclic tests [57]. After H,S adsorption on
coconut shell-based AC, the used AC was regenerated by washing
with cold or hot water. After the first regeneration step, the AC
displayed a significant decrease of ~60% in the H,S adsorption
capacity, which then remained at a similar level in subsequent runs.
This behavior was explained by the strong adsorption of elemen-
tal sulfur and sulfuric acid in the carbon micropores, resulting in

irreversible exhaustion of the adsorption capacity. It was also
found that hot water was slightly more effective at removing the
elemental sulfur that was deposited in the carbon pores. The low
regeneration capacity of exhausted AC was also reported by [24],
thus indicating a negative prospect for the potential application of
AC in H,S removal.

Various metal oxides have also been used to functionalize AC
for enhanced H,S removal. For example, Fauteux-Lefebvre et al.
examined the H,S adsorption performance of carbon nanofilament
(CNF) impregnated with iron (Fe) nanoparticles [58]. In this pro-
cedure, wet impregnation with iron was preceded by acid treat-
ment to decrease the hydrophobicity of the CNF and generate
metal anchor sites. The adsorbent loaded with 20 wt% Fe exhib-
ited the highest breakthrough capacity of 7.42 g H,S/100 g CNF at
300 °C. It was revealed that acid treatment was influential for uni-
form dispersion of the nanosized Fe particles. Similarly, AC loaded
with manganese dioxide (MnO,) has been prepared by wet im-
pregnation for use in desulfurization [59]. Although the surface
area of the modified AC was substantially reduced, the H,S break-
through capacity was significantly increased to 110.7 mg/g for the
adsorbent with 50 wt% MnO, at 20 ppm H,S, compared to 13.8
mg/g for the unmodified AC under the same testing conditions.
Meanwhile, Balsamo et al. investigated the effect of combined ZnO
and CuO dispersion in AC, with atomic ratio of Cu:Zn ranging
from 0:1 to 1:1 [60]. The highly-dispersed metal particles did
not noticeably block the pores in the AC support, and dramati-
cally enhanced the adsorption capacity. Importantly, the H,S sorp-
tion capacity was found to gradually improve with increasing CuO
addition. Hence, it was considered that the diffusional limitation
commonly encountered in ZnO-based sorbents due to the forma-
tion of a dense, thin ZnS overlayer was reduced due to the replace-
ment of Zn by Cu [61]. Moreover, the sorbents with higher Cu
fraction displayed higher metal oxide utilization factor and lower
metal sulfate decomposition temperature during desulfurization.
The latter characteristic is beneficial for the regeneration of spent
sorbents. The H,S removal performance of various ACs under a
range of conditions is summarized in Table 2.

2. Zeolites

Zeolites are generally defined as porous aluminosilicate miner-
als with crystalline structure built up from SiO, and AlO, tetrahe-
dra which are interlinked via the sharing of oxygen atoms to form
ordered pore channels at a molecular level [16,62]. Due to these
unique frameworks, zeolites have long been used in various sepa-

Table 2. Comparison of the H,S removal performance of various carbon-based adsorbents

Breakthrough capacity Reference

Adsorbent Feed gas Temperature (°C) (¢-H,S/g-sotbent)
Wood-based commercial AC H,S: 3,000 ppm (Air base), RH: 80% 25 0.295 [52]
Wood-based, H;PO,-activated AC ~ H,S: 10,000 ppm, (Air base), RH: 80% 20 0.047 [54]
Urea-impregnated AC HS,S: 3,000 ppm (Air base), RH: 80% 25 0.298 [55]
Coconut shell-based AC HS,S: 3,000 ppm (Air base), RH: 80% 25 0.125 [57]
Fe nanoparticle-impregnated CNF  H,S: 500 ppm (He base) 300 0.074 [58]
MnO,-loaded AC H,S: 20 ppm (N, base) 40 0.111 [59]
ZnO-CuO dispersed AC H,S: 3,000 ppm (N, base) 30 0.050 [60]

April, 2021
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Fig. 1. Schematic of dissociative H,S adsorption on an aluminosilicate zeolite [16].

ration and gas purification processes [62-66]. The adsorption prop-
erty of zeolites is affected by the size, shape, and arrangement of
the pores, the Si/Al ratio of the framework, and the nature of the
cations that reside within the pore structure [67,68]. The polariz-
able nature of aluminosilicate zeolites allows dissociative adsorp-
tion of H,S (Fig. 1), thus leading to the application of various zeolites
in desulfurization processes.

Faujasite (FAU)-type zeolites have been applied for H,S adsorp-
tion to reveal the adsorption mechanism and the influence of the
Si/Al ratio [30]. Characterization by infrared spectroscopy sug-
gested that the dissociative adsorption of H,S to form -OH and
-SH groups is favored when Al-rich NaX-type zeolites (Si/Al<2.5)
are used. By contrast, physical adsorption was found to be the pri-
mary mechanism of H,S removal in the case of NaY-type zeolites
with Si/Al>2.5, which have fewer Na" cations on the walls of the
a-cages. Hence, it was considered that the abundance of Na* cat-
ions in the NaX zeolites plays an important role in the dissocia-
tion of H,S into HS™ and H'. The molecular adsorption of H,S on
the surfaces of zeolites with high Si/Al ratios has been confirmed
by Garcia and Lercher, who examined ZSM-5 zeolites with an Si/
Al ratio of 35.5 and proposed models for the adsorption of H,S
[69]. They observed that H,S molecules were adsorbed onto the
zeolite surface without any dissociation, such that hydrogen bonds
were formed between S and H, while coordinative bonds were
formed between S and Na.

Theoretical calculations and molecular simulations using Grand
Canonical Monte Carlo and molecular dynamics were performed
by Cosoli et al. to study H,S removal by FAU (NaX, NaY)-, LTA-,
and MFI-type zeolites [70,71]. The results indicated that the hy-
drophilic zeolites favored H,S adsorption due to their high isosteric
heat of adsorption. It was also suggested that the NaY framework
would be the best candidate for H,S removal. When a simulated
biogas mixture was considered, a significant decrease in the ad-
sorption capacity of H,S was indicated for the LTA- and MFI-type
zeolites due to competitive adsorption of CO,, CH, and H,S. Quan-
tum mechanical calculations based on density functional theory
(DFT) were also applied to evaluate the feasibility of multivalent
cation-exchanged FAU zeolites as selective adsorbents for H,S [72].
Computations on the adsorption energy of H,S and other gas com-
ponents (N,, CO, H,0, and CO,) showed that water tends to be
strongly adsorbed on these zeolite surfaces. In addition, the gado-
linjum-exchanged Y zeolite (Ga-Y) showed the largest difference
between the adsorption energy of H,S and CO. Based on these
modeling results, a two-step process was suggested as a reason-
able strategy in which the moisture contained in the tail gas was

first removed by the most hydrophilic zeolite (Cu-Y), followed by
desulfurization using Ga-Y.

