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Natural gas, biogas, and refinery gas all include H,S, which has adverse effects not only on the environment and
human health but also on the equipment and catalysts that are employed in the relevant processes. H,S is
removed from the aforementioned gases using a variety of techniques in order to fulfill the necessary sales criteria
and for reasons of safety. The adsorption method stands out among various other approaches due to its
straightforward operation, high level of efficiency, and low overall cost. This technique makes use of a variety of
adsorbents, such as metal-organic frameworks (MOFs), activated carbon, and zeolites. The use of zeolite-based

adsorbents is by far the most common of these various types.

H2S removal separation zeolites adsorption

| 1. Introduction

Crude oil, natural gas, coal, and biogas are the primary forms of energy resources on the planet. There is an ever-
increasing demand for these fuels, and governments are implementing policies to reach zero emissions. The
presence of various toxic substances in these fuels leads to the release of harmful substances into the
environment during their use. Therefore, fuels are tested to meet certain standards before use. According to the
International Energy Agency, natural gas accounts for more than 23% of the world’s fuel supply. Natural gas
contains a number of various gases that are toxic, such as H,S, mercaptans, and disulfides. Natural gas and
biogas both contain varying amounts of hydrogen sulfide, and because of its corrosive and toxic qualities, they both
need to be purified. Natural gas may have varying quantities of H,S in order to satisfy regulatory criteria. For
instance, the standards for a pipeline allow for up to 5 ppm in European countriesld], while in the United States it is

only 4 ppm @

Techniques such as adsorption, absorption, cryogenic distillation, and membrane processes are utilized most
frequently in order to bring the amount of H,S to an acceptable level. Each approach comes with its own set of
benefits and drawbacks; the one chosen will depend primarily on the concentration of H,S present in the mixture
as well as the price of the adsorbent or absorbent used in the process. Because of its low cost, high level of safety,
and numerous other advantages, adsorption is by far the most popular approach. It makes use of a wide variety of
adsorbents, including metal-organic frameworks (MOFs), activated carbon, and zeolites, and new combinations of

these adsorbents are continually being produced and examined.
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| 2. Measurement of Hydrogen Sulfide Concentration

The concentration of H,S is one of the most crucial quality standards for natural gas and biogas. Therefore, it is
determined using a variety of techniques. Cost, application complexity, and measurement precision all vary among
them. As a result, several techniques are employed for various goals. Standards for accurate measurements have
been developed and registered by international organizations such as ASTM, UOP, and GPA El. The following
approaches have been employed in lab settings in numerous research studies because they are straightforward to

use despite the complexity of these basic test methods.

2.1. Gas Chromatography

One of the most accurate methods for identifying the precise concentration of the individual components that
comprise a mixture is the use of gas chromatography. Measurement of the signals that are produced by the
components of the sample that are separated in the column is the basis for this method. Porous polymers, such as
Poropack @, Hayesep-Q column, and sulfur chemiluminescence detector (SCD)®!, are utilized as GC column

materials. This method is utilized for doing exhaustive compositional analysis 2.

2.2. Analyzers

Analyzers are readily accessible for purchase in the marketplace and have found widespread application €l to
monitor or identify certain gases for a number of applications. The following are some of the most prevalent H,S
measurement methods that were utilized in the development of the analyzers. These devices are based on a

number of different methodologies.

Electrochemical

Detectors are utilized largely for the purposes of personnel protection and providing information regarding pollution
in the workplace. Nevertheless, as can be seen from the numerous studies that have been reported in the literature
B8 detectors were utilized to measure the concentration of H,S for the sake of research as well. In the
electrochemical detectors, the release of free electrons and a decrease in the resistance between the two
electrodes occur when H,S molecules take the place of oxygen molecules. This change, which may be detected
immediately, is directly proportional to the amount of H,S that is present in the gas. On a lab scale, the H,S
concentration can be measured in a variety of ranges, from 0 to 1000 parts per million (ppm), using
electrochemical sensors. Although this kind of instrumentation is readily available in both portable and fixed-point
solutions and has the potential to be useful in measuring H,S, it is not without drawbacks. Electrochemical cell-
based sensors need to be calibrated frequently. They are also susceptible to high temperatures, high humidity, low

oxygen levels, and other conditions that might cause drift and cell degradation.