In other studies, zeolites modified with various metal cations
have been prepared by ion exchange or wet impregnation for use
in desulfurization [73-75]. For example, Pavlova et al. synthesized
granule-type zeolite A and X in which Na" cations were exchanged
with various cations such as K', H, Li*, Mg’*, Ca’*, and La™ [74].
Dynamic tests indicated dramatically enhanced H,S absorption
capacity for the zeolites A exchanged with Li*, Mg”, and Ca™ to
about four or five times compared to that of the unmodified zeo-
lite A. By contrast, an improvement in H,S adsorption due to cat-
ion exchange was not observed in the case of zeolite X. Rather, the
zeolites X modified with H', Mg, Ca’*, and La™ showed signifi-
cantly lower capacity than that of the pristine zeolite X. These
results were attributed to the higher accessibility of the zeolite A
cavity towards the exchange of Na* with Li*, Mg”, and Ca™* cat-
ions [76]: it was considered that the effective size of the entrance
windows, as well as the cation positions within the zeolite cavities,
were modified by cation exchange, thus improving the accessibil-
ity of the zeolite cavities and leading to fast diffusion of H,S mole-
cules. Micoli et al. investigated the adsorption property of zeolites
13X modified with Cu** or Zn’" via ion exchange or the incipient
wetness method [73]. The breakthrough test performed at 8 ppm
of H,S revealed that the Cu**-exchanged zeolite exhibited the
highest adsorption performance with the 39.9 mg-H,S/g-sample,
which was 13 times higher than that of the unmodified zeolite 13X.
The improved H,S adsorption capacity was attributed to the strong
affinity of Cu® for S ions. Kumar et al. examined the removal of
H,S from gas mixture gases containing He, N,, CO, CO,, or H,0
using Ag'- or Cu*"-exchanged faujasites (X and Y) to indicate a
definite increase in the H,S adsorption capacity in the presence of
all other species when each of the Ag'-exchanged zeolites were
used [75]. In the case of the Cu** exchanged zeolites, however, H,S
could not be removed in the presence of 2% CO, although effi-
cient H,S removal was achieved in the presence of N,, CO,, and
H,O. DFT calculations indicated that the adsorption energy of CO
on CuY was higher than that of H,S, which explained the poor
adsorption of H,S in the presence of this gas. The H,S breakthrough
capacity of the various zeolite-based sorbents that have been stud-
ied for use in desulfurization are presented in Table 3.

3. Mesoporous Silica

A series of mesoporous silica materials designated MCM was
first synthesized at the Mobil Corporation Laboratories in the early
1990s [77]. Since then, other types of mesoporous silica, such as
the FSM, SBA, KIT, AMS, and MSU series, have been reported

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Table 3. Comparison of the H,S removal performance of various zeolite-based adsorbents

Adsorbent Feed gas Temperature (°C) Br?;ﬁtg?;it:;iic;w Reference
13X H,S: 80 ppm (N, base) 25 0.075 [20]
Ag-exchanged 13X H,S: 100 ppm (N, base) 25 0.064 [75]
Cu-exchanged 13X H,S: 8 ppm (He base) 40 0.040 (73]
Ag-exchanged NaY H,S: 100 ppm (N, base) 25 0.058 [75]
Cu-exchanged NaY H,S: 100 ppm (N, base) 150 0.038 [75]
Ca-exchanged NaA H,S: 1 ppm (CH, base) 25 0.005 [70]

[78-82]. Mesoporous silicas exhibit distinctive characteristics of high
surface area, uniform pore size, and surface chemistry that can be
tailored via controlled reaction conditions, structure-directing agents,
or surface-modifying chemicals [20]. These features enable the
application of mesoporous silicas to various adsorption processes
[83-85]. However, mesoporous silica itself is not appropriate for
H,S adsorption due to the low affinity of the silica surface toward
H,S; hence, surface-modification with appropriate functional groups
is required [20].

Amines are among the most studied materials for the function-
alization of mesoporous silicas [20]. For example, Huang et al.
synthesized MCM-48 grafted with (3-aminopropyl) triethoxysi-
lane for H,S adsorption [86]. Weak chemical interaction between
the basic amine groups and the acidic H,S gas enabled the forma-
tion of NH,'-HS™ groups, thus resulting in a high adsorption capac-
ity of 21 mg/g at 25 °C. Moreover, the sorbent could be completely
regenerated by pressure- or temperature-swing methods. Also found
was that the H,S adsorption performance was barely affected by
the presence of H,O and CH,. Meanwhile, Xu et al. investigated
the low-temperature removal of H,S by polyethylenimine (PEI)-
modified MCM-41 [87]. The 3-nm pore size of mesoporous MCM-
41 was advantageous for loading the PEI as nanoparticles, which
was expected to result in enhanced H,S adsorption performance
compared with that of the bulk PEI particles. The high dispersion
of PEI in the mesopores allowed the H,S effective access to the
numerous amine groups of PEI [88] and provided an improved
adsorption capacity of ~0.234 mg/g-sorbent compared to that of a
commercial ZnO (0.148 mg/g-ZnO). This was attributed to the
moisture resistance of the sorbent and the finely distributed func-
tional groups. Moreover, the adsorption performance of the PEI-
loaded MCM-41 was found to remain stable even under repeti-
tive cyclic adsorption/desorption tests. Nevertheless, the adsorp-
tion capacity should be further enhanced for practical application
of the sorbent. Wang et al. also used PEI to prepare functionalized
mesoporous silicas including MCM-41, MCM-48, and SBA-15
molecular sieves for use in desulfurization [89]. It was found that
the H,S breakthrough and saturation capacity were dramatically
increased as the process temperature was decreased from 75 to
22°C. The type of molecular sieve and the amount of PEI loading
significantly affected the adsorption performance, with the best
breakthrough and saturation capacity being obtained for SBA-15
loaded with 50 and 65wt% PEI, respectively. The regeneration
and stability tests revealed that the SBA-15 with 50% PEI could be
effectively regenerated with desorption rate of >83% at mild tem-
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peratures and retained a stable saturation capacity of 62.1 mg-H,S/
g-sorb. after 8 cycles, which corresponds to 92% of the fresh sorbent.
One of the influential factors affecting H,S adsorption perfor-
mance is the degree of loading of active metal species on the mes-
oporous silica support. With this in mind, Wang et al. first syn-
thesized mesoporous silica SBA-15 grafted with ZnO nanoparticles
using incipient wetness impregnation and ultrasonic treatment
[90], followed by loading with 3.04 wt% zinc to provide an excel-
lent H,S removal ability down to the ppb level, with a maximum
H,S breakthrough capacity of 463 mg-H,S/g-sorbent at 25 °C. The
enhanced capacity, which was ~12 times higher than that of SBA-
15 with 0.5 wt% Zn, originated from the efficient utilization of ZnO
enabled by the homogeneous dispersion of the metal nanoparti-
cles into both the mesopores and micropores of the SBA-15. How-
ever, excessive addition of ZnO was found to be rather detrimental
to H,S removal. This was attributed to physical blockage of the
SBA-15 pores by the excess ZnO which led, in turn, to an increase
in pH that facilitated further pore plugging by reaction products,
thus resulting in limited gas diffusion. A similar post-synthesis graft-
ing method has been used to prepare iron-oxide-modified SBA-15
in which nanosized Fe,O; particles were highly dispersed on the
outside surface and inside the pore channels due to ultrasonic-
assisted treatment [90]. The maximum H,S uptake capacity of 745
mg-H,S/g-sorbent at 25°C was obtained with 31.3wt% Fe. The
enhanced performance was attributed to the smooth mass trans-
fer of H,S molecules through the pore channels followed by effi-
cient gas-solid reactions between the H,S and hydrated Fe,O,
nanoparticles. However, this was further enhanced by a catalytic
effect in which the iron sulfides formed by the reaction between
Fe,0; and H,S were further reacted to sulfur in the presence of
sufficient oxygen, thus recovering the Fe,O; active sites.
Copper-oxide incorporated mesoporous silicas have also been
studied for H,S removal. Ozaydin et al. synthesized copper-modi-
fied MCM-41 via one-pot hydrothermal and post-impregnation
route [91]. These materials showed higher H,S adsorption capac-
ity than that of the pure CuO primarily due to the uniform disper-
sion of copper species over the high surface area of the MCM-41.
The sulfur retention capacity of the sorbent prepared by the im-
pregnation method was higher than that of the directly-synthesized
material, probably due to the non-utilization of copper atoms inside
the MCM-41 lattice of the sorbents synthesized by the one-pot
method. However, the practical application of these sorbents in a
desulfurizer is doubtful because the experiments were performed
at a high temperature of 500 °C, which would increase the opera-
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Table 4. Comparison of the H,S removal performance of various types of mesoporous silicas

Breakthrough capacity

Adsorbent Feed gas Temperature (°C) (¢-H,S/g-sotbent) Reference
PEI-impregnated MCM-48 H,S: 4,000 ppm, H,: 20% (N, base) 22 0.063 [89]
PEI-impregnated SBA-15 HS,S: 4,000 ppm, H,: 20% (N, base) 22 0.103 [89]
ZnO-supported SBA-15 H,S: 1,000 ppm (Air base) 25 0.436 [90]
Fe,O;-supported SBA-15 H,S: 1,000 ppm (Air base), RH: 55% 25 0.701 [90]
Copper-incorporated MCM-41 H,S: 10,000 ppm, H,: 10% (He base) 500 0.079 [91]
ZnO-supported MSU-1 H,S: 5% (CH, base) 25 0.042 [81]

tion costs. Moreover, the experiments were performed in an infea-
sible atmosphere of 10% H,, which benefits the chemisorption of
H,S by converting copper oxide into metallic copper. The H,S
breakthrough capacity of the various types of mesoporous silica is
summarized in Table 4.

4. Metal Organic Frameworks (MOFs)

MOFs are porous materials which consist of organic linkers
coordinated by metal ions or nano-metallic clusters [92]. Their dis-
tinctive porous frameworks enable MOFs to encage metal atoms
or the metal oxide clusters by forming coordinative bonds [16].
Typically, MOF pore sizes are distributed within the range of 3-
20 A, which belongs to the micropore regime [93]. However, the
tailored design of MOFs to modify the size and shape of the pores
and to provide proper functionality is also possible. These charac-
teristics allow MOFs to be used as adsorbents for various gas mol-
ecules (H,, CH,, CO,, etc.) [94-98]. The application of MOFs for
desulfurization has also been actively studied [99-102], and import-
ant results of these studies are summarized below along with the
present author's interpretations.

Hamon et al. first investigated the H,S adsorption capacity of
six different MOFs [103]. They synthesized MIL-series MOFs with
small pores (e.g., MIL-47(V"), MIL-53(Al", Cr", Fe™)) and large
pores (e.g, MIL-100(Cr) and MIL-101(Cr)). The first class of MOFs
have BET surface areas of ~1,000 m*/g and consist of corner-shar-
ing chains of M"'O; or M"'O,(OH), octahedra connected through
terephthalate moiety. The large-pore MOFs are built up from tri-
mers of chromium octahedra with trimesate or terephthalate moi-
ety that produce ordered mesoporous structures with surface areas
of greater than 2,000 m*/g. Adsorption isotherm measurements at
room temperature showed that these materials could take up very
high amount of H,S, with a maximum quantity of 1,309 mg/g for
the large-pore MIL-101. The regeneration study revealed that the
H,S adsorption capacity of the small-pore MOFs was fully recov-
erable by desorption, whereas that of the large-pore MOFs was
not fully reversible. The irreversibility of adsorption by MIL-100
and MIL-101 appears to be related to strongly adsorbed H,S mol-
ecules or to a partial destruction of the framework. However, the
application of MIL-101 for H,S removal need not be limited by
this result since modeling work has suggested that full regenera-
tion of MIL-101 is possible under very low H,S partial pressure of
~0.1 kPa, which is much closer to those of actual hydrogen sulfide
emission streams [104].

Functionalization is also a common strategy for modifying MOFs
by grafting functional moieties within the porous channels. As

with the cases of AC and mesoporous silica, amine is a preferred
functional group for MOF modification. For example, Wang et al.
prepared Zn-based IRMOF-3 for the adsorptive removal of vari-
ous sulfur compounds at ambient temperature [105]. Characteri-
zation revealed that the H,S adsorption was related to the following
two mechanisms: (i) an acid-base interaction between the amino
group and H,S molecules, and (ii) a chemical reaction between
zinc in the MOF and sulfur in H,S to form ZnS. Nevertheless, the
H,S breakthrough capacity was very limited, with a maximum of
15.7 mg/g, which is much lower than that of other MOFs [103].
Additionally, the regenerability of IRMOF-3 is doubtful because
the chemical adsorption of H,S would seriously damage the MOF
framework due to the substitution of the Zn-bonded structural
oxygen by the sulfur of H,S. Meanwhile, Vaesen et al. investigated
amino-functionalized titanium MIL-125 for the elimination of CO,
and H,S from a simulated biogas mixture containing these gases
along with CH, [106]. The modified sorbent exhibited an enhanced
H,S adsorption at low pressure ranges compared to that of the
parent MIL-125(Ti). Characterization by in-situ infrared spectros-
copy revealed that hydrogen bonds were formed between the H,S
as a proton donor and the amino group of MIL-125(Ti)-NH, as a
proton acceptor. Additionally, molecular dynamics simulations using
the Grand Canonical Monte Carlo method predicted that the selec-
tivity of both H,S and CO, over CH, would be significantly im-
proved by the amine functionalization. Given the thermal stability
up to 100 °C in the presence of moisture and the excellent revers-
ibility upon repeated use, MIL-125(Ti)-NH, is regarded as a poten-
tial adsorbent for the concomitant removal of CO, and H,S from
biogas streams.