Lead Acetate
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H,S tape analyzers make use of tape that has been coated with lead acetate in order to detect the presence of
H,S in a gas sample. This detection method is predicated on the reaction that takes place between H,S and lead
acetate, which results in the formation of lead sulfide. There is a direct correlation between the amount of H,S
present and the darkness of the stain on the type. These tape analyzers have the capability of accurately
measuring low levels of H,S, despite the considerable initial investment required to purchase one. Despite having
portable possibilities, this kind of analyzer is often stationary. The interference from SO, and both low and high

humidity can affect the lead acetate tape.

Tunable Diode Lasers

Tunable diode lasers (TDL) are frequently utilized in the process of measuring the concentrations of the
constituents of the gas. The absorption properties of different gases are utilized by the technology so that the
concentration of the target gas can be accurately measured. After travelling through the gas sample, the laser
light's intensity is measured by a detector so that the target gas concentration can be derived from this information.
Measurements that are exact and exceptionally dependable can be produced by a correctly built TDL analyzer

even when the concentration of H,S present is very low.

| 3. Physicochemical Properties of the H,S

Hydrogen sulfide is a colorless and flammable gas that has a strong and distinctive odor of rotten eggs. It is also
known as hydrosulfuric acid, sewer gas, stink damp, dihydrogen monosulfide, dihydrogen sulfide, sulfane,
sulfurated hydrogen, and sulfur hydride. It has a greater density than air and may settle on the ground. The

characteristics of H,S that are most important to know are outlined in Table 1.

Table 1. Chemical and physical properties of H,S 19,

Properties Value
Molar mass 34.081 g/mol
Specific gravity 1.2
Boiling point -60.33 °C
Melting point -85.49 °C
Smell Rotten eggs
Color Colorless
Density 1.5392 g/L at STP
Solubility in water 4 g dm (at 20 °C)
Lower Explosive Limit 4.3%
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Properties Value
Upper Explosive Limit (UEL): 45%
Autoignition Temperature: 270 °C
Vapor Pressure: 1880 kPa at 20 °C
Vapor Density (Relative to Air): 1.189
Kinetic diameter 0.36 nm

| 4. Adsorption of H,S

The term “adsorption” refers to a process in which specific compounds are selectively retained by the formation of
a physical bond with a solid surface known as an “adsorbent.” Certain gases are drawn to solid surfaces due to the
attraction exerted by Van der Waals forces and hydrophobic interactions. The bonding energies involved in
adsorption fall somewhere in the range of 10 to 70 kJ/mol 1. If the adsorbent can be regenerated, adsorption is
an energy-efficient process because it allows the adsorbent to be reused multiple times during the adsorption-
desorption cycle.

A number of different adsorbents, including metal oxides 12 13l (14 metals 5, metal-organic frameworks 18],
zeolites, and carbon-based materials 17, are utilized in the process of removing hydrogen sulfide from a gas
mixture that also contains CH,4, CO,, N, and H,. For an adsorbent to be effective in the process, it needs to have a
high adsorption capacity, the ability to be regenerated, the ability to maintain its stability at high temperatures, and
high selectivity for the molecule that needs to be removed. Adsorption of H,S is often performed in a fixed bed

adsorption column when it is done on a small scale, such as in a laboratory (see Figure 1).
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Figure 1. Typical experimental laboratory setup for the removal of H,S.
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| 5. Zeolites

Zeolites are crystalline solids formed by the systematic interaction of tetrahedral molecules of AlO4 and SiO4. The
following empirical formula can be used to represent them:
Mz/nO'Alzog'XSiOZ'szo

Because AlO, tetrahedra are only linked to SiO, tetrahedra, x in this oxide formula is usually equal to or greater
than 2, and n is the cation valence. The cation and water molecules are accommodated in the framework’s
channels and linked spaces. The cations are very mobile and may generally be exchanged with other cations to

variable degrees.

According to the International Zeolite Association (18], there are more than 40 natural and more than 280 zeolites
that have been artificially synthesized. These zeolites are distinguished from one another by their unique crystal
structure and the ratios of Al and Si atoms. In the zeolite molecule, the Al atom is negatively charged and can be
balanced with cations such as Na*, K*, and Ca?*. Zeolites have pores that allow molecules of a lower diameter to
be adsorbed, whereas molecules of a larger diameter are unable to pass through these pores. This is an attractive
adsorptive property for removing impurities such as hydrogen sulfide, carbon dioxide, and moisture from natural
gas. To this day, a large number of zeolites have been synthesized and evaluated for the separation of H,S from a

wide variety of mixed gases, and the findings have been very encouraging.

The zeolites known as Faujasite (FAU) and Linde Type A (LTA) are utilized rather frequently in the separation
processes. They are composed of sodalite (SOD) structures that are organized in a pattern that varies depending

on the amount of aluminium to silicon (Figure 2).

(b)

Figure 2. Structure of (a) Faujasite (FAU) and (b) Linde Type A (LTA) zeolites [18],

| 6. The Synthesis of Zeolites
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Natural zeolites can be found in large quantities all over the world, but they are not commercially available because
of their low purity, high cleaning cost, and inability to be used in certain processes. Synthetic zeolites, on the other
hand, are produced on an industrial scale. These zeolites serve as adsorbents, catalysts, and ion-exchangers,
among other functions, and are utilized for a variety of applications. Milton 22! developed the first low-silica zeolites
in the late 1940s by hydrothermally crystallizing alkali aluminosilicate gels under low temperatures and pressures.
Synthesizing zeolites can be done in a number of different ways, including hydrothermal [, alkali-fusion 29, and
microwave-assisted 21 methods. The synthesis of an appropriate zeolite can be accomplished using any one of
the aforementioned approaches. As raw materials, a variety of salts and minerals containing the elements
aluminium and silicon are utilized. The elements aluminium and silicon can be obtained from a variety of sources,
including sodium aluminate, aluminium sulphate, aluminate nitrate, sodium, or alkaline silicate, and minerals such
as clay and kaolin 22, The synthesis of an appropriate zeolite can be accomplished using any one of the
aforementioned approaches. As raw materials, a variety of salts and minerals containing the elements aluminium
and silicon are utilized. The elements aluminium and silicon can be obtained from a variety of sources, including
sodium aluminate, aluminium sulphate, aluminate nitrate, sodium, or alkaline silicate; minerals such clay and kaolin

[23]: and from iron ore tailings, rice husk ash, coal fly ash, lithium slag, and paper sludge ash.

| 7. H,S Adsorption Mechanism on Zeolites

There are two primary explanations for why H,S can be absorbed physically by zeolites:

» One of the things that set zeolites apart from other minerals is the fact that their chemical structure remains
relatively unchanged throughout time. These particular chemical structures have pores that are on the
nanometer scale, and they appear to function as molecular sieves. Even molecules that are significantly smaller
than the pores found in zeolites have the potential to become “trapped” within these pores. In light of this, it is
possible to estimate the zeolite that can be employed [24! by first determining the kinetic diameter of the
molecule that needs to be separated. Zeolites with pore sizes larger than 0.36 nm, which is the kinetic diameter
of H,S, have the ability to adsorb H,S. The presence of impurities such as CO,, which has a kinetic diameter of
0.33 nm, causes a low separation efficiency due to competitive adsorption. Table 2 provides the kinetic

diameters of several molecules that could be present in the mixture with H,S and induce competitive

adsorption.
Table 2. Kinetic diameter for various molecules 24!,
Molecule Kinetic Diameter (nm)
NH; 0.26
H,0 0.28
CO, 0.33
N, 0.36
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Molecule Kinetic Diameter (nm)
0, 0.36
SO2 0.36
CHg4 0.38