The influence of activation and adsorption temperature on H,S
removal has been investigated using Cu-based MOF-199 [107].
The breakthrough H,S uptake reached a maximum at an activa-
tion temperature of 180 °C with complete removal of the residual
solvents used for the synthesis of MOF-199. The positive effect of
activation upon the adsorption performance of H,S has also been
examined by [108]. The H,S adsorption performance was also found
to increase as the adsorption temperature was increased from 30
to 80 °C, thus suggesting that a chemical reaction occurred between
the H,S and copper sites on the surface of the MOF-199 to form
CuS [107]. However, the disappearance of characteristic peaks in
the XRD spectrum after H,S adsorption indicated that the strong
chemical interaction seriously deformed the MOF framework.
Therefore, MOF-199 is unlikely to be a promising adsorbent for
H,S removal due to its poor regenerability.
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Table 5. Comparison of the H,S removal performance of various types of MOFs-based sorbents

Saturation capacity

Adsorbent Feed gas Temperature (°C) (¢-H,S/g-sorbent) Reference
MIL-101(Cr) Pure H,S, p=2.0 MPa 30 1.31 [103]
MIL-53(Fe) Pure H,S, p=1.6 MPa 30 0.291 [103]
MIL-47(V) Pure H,S, p=1.6 MPa 30 0.498 [103]
Amino-functionalized IRMOF-3(Zn) H,S: 0.1 ppm (N, base) 30 0.016 [105]
Amino-functionalized MIL-125(Ti) Pure H,S, p=1.0 MPa 30 0.426 [106]
Ni-CPO-27 Pure H,S, p=0.1 MPa 30 0.409 [108]

However, when Belmabkhout et al. studied a series of isostruc-
tural MOFs with soc-topology for use in the separation of H,S from
refinery off-gases (ROG) or natural gas (NG), the Ga- and Al-con-
taining MOFs were found to be suitable for H,S removal due to
their structural integrity and adsorption performance [109]. Addi-
tionally, GCMC simulations showed that the Ga-soc-MOF was
highly selective toward olefins and paraffins over CH,, which is
desirable for the production of polymers from ROG or NG [110].

More recently, new classes of MOFs have been synthesized and
employed as next-generation adsorbents for H,S removal. In par-
ticular, sub-classes of MOFs such as zeolitic imidazolate frame-
works (ZIFs) [111], covalent-organic frameworks (COFs) [112], and
porous aromatic frameworks (PAF) [113] have recently been syn-
thesized and could also be explored for H,S adsorption. However,
although many studies have reported the use of MOFs for desul-
turization, it is difficult to compare the capacity of various MOFs
directly because the reported performance data have been obtained
under various constrained experimental conditions of H,S partial

pressure, relative humidity, and outlet breakthrough concentra-
tion. To overcome this limitation, there is a need for a comprehen-
sive study ranging over the various factors and including reusability.
The H,S saturation capacity of the various MOF-based sorbents is
summarized in Table 5.

CATALYTIC OXIDATION

In contrast to adsorption, catalytic oxidation is used to remove
H,S via selective oxidation to elemental sulfur by catalysts in the
oxygen-containing atmospheres. This method is employed in the
Claus process, first patented in 1883 [114]. In this process the feed
gases are usually composed of H,S, CO, and H,O along with minor
fractions of N,, HNH;, and hydrocarbons [115]. The conversion
of H,S to sulfur occurs in two reaction stages, as shown in Fig. 2.

In the first stage, one-third of the H,S is converted to SO, in a
combustion chamber operating at high temperatures, according to
the following equation:

Recycle from Tail-Gas unit

i To tail-gas unit
Acid gas A l i
= > Preheater(1) <—— Preheater(2) <+—
SWS
feed
Steam
Air N Reaction Waste heat — — First Second
fumace boiler reactor reactor
c——
Boiler feed
water

Fig. 2. Flow diagram of two-stage Claus process [119].
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H,S$+3/20,—50,+H,0 6)

Although this reaction is thermodynamically favorable (AG;=—518
kJ/mol), the conversion efficiency is poor below 1,000 °C [116].
Therefore, it is required to maintain process temperature in the
range of 1,000-1,200°C to obtain the highest yield [117]. The prod-
ucts and remaining H,S then enter the second reactor, where ele-
mental sulfur is produced by the following reaction [118]:

SO,+2H,S—2H,0+3/2S, 7)

Because this reaction is thermodynamically non-spontaneous (AG;=
+47 KJ/mol), the tail gas (the off-gas from the Claus process) con-
tains 3-5% of the initial H,S [17]. Owing to the recently strength-
ened regulations, this must be treated further to remove the un-
reacted H,S. Numerous cleaning technologies have been studied
and applied for the tail gas treatment, including absorption, adsorp-
tion, wet oxidation, and selective catalytic oxidation [119]. Among
these, selective catalytic oxidation has received recent research
attention due to the excellent sulfur yield and low cost [17]. In this
technique, H,S is directly converted to elemental sulfur via selec-
tive catalytic oxidation by the following irreversible reaction:

H,S$+1/20,—S+H,0 ®

The key challenge in selective catalytic oxidation is to avoid the
reverse Claus reaction and deep oxidation of H,S by which unde-
sirable sulfur dioxide is produced according to the following reac-
tions [120]:

3S+2H,0—2H,5+50, ©
H,S$+3/20,—50,+H,0 (10)

Therefore, water vapor and the ratio of H,S/O, play an important
role in the H,S conversion and sulfur selectivity.

Various metal oxides have been studied as active substances of
catalysts for the selective catalytic oxidation of H,S [121-127]. Among
these, V,05, MgO, and Fe,O; can be considered as promising due
to their catalytic activity and selectivity [17,128-130]. The follow-
ing sections summarize the key results of studies dealing with the
catalytic removal of H,S using metal oxide-based catalysts.

1. Vanadium Oxide-based Catalysts

In the last decades, many researchers have studied vanadium
oxide-based materials and suggested V-containing oxides as candi-
date catalysts for the selective oxidation of H,S to S [122,131-138].
In particular, Davydov et al. have extensively investigated the cata-
lytic activity and selectivity of various metal oxides to indicate that
V,0; displays the best performance in terms of H,S conversion

and S selectivity [139]. A study by Machej et al. [140] revealed that
vanadium species are present as a mixture of a two-dimensionally
dispersed amorphous phase and V,O; crystallites in supported cata-
lysts. In addition, characterization by in-situ Raman and XAS spec-
troscopies suggested that the formation of V**-O-V** pairs due to
the presence of V,0, was beneficial for higher S selectivity [134,
135]. These pairs play an important role in enhancing the redox
property of the catalytic reactions because the coexistence of V**
and V** species leads to a higher concentration of oxygen vacan-
cies [141].

The activity of the vanadium-based catalysts is significantly im-
proved when bulk V,O; is supported on proper supports (e.g.,
SiO,, ALO;, TiO,, zeolite). For example, Li and Chien [142] inves-
tigated the effects of various supports for vanadium-based cata-
lysts to indicate that TiO,-supported V,O; displays the highest H,S
conversion capability and S selectivity. The positive effect of the
TiO, support is attributed to its strong interaction with vanadium,
which accelerates the formation of oxygen vacancies and rapid cat-
alyst regeneration from V** to V>* [141]. Oxygen vacancies facili-
tate the dissociative adsorption of O,, by which active oxygen species
(eg., O3, 0F,0) for catalytic reactions are generated [143].