» The second explanation is that zeolites are able to adsorb H,S as a result of contact with the polar structure of
the zeolite 23, When the intracrystalline pores and channels of zeolites are filled with H,S molecules, the
zeolites are unable to adsorb, and there are no more adsorptions that take place. It is possible to restore the
adsorption capacity of zeolite by modifying the conditions of the adsorption equilibrium 28 in terms of
temperature, pressure, or both. This process is referred to as “regeneration”. The contact between the
molecules being adsorbed and the active sites (sites placed over the external surface of the zeolites, or close to
the micropore openings) of the zeolite becomes less strong with time, which results in the molecules being
desorbed. During the adsorption process, the permanent structure of the zeolites is maintained since the phase
of H,S that is adsorbed onto the zeolites does not change any of the zeolites’ atoms. Temperature, pressure,

and polarity are the three most important factors that determine how well H,S can be adsorbed.

Sometimes, chemical bonds such as covalent or ionic are formed between the surface of the zeolite and H,S. This
process is known as chemisorption, and its interaction is much stronger than physisorption. Chemisorption can, in
fact, meet the demand for the selective capture of H,S; however, one drawback is that it results in the development
of irreversible bonds, which reduces the potential for regeneration. Therefore, for H,S separation in industrial
processes, physisorption is preferred, as the reversible process take place by weak van der Waals forces and

electrostatic interaction.

| 8. The Effect of Si/Al Ratio on H,S Adsorption

The ratio of silicon to aluminium, which is known as the Si/Al ratio, is the most significant factor in determining the
structures and properties of zeolites. Zeolites can be categorized as low, medium, high, or silica, depending on this
ratio [27]. The thermal stability, acidity, and structural makeup of zeolites are all influenced by the Si/Al ratio. When
the ratio of silicon to aluminium increases, some properties, such as thermal stability, increase. The amount of
silica found in hydrophilic zeolites is quite low, whereas the amount of silica found in hydrophobic zeolites is
relatively considerable . lon exchange capacity and cation concentration are both influenced by the amount of
aluminium present, and both tend to decrease as the ratio of silicon to aluminium rises. For the purpose of
separating hydrogen sulfide from a variety of streams, hydrophilic zeolites with a high level of surface selectivity
are recommended. In this case, zeolites of types A and X that have a low silica content and demonstrate strong
adsorption capabilities are preferable candidates. Karge and Rasko 28 investigated how the ratio of silicon to
aluminium influences the mechanism of hydrogen sulfide adsorption by the FAU zeolites (X and Y). When the ratio
of silicon to aluminium was larger than 2.5 (Y), they discovered that physical adsorption of H,S occurred. Due to
the fact that low silica zeolites (Si/Al = 1-1.5) are aluminium saturated and have the largest cation concentration, it

may be deduced that Na* cations play an important role in the dissociative adsorption. Consequently, an increase
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in the Si/Al ratio causes a decrease in the amount of Na* ions, which in turn causes a decreased dissociation of
H,S into HS™ and H*, indicating an increase in physical adsorption. Moreover, by replacing the Na* cations in a 4A
zeolite with Ca2*, a 5A zeolite is produced, resulting in an increase in physisorption 22, The Si/Al ratio of zeolites,

which are frequently employed in separation processes, is shown in Table 3 below:

Table 3. The Si/Al ratio of zeolites [24],

Type of the Zeolites SilAl Ratio
Linde type A (LTA) 1-6
Faujasite X type 1-1.5
Faujasite Y type higher than 1.5
Chabazite (CHA) 1-to infinity
MFI framework (ZSM-5) 10-to infinity
Mordenite (MOR) 4-12

| 9. H,S Selectivity

The ability of an adsorbent to selectively adsorb a component in a gas mixture is affected by the presence of many
components in the mixture. Adsorbents may have the capability to adsorb multiple components at the same time
[BOIB1] As a result, the selectivity of adsorbents is an essential factor to consider while making your selection. In
order to choose and evaluate zeolites that are capable of selectively adsorbing hydrogen sulfide from gas streams,
it is vital to take into consideration the zeolites’ capacity to absorb other contaminants, such as carbon dioxide and
water. The polarity of zeolites depends on the Si/Al ratio B2 and is a significant factor in determining their
selectivity. They are well attracted to zeolites due to the fact that methane and its homologues in natural gas are
non-polar and polar molecules such as H,S, CO,, and water. As was said earlier, selecting the appropriate zeolite
is essential to decrease the adsorption of CO, and H,O molecules while simultaneously enhancing affinity toward

H,S molecules.

| 10. Adsorption Capacity

The number of contaminations that the adsorbent needs to remove is an essential factor in determining how
successful the operation will be. A decrease in the length of the adsorption cycle results from an increase in the
adsorption capacity, which improves the separation of the targeted molecule from the mixture. The adsorption
capacity can be determined by calculating the ratio of the amount of the adsorbed molecule to the mass of the

adsorbent, and is often expressed in the unit of mmol/g or mg/g.
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The following equation can be used to determine the maximum adsorption capacity of a zeolite:

Co—C.)V
%ZM (1)

m

where, Co and C. represent the initial and equilibrium concentration (ppm) of the HyS, respectively; V (L)
represents the total volume of gas mixture used in each experimental run; and m (g) represents the dry mass of the

adsorbent that was used for the adsorption process. All concentrations are expressed in mg/g.

The adsorption capacity for continuous adsorption can be calculated from the breakthrough curves using the
following equation 33

ot MW - [Cy - t1 — (1 — t) - 0.5
gy = Qo MW (Ot~ (1~ t) 0.5 o
Vi -m - 10

Qqor = total gas flow rate (NI/h).

e MW = molecular weight of H,S.

Cj, = inlet H,S concentration (ppmv).

t,= breakthrough time when the outlet concentration is 1 ppmv (h).

to= breakthrough time at the last detection of O ppmv (h).

e V), = molar volume (24,414 NI/mol). m = mass of adsorbent material (g).

| 11. Applications of Natural and Synthetic Zeolites

Although natural zeolites have adsorption properties that are several times higher than those of synthetic zeolites,
very few natural zeolites have been studied in the context of the removal of hydrogen sulfide from a variety of
gases. According to the research, natural zeolites are also good at separating H2S. Various procedures, including
high-temperature calcination, the addition of various metals, and acid processing, can be employed to improve
their efficacy in H2S removal. Because natural zeolites are insufficient for commercial use as catalysts and
adsorbents, synthesized zeolites are utilized instead. It is necessary to improve the characteristics of zeolites. To
that end, metals can be added, calcination temperatures can be changed, and the composition of zeolites can be
altered in other ways. Metal ions are introduced into the zeolite structure by two methods: ion exchange and

impregnation. In recent years, zeolite-based adsorbents used in the separation of H,S from gas mixtures have
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been synthesized from various cheap raw materials because they are widely available and have a low production
cost.

| 12. Conclusions

In the separation of H,S gas from gas mixtures, the presence of other gases in the mixture, such as CO,, H,0, and
CO, complicates the process because of competitive adsorption. Therefore, it is very important to find and
synthesize efficient zeolites with a high adsorption capacity, selectivity, and regenerability that can separate H,S
under a variety of conditions. Natural and synthetic zeolites, and their modifications, are widely used in the
separation of H,S from various gaseous mixtures. It is difficult to find the most effective adsorbent because there
are so many different structural types of zeolites, modification possibilities, and conditions to consider when
removing H,S. However, by understanding the properties of zeolites and the gas to be removed, the proposed
zeolite or its modification can be assumed for the screening in the separation processes. Linde Type A (4A and 5A)
and Faujasite (13X) zeolites with a low silica content, and their modifications with Cu and Ag, which have good

adsorption properties, are very good candidates for the removal of H,S.
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