The promotional effects of metal oxides in V-containing cata-
lysts have been studied by many researchers. Soriano et al. [138]
investigated the influence of alkali metal (Cs, Li, K, Na) incorpora-
tion in V,0;-based catalysts to indicate the highest activity for Na-
doped V,0;, with an excellent S selectivity of >98% when the pro-
cess temperature was less than 220 °C. It was also suggested that
V.0, and Nay3;V,0; were formed as active and selective phases
during the catalytic reactions, and these were responsible for the
presence of V**-O-V** pairs. Meanwhile, Kim et al. [144] studied
the effect of molybdenum addition upon V,Os-supported TiO, to
reveal significant improvement in the H,S conversion and S selec-
tivity, which were attributed to the strengthened redox property
due to the formation of the vanadium molybdate phase. In addi-
tion, Park et al. [145] examined the catalytic performance of vana-
dium-antimony mixed oxides (V-Sb-O/TiO,). The addition of
antimony led to the formation of the active VSbO, phase, which
improved the regeneration of used V,0,/TiO, by providing spill-
over oxygen through the metal oxide boundary. Moreover, a study
by Shin et al. [146] indicated that the activity of V,0,-TiO, was
substantially improved when multiple metals such as Fe, Cr, and
Mo were incorporated. This was attributed to the increased redox
capability, especially in the re-oxidation stage. The regeneration of
the reduced vanadium oxide corresponds to the rate-determining
step, ie., the step that determines the overall velocity of catalytic

Slow

Fig. 3. Rapid re-oxidation of the reduced V,0;-TiO, catalyst by oxygen anions generated from nearby oxygen vacancies in selective oxidation

of H,S [1].
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Fig. 4. Selective oxidation of H,S and regeneration of the catalyst during the chemical looping process [147].

reaction [124]. The acceleration of the re-oxidation step in the pres-
ence of oxygen vacancy in V,05-TiO, catalysts is explained sche-
matically in Fig. 3. Recently, Phatyenchuen et al. [141] prepared
transition metal (e.g, La, Zr, Nb, and Y)-doped V,05/TiO, cata-
lysts. The highest activity was found in the yttrium-doped catalyst
due to the increased oxygen vacancies by the substitution of Y**
cations for Ti*" in the TiO, crystalline lattice. The effects of other
dopants were less positive than that of Y due to their higher valence
states (Nb*" and Zr*") or larger ionic radii (Y*'=0.80 A and La’'=
1.15 A) compared to Ti*".

The chemical looping (CL) concept has recently been intro-
duced to improve the selectivity of vanadium-based catalysts during
H,S oxidation [147,148]. Here, in contrast to general catalytic pro-
cesses, the reactant gases are fed alternatively via fixed bed switch-
ing reactors. Bulk V,O; or supported vanadium oxides as oxygen
carriers are periodically reduced and oxidized by H,S and O,
respectively. Although this approach has not enabled the complete
oxidation of H,S during the reductant step, effective removal of
deposited sulfur from the catalyst surfaces has been achieved during
the oxidant step (Fig. 4). Hence, although the application of the
CL concept to H,S oxidation has shown potential for high selec-
tivity towards the production of elemental sulfur, further studies
are needed to raise the conversion ratio of H,S in the reductant
step.

2. Magnesium Oxide-based Catalysts

The mechanism of catalytic H,S oxidation by magnesium oxide
differs from that of vanadium oxide in that the pH value of the
catalyst plays an important role, with the H,S being adsorbed and
dissociated into HS™ and H' on the alkaline surface of the catalyst
[149]. The hydrosulfide anions are then oxidized to elemental sul-
tur by reactive oxygen radicals as follows [17]:

H,S+OH —HS +H'+OH" (11)
HS +H'+0'—>H,0+$ (12)

Because the dissociation of H,S and the formation of oxygen
radicals generally occur in the water film present on the catalyst
surface, the catalytic performance is significantly influenced by the
relative humidity (RH) [150]. It has been reported that catalytic
reactions are activated at RH values of around 20%.

Magnesium oxide (MgO) is a suitable material for dissociating
H,S because its rich basic surface sites and partial solubility in
water continuously provide OH™ [129]. In addition, surface modi-
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fication with caustic chemicals (e.g., NaOH, Na,CO;, KOH) boosts
the dissociation of H,S, thus improving the catalytic activity [47,
151,152]. A recent study demonstrated the stable capability of H,S
conversion by MgO compared to other impregnated basic salts on
mesoporous carbon, which was attributed to the stable release of
OH" without consumption by acid-base neutralization reactions
between OH ™ and H" (Fig. 5) [153].

Alternatively, Yang et al. [129] studied desulfurization by ZnO-
MgO supported on activated carbon to indicate a satisfactory H,S
breakthrough capacity even under dry conditions, thus suggesting
that the dissociation of H,S by MgO is favored in the presence of a
small quantity of adsorbed water. Furthermore, the XPS study indi-
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Fig. 5. (a) H,S breakthrough curves over the catalysts with differ-
ent caustic impregnants and (b) schematic illustration of the
H,S oxidation process over MCSs with MgO and soluble salts
[153].
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cated that the MgO was not consumed during desulfurization,
thus demonstrating that the MgO takes part in catalytic reactions.
Based on significant findings, the cited authors proposed plausible
reaction mechanisms of H,S removal in wet and dry environ-
ments, respectively. In wet environment, the MgO is hydroxylated
due to the presence of a water film. The hydroxylated magnesium
oxide dissociates the H,S into HS™, which then interacts with reac-
tive oxygen species derived from adsorbed O, to form elemental
sulfur. Sulfuric acid is generated by the reaction of S, O,, and H,0,
which is eventually followed by the formation of magnesium sul-
fate. The relevant reaction equations are as follows:

MgO+H,0->Mg(OH), (13)
Mg(OH),+H,S—>Mg(OH)"+HS +H,0 (14)
HS +1/20,—$+OH (15)
Mg(OH)"+OH —>Mg(OH), (16)
$+3/20,+H,0—>H,50, 17)
H,S0,+Mg(OH),—MgS0,+2H,0 (18)

In dry environment, the key difference is that Brensted acid sites
(MgOH") are generated on the MgO surface by capturing protons
from H,$ in accordance with the following reaction [154,155]:

MgO-+H,S—>MgOH'+HS" 19)

This results in the dissociative adsorption of H,S onto the MgO
surface, which facilitates the formation of elemental sulfur via the
reaction of HS™ and O, even under dry conditions.

Zhang et al. [156] conducted an interesting study on desulfur-
ization using layered double hydroxides (LDH) composed of Mg,
Al, and V. The LDH exhibited high H,S removal performance with
a maximum sulfur yield of 95% at 180 °C due to the combined
effect of (i) the abundance of moderately basic sites on the MgO,
where the H,S is readily adsorbed to form S*" and H,0, and (i)
the uniform dispersion of pentavalent vanadium species (V*), which
oxidize S* to elemental S with the formation of oxygen vacancy in
Mg-O bonds. Although the consumption of the moderately basic
sites leads to deactivation of the catalyst, the basic sites are recov-
ered by incorporation of O* into the oxygen vacancies after oxi-
dation of V** to V** by O,. These processes are briefly expressed
by the following equations:

Mg-O-Mg+H,S—>Mg-S-Mg+H,0 (20)
Mg-S-Mg+V>'—>Mg-[1-Mg+V*'+S (21)
V*+Mg-[J-Mg+1/20,~>Mg-O-Mg+V** (22)

3. Iron Oxide-based Catalysts

Conventionally, iron oxide-based catalysts have been used to
treat the remaining H,S in the Claus tail gas [157-160]. Although
iron oxide is advantageous to H,S oxidation in terms of its mois-
ture resistance and relatively high conversion [161,162], major draw-
backs include low selectivity towards sulfur production due to the
requirement for excess oxygen and rapid deactivation during cata-
lytic reactions [162]. These limitations have led to research on the
modification of iron oxide with various metal oxides for improved

selectivity and stability [139,159,163-165]. Chromium was first in-
corporated to produce mixed Fe-Cr oxides deposited on a~ALO;
[157]. The Cr-modified catalysts were known to have several mer-
its, including selectivity towards sulfur production and improved
resistance to deactivation during desulfurization. Moreover, the
addition of chromium increased the stability of the catalysts in a
moisture-containing environment, which made the in-stream re-
moval of water unnecessary [17]. Although there is no direct evi-
dence, the improved performance of Cr-incorporated catalysts has
been attributed to the presence of multivalent iron species (Fe(I)/
Fe(III)) and iron sulfate as the active phase. Nevertheless, the sul-
fur yield remains unsatisfactory (80%) and the use of chromium
can be a problem due to its toxicity. Hence, alternative catalysts
such as Fe,O; supported on silica have been developed and applied
to H,S oxidation. For instance, Terorde et al. [160] studied the cat-
alytic performance of iron oxide-based catalysts with various sup-
ports to find that o~Al,O;-supported Fe,O; catalyst exhibited the
best activity, with a maximum sulfur selectivity of 94% at 247 °C
in a feed gas composed of 1vol% H,S, 5vol% O,, 30vol% H,0
with a balance of He. Catalyst deactivation was generally driven by
deposition of iron(Il) sulfates formed during the catalytic reac-
tions, which prevented the reactants from being adsorbed onto the
active sites. Although the use of SiO, resulted in excellent perfor-
mance by effectively suppressing the sintering of FeSO,, a steep
decline in the sulfur selectivity was observed at higher tempera-
ture. This was assumed to be caused by the activated reaction
between molecular oxygen and S radical on the silica support, but
is also related to the formation of ferrous disulfide (FeS,). The low
selectivity problem was solved by the addition of 3 wt% sodium to
give a high selectivity of >80% at 290 °C, compared to less than
50% in the absence of sodium [158]. The addition of sodium led
to the formation of sodium sulfate on the silica support, thus sup-
pressing the generation of strongly acidic sites so that sulfur radi-
cals could not be formed due to the lack of Lewis acids to cleave
the S-S bonds.

Bukhtiyarova et al. [163] studied the effect of calcination tem-
perature upon the property of Fe,0,/SiO, catalysts to demonstrate
increased stability against sulfidation, which is favorable to the
extension of the catalyst lifespan, with increasing calcination tem-
perature [163]. Nevertheless, agglomeration of the iron oxide par-
ticles was also observed at higher calcination temperature, thus
resulting in lower concentration of active surface sites and, hence,
reduced catalytic activity. Antimony and tin have also been incor-
porated to modify the catalytic performance of iron oxide [165].
Iron-antimonate and iron-tin catalysts with various compositions
have been tested for H,S oxidation with a H,S/O, ratio of 1:5 at
200-280°C. The catalytic activity was found to be substantially
affected by the catalyst composition, with a 3:2 ratio of Fe to Sb
giving the best H,S conversion and S selectivity over the entire
temperature range. However, catalysts with excess antimony dis-
played much lower activity than that of the pristine iron oxide. In
particular, the performance of the various iron-tin catalysts was
invariably superior to that of the single metal oxide, with Fe to Sn
ratios of 1:7 and 2:9 giving the highest activity along with 100%
conversion at 200 °C due to their high surface area. This perfect
selectivity was maintained with the same atomic ratio of iron and
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Table 6. Various metal oxide-based catalysts and these H,S removal performances at specific reaction conditions

Performance
Catalyst Feed gas Tem?z;i ture Conversion ~ Selectivity Reference
(%) (%)
V-Sb-0/ZrO, H,S: 1%, O,: 5% (N, base) 180 954 100 [142]
V,0,/Y-TiO, H,S: 300 ppm, O,: 150 ppm, CH,: 1%, CO,: 1% (He base) 130 80 91 [141]
Na-promoted V,0; H,S: 1.2%, Air: 5% (He base) 200 98 100 [138]
Mo-V-O/TiO, H,S: 5%, O,: 2.5%, NH,: 5%, H,0: 60%, He: 27.5% 260 86 82.3 [144]
VO,/SiO, H,S: 5%, O,: 2.5% (He balance) 225 98 99.1 [146]
Fe,05-Cr,0:/a-ALO;  HL,S: 1%, O,: 5%, H,O: 30%, He: 64% 292 95 91 [160]
Fe,0,/Si0, H,S: 1%, O,: 5%, H,O: 30%, He: 64% 240 100 95 [158]
FeSbO, H,S: 1%, O,: 5% (He base) 210 100 100 [165]
Fe,O,/SiC H,S: 1%, O,: 2.5%, H,O: 30%, He: 66.5% 250 100 95 [164]
Fe/Ce H,S: 1%, O,: 0.5% (He base) 250 100 99 [162]

tin in the temperature range of 240-300 °C. The improvement in
the catalytic performance of mixed metal oxides is attributed to a
remote-control mechanism [166] in which the Fe,O, synergizes
the effects of FeSbO, or SnO, via mobile oxygen species: oxygen
molecules activated by the Fe sites in Fe,O; migrate to the Sb or
Sn sites in FeSbO, or SnO,, where the oxidation of H,S is facili-
tated by the creation of new active sites.

The decline in the selectivity for the production of elemental
sulfur is related to the formation of hot spots on the catalyst sur-
face due to the heat of the H,S oxidation reaction, which could
lead to a further reaction between sulfur and oxygen to form SO.,.
This problem has been avoided by the use of silicon carbide (3
SiC) as a support material for the iron oxide-based catalyst [164],
with the following advantages for desulfurization: (i) due to the
strong interaction between the SiC and Fe,O;, the active Fe,O,
particles are evenly dispersed on the SiC surface with spacings of
~2-5nmy; (ii) the high thermal conductivity of the silicon carbide
facilitates efficient heat dispersion into the catalyst bed; and (iii)
the chemical inertness of SiC enables the catalyst to be used even
under corrosive conditions with a H,S concentration of 2.7%. These
properties of the SiC-supported catalyst afford excellent catalytic
activity of 100% conversion and 95% selectivity at 250 °C. Deacti-
vation of the catalyst is also effectively restrained under a high H,S
concentration of 2.7% and a high reaction temperature of 250 °C,
retaining a H,S conversion of 97% and an S selectivity of 93%.

Although the rapid deactivation of iron-based catalysts is a seri-
ous issue, it can be relieved by providing the catalysts with excess
oxygen from additive materials. In this regard, cerium oxide is a
suitable candidate due to its high redox property and facile mobil-
ity of oxygen [167]. Koyuncu and Yasyerli studied the influence of
cerium oxide on the selectivity and stability of Fe-Ce mixed oxide
catalysts for H,S oxidation [162]. Tests revealed that the catalyst
with an Fe/Ce ratio of 1:1 exhibited notably improved stability
against deactivation, retaining 100% H,S conversion and 99% selec-
tivity for sulfur at 300 °C with O,/H,S=0.5. This excellent catalytic
performance is attributed to the enhanced redox property of the
cerium-incorporated catalysts, such that additional oxygen is sup-
plied to effectively suppress the deactivation driven by sulfidation
on the iron oxide surface. The metal oxide-based catalysts intro-
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duced in this section are summarized, along with their major reac-
tion conditions and catalytic performances, in Table 6.

STATE OF THE ART

The conventional technology stream has separately focused on
desulfurization either by adsorption or catalytic oxidation. The ad-
sorption process can effectively remove H,S even at low tempera-
ture by capturing H,S molecules in the pore structure or by chem-
ically reacting H,S with metal oxides. However, the desorption of
adsorbed sulfur species without damaging the sorbent structures is
a great challenge which should be overcome to enable the repeti-
tive use of sorbents in the desulfurizer. Catalytic oxidation has the
virtue of the direct and thermodynamically favorable selective oxi-
dation of H,S to elemental sulfur [17]. However, drawbacks include
the low surface area of metal oxide-based catalysts and high-tem-
perature requirements for catalytic reactions. Therefore, a combi-
nation of the two strategies would provide a breakthrough for H,S
removal performance by providing materials with dual functional-
ity. The recent development of nanotechnology enables research-
ers to synthesize tailored nanoporous catalysts that could effectively
remove H,S even at room temperature due to the enhanced acces-
sibility of adsorption sites. With this in mind, recent studies have
demonstrated the syntheses of dual-functioning materials com-
posed of highly dispersed metal oxide nanoparticles on AC sup-
ports [168,169]. For example, Yang et al. adopted a novel strategy
for enhancing the H,S uptake capacity by tuning the interaction
between ZnO nanoparticles and the AC support via the introduc-
tion of nitrogen species on the AC surface [168]. The N-modified
AC with ZnO exhibited a substantially improved H,S removal
performance with 66.4 mg-H,S/g-sorbent at room temperature,
which was much higher than that of ZnO-supported AC without
nitrogen (32.4 mg-H,S/g-sorbent). This clearly demonstrates the
positive effect of nitrogen addition to the AC support for H,S
removal: the electron density of the ZnO is decreased due to the
interaction between ZnO and the N-modified AC, thus resulting
in the formation of defects such as grain boundaries or oxygen
vacancies in the ZnO [170]. The increased utilization of ZnO was
attributed to an accelerated rate of lattice diffusion in the presence
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of these defects, as confirmed by the complete disappearance of
the characteristic XRD peaks of ZnO. In addition, the introduced
N species served as basic sites which strengthened the basicity of
the water film present on the AC surface, thus facilitating the dis-
sociation of H,S into HS™ or S;. These species are readily oxidized
to elemental sulfur [171] or reacted with ZnO to form ZnS. More-
over, the superior capacity of the N-modified AC (25.7 mg-H,S/g-
sorbent) compared to that of the pristine AC (2.9 mg-H,S/g-sor-
bent) suggests that catalytic oxidation of H,S was activated by the
introduction of N species [172]. The overall reaction mechanism
of the N-modified, ZnO dispersed AC is schematically presented
in Fig, 6.

Similarly, Cimino et al. investigated the H,S removal mecha-
nism of CuO and ZnO dispersed onto AC [169] to demonstrate a

o Water film
“

Activated carbon (AC)

N-modified AC increased the
basicity of water film, promoting
& | the dissociation of H,S

N-modified AC

N species @ O, @ H,S «f H,O0 & HS- «

ZnO+H,S—ZnS +H,0
Reactive adsorption

Catalytic oxidation

st+ 1/202_>S +H30

higher H,S adsorption capacity in the presence of both metal oxides
rather than only CuO or ZnO, which was attributed to a promot-
ing effect of CuO as oxygen donor when H,S is reacted with ZnO
to form ZnSO, [43]. Interestingly, XPS analysis revealed that the
CuO sites, contrary to ZnO, could also induce catalytic oxidation
of H,S to elemental sulfur in the presence of H,O and O, [173,
174], thus resulting in significant improvement of the H,S adsorp-
tion capacity. The catalytic oxidation could occur via two possible
routes: (i) the HS™ species formed by dissociation of H,S in the
water film on the AC surface can be directly converted to sulfur
over the CuO sites, and (ii) the copper sulfides or sulfates formed
by reactive adsorption of H,S could be restored to copper oxide by
molecular oxygen [174,175].

A novel research trend has been to synthesize highly efficient

N-modified AC tuned the
electronic structure of ZnO,
accelerating the lattice diffusion

ZnO nanoparticle ._)  ZnS @ se

Fig. 6. Schematic diagram for the H,S removal mechanism by both reactive adsorption and catalytic oxidation in ZnO-dispersed N-modi-

fied AC [168].
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metal-free catalysts based on carbon materials (e.g., carbon spheres
[176] , carbon nanosheets [177], and graphene aerogel [178]) with
excellent H,S adsorption capacity due to the large BET surface
area and porosity. For example, Kan et al. [176] explored the H,S
removal performance of a class of nitrogen-decorated ordered mes-
oporous carbon spheres (N-OMCS-T) that were prepared from a
series of processes including the self-assembly of a block copoly-
mer template, hydrothermal curing, and controlled carbonization
followed by activation with KOH (Fig. 7). The synthesized N-
OMCS-T exhibited a hierarchical pore structure with a large BET
surface area together with controlled nitrogen functional groups,
resulting in excellent selective H,S capture (max. 457 mg/g, 0°C
and 1 bar) over CO,, CH,, and N,. Moreover, the adsorbed H,S was
selectively oxidized to elemental sulfur in the temperature range of
100-120 °C. This work is meaningful in terms of the development
of metal-free catalysts for H,S oxidation, which generally have
higher resistance to sulfur compared with metal-based catalysts
[179,180]. However, these materials could not overcome the high-
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temperature requirements of the catalytic reaction. In this respect,
it is desirable to synthesize metal-free catalysts that function even
at room temperature. For example, Yu et al. reported a synthesis of
nitrogen-doped mesoporous carbon nanosheets (NMCS) from
Zn-based zeolitic imidazolate frameworks (ZIF-8) for use in desul-
furization [177]. The detailed characterization revealed that the
unique structure of the NMCS was formed by a salt templating
pathway through which molten salts induce the generation of car-
bon nanosheets and the mesoporous structure during the carbon-
ization process (Fig. 8). Due to its structural advantage, the NMCS
exhibited a high breakthrough sulfur capacity of 0.54 g-H,S/g-cat-
alyst, whereas samples obtained by direct pyrolysis of ZIF-8 in the
absence of salts showed very poor performance. In addition, the
H,S removal capacity was greatly enhanced to 1.46 g-H,S/g-cata-
lyst when the NMCS was impregnated with Na,CO;. The positive
effect of Na,CO; on the selective oxidation of H,S has also been
investigated [181-183] explaining that the addition of Na,CO,
increases the alkalinity of the material surfaces, thus facilitating the

” Y
F 4 L
- [ 4

II

=
S
=
<
=
S
2
-
<
&)

Fig. 8. Schematic diagram of the synthetic process for 2D N-doped mesoporous carbons nanosheets from microporous ZIF-8 polyhedrons

in a molten salt medium [177].

(b)
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<
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Fig. 9. Schematic illustration of the H,S removal on the alkaline graphene aerogels: (a) The formation of water film; (b) schematic represen-
tation of the oxidation mechanism; (c) the process of deposition of sulfur product on graphene sheets; and (d) schematic diagram of

the exhausted catalyst [178].
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Table 7. Various metal-free, carbon-based catalysts studied in selective oxidation of H,S to elemental sulfur at low temperatures.

Breakthrough capacity Reference

Catalyst Feed gas Temperature (°C) (¢-H,S/g-catalyst)
Pitch-based activated carbon fibers H,S: 1,000 ppm, O,: 1%, RH: 80% 30 0.75 [183]
Alkaline carbon nanotubes H,S: 1,000 ppm, O,: 1%, RH: 80% 30 1.60 [182]
Carbon aerogels H,S: 1,000 ppm, O,: 1%, RH: 80% 30 1.71 [182]
N-doped mesoporous carbons H,S: 1,000 ppm, O,: 1%, RH: 80% 30 294 [177]
Mesoporous carbon spheres H,S: 1,000 ppm, O,: 1%, RH: 80% 30 261 [153]
N-doped mesoporous carbon nanosheets  H,S: 1,000 ppm, O: 2%, RH: 70% 25 1.46 [177]
Alkaline mesoporous carbons H,S: 1,000 ppm, O,: 1%, RH: 80% 30 2.82 [184]
Alkaline graphene aerogel H,S: 1,000 ppm, O,: 1%, RH: 80% 30 3.39 [178]

dissociation of H,S into HS". In addition, Pan et al. [178] reported
the synthesis of Na,CO;-impregnated graphene aerogels with an
outstanding catalytic performance of 3.39 g-H,S/g-catalyst at room
temperature, which was attributed to the combined effect of the
introduction of Na,CO; and the interconnected graphene network
(Fig. 9). The recent studies on carbon-based metal-free catalysts
for selective low-temperature oxidation of H,S are listed in Table 7.

CONCLUSIONS AND PERSPECTIVES

The control of hydrogen sulfide generated from landfills or chemi-
cal industries is a major issue due to its deleterious effect on the
environment. To meet the strict environmental regulations, vari-
ous technologies such as stripping, absorption, microbiological treat-
ment, adsorption, and catalytic oxidation have been developed and
applied in H,S removal processes. Among these, adsorption and
catalytic oxidation could be considered as promising for desulfur-
ization in terms of their simplicity, efficiency, and economy.

Materials with high surface area and large pore volume, such as
activated carbons (ACs), zeolites, mesoporous silica, and metal
organic frameworks (MOFs), are generally adopted for the adsorp-
tion process. Moreover, since the H,S removal performance of an
adsorbent is closely related to its surface property, the above mate-
rials are frequently functionalized to improve their H,S sorption
capacity. For the ACs, the influence of surface basicity has been
investigated by several research groups to indicate that the in-
creased surface alkalinity in the presence of amine functional groups
is beneficial for H,S adsorption. Several studies on the recyclabil-
ity of ACs have indicated that H,S adsorption is inherently irre-
versible, which seriously limits the commercial application of ACs
for desulfurization. Zeolites are usually modified with various metal
cations by ion exchange or wet impregnation for H,S removal.
The improvement of H,S removal performance by modification
with metal cations is considered to involve the following two fac-
tors: (i) the enhanced diffusion of H,S molecules into zeolite cavi-
ties, and (ii) the strong affinity of metal cations for sulfur anions.
Nevertheless, the reported H,S adsorption capacity of zeolite-type
adsorbents is relatively low compared to those of other porous sor-
bents, probably because the microporous zeolite structure limits
the efficient diffusion of H,S molecules into the inner cavities.

Similarly to ACs, various mesoporous silicas modified with amine
functional groups have been used for H,S removal. Although the

application of mesoporous silicas for desulfurization seems reason-
able in terms of adsorption performance and regeneration, the
synthetic processes of these materials should be further studied to
reduce the production cost that presently inhibits their mass-pro-
duction for full-scale applications. Meanwhile, the application of
MOFs for desulfurization is considered as a possible alternative to
conventional porous sorbents such as ACs, zeolites, or mesoporous
silicas since various functionalities can be provided by tailored design.
Despite a few encouraging results showing superior performance
and regenerability, insufficient data have been accumulated to fully
appraise their applicability to H,S removal processes; hence, a con-
sistent range of studies on the use of MOFs needs to be conducted.

The catalytic oxidation process removes H,S by selective oxida-
tion to elemental sulfur at moderately elevated temperature. Hence,
metal oxide-based catalysts (e.g, VO,, MgO,, FeO,) have been inves-
tigated. The activity of vanadium oxide-containing catalysts largely
depends on the presence of V,O,, which leads to the formation of
oxygen vacancies and enhanced redox property. The effects of var-
ious supports or the modification of metal oxides have been actively
studied. The improved performance is closely related to the in-
creased ratio of V*/V** resulting from the interaction between V,0;
and dopant metals or supports. Magnesium oxide can boost the
rate of catalytic reactions by raising the alkalinity of the catalysts,
which is favorable for the generation of reactive HS™ anions from
H,S. Iron oxide, conventionally used to control H,S in the Claus
tail gas, has the advantage of strong moisture resistance and high
performance of H,S removal. However, low selectivity towards the
production of sulfur, along with fast deactivation, are disadvantages.
Therefore, metal-modified iron oxide catalysts have been investi-
gated to increase the feasibility of iron oxide-based catalysts in
desulfurizing processes. Although metal oxide-based catalysts have
shown impressive performance in H,S removal, the surface areas
of metal oxides and the working temperatures in catalytic oxida-
tion are not comparable to those of the adsorption process.

A combination of the two key technologies (adsorption and cat-
alytic oxidation) could overcome the limitations of current meth-
ods and open a new era of desulfurization. In this sense, the latest
research into dual-functioning materials is worthy of notice. One
approach is to synthesize sorbents composed of porous materials
in which metal oxide nanoparticles are highly dispersed. This leads
to improvement of the H,S removal performance due to the high
utilization of active materials. Another strategy involves metal-free

Korean J. Chem. Eng.(Vol. 38, No. 4)
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catalysts based on porous carbons, where a few studies have reported
catalytic reactions even at room temperature. This is encouraging
in terms of reducing the operational cost of commercial H,S re-
moval processes. It is expected that continuous efforts to investi-
gate the performance of catalysts under various synthesis and opera-
tion conditions would lead to the development of an optimized
technology for desulfurization.
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