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Abstract

The article presents the results of the development of multicomponent adsorption materials
based on industrial waste sludge from the water treatment plant of a thermal power plant.
Activation of the sludge at 1000 ◦C makes it possible to obtain a porous matrix. It has
been experimentally established that compositions with 50% activated sludge content in
combination with oxides of Zn, Fe, Mn, Cu and NaOH have an optimal sorption capacity
with respect to hydrogen sulfide. Kinetic studies have shown that the optimal contact time
of the adsorbent with the adsorbate is 15–20 min, and the operating temperature should
not exceed 300 K. The calculated thermodynamic parameters confirm the exothermic
chemical mechanism of sorption. The materials have the ability to regenerate and display a
color change upon contact with hydrogen sulfide. With respect to mercaptan sulfur, the
maximum capacity was achieved for the sorption composition with 74.7% ZnO content.
The logarithmic dependence of the mercaptan sulfur capacity on the percentage of zinc
oxide in the composition has also been established. The environmental significance of
the work lies in the utilization of large-tonnage waste and the absence of liquid effluents
during regeneration. The proposed materials show promise as potentially cost-effective
alternatives for gas purification, though comprehensive economic analysis remains the
subject of future work.

Keywords: gas fuels; hydrogen sulfide; adsorbent; waste; sludge; mercaptan sulfur;
purification from sulfur compounds

1. Introduction
Gaseous waste generated at oil refineries, as well as associated petroleum gas (APG),

can be used at enterprises of the fuel and energy complex as fuel for boiler houses, gas
turbines and combined-cycle gas installations. However, despite the relatively high caloric
content, these gases can contain a fairly large amount of sulfur compounds.
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The combustion of sulfur-containing fuels at enterprises of the fuel and energy complex
leads to the formation of sulfur dioxide(IV) [1], which is one of the main sources of acid
precipitation and secondary aerosol pollution. The presence of sulfur compounds in fuel can
also cause intense low-temperature corrosion of flues, air heaters and boiler economizers,
high-temperature sulfide corrosion of turbine blades and disable expensive combustion
chambers [2,3]. Also, when transporting these gases to power facilities, the hydrogen
sulfide present in the composition can cause sulfide stress cracking (SSC) of pipelines and
shut-off valves [4].

The following purification technologies can be used to remove sulfur compounds from
gas emissions from refineries, APG and gaseous fuels: absorption, adsorption, catalytic
oxidation, membrane separation [3,5].

The choice of the optimal cleaning technology is justified by a set of requirements for
cleaning depth, efficiency, economy and environmental friendliness of the process. In this
context, the adsorption process is the most optimal. In modern scientific literature, the issue
of developing effective, selective and regenerable sorbents remains a focus of research.

The purpose of this study is a critical analysis of modern achievements in the field
of creating adsorbents of sulfur compounds, the development of highly effective sorbents
from industrial waste and minerals, the identification of key factors determining their
effectiveness, and the assessment of prospects for practical application.

2. Literary Review
This review covers the main classes of adsorption materials used to remove sulfur

compounds from gas streams. In accordance with the purpose of the work, the following
areas were considered: carbon adsorbents based on biomass and industrial waste, activated
carbons, biochars, zeolites and aluminosilicate materials, as well as composites using fly
ash, sludge, sewage sludge and other secondary resources. Special attention is paid to
materials designed to remove not only H2S, but also mercaptans, which are more difficult
sulfur compounds to remove. The final section of the review is devoted to the problem
of adsorbent regeneration, since the possibility of multi-cycle use is a key condition for
economic feasibility. The review is based on an analysis of recent publications, including
both experimental papers and systematizing reviews.

2.1. Carbon Adsorbents

The porous structure and the developed specific surface area of activated carbons
(AC) provide a high physical adsorption capacity. However, to increase selectivity and
reactivity, AC is impregnated. In a review article devoted to the removal of hydrogen
sulfide from industrial gases, it was shown that impregnation with alkalis, metal oxides,
or nitrogen-containing compounds can increase sulfur capacity due to the transition from
physical adsorption to reactive chemisorption [6]. Carbon sorbents obtained from biomass
are also of particular interest. The review analyzed the properties of biochars from various
raw materials: rice husks, wood waste, sewage sludge. It has been established that high
ash content and the presence of ions of metals such as K, Ca, Mg, Fe ensure an effective
process of hydrogen sulfide chemisorption with the formation of sulfides and elemental
sulfur [7].

Gaga et al. presented a new biochar based on a mixture of dehydrated sewage sludge
and oil cake from olive oil extraction [8]. According to the research results, the resulting
biochar has a dense structure with a high content of minerals that can act as active centers of
H2S adsorption and catalytic oxidation, converting up to 98% of H2S into elemental sulfur
and sulfates. The treatment of biochar obtained from rice straw with a spent Fenton reagent
containing Cu2+ made it possible to obtain a sorbent with a high capacity for hydrogen
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sulfide—1000.6 mg/g at a temperature of 120 ◦C. The key role was played by copper(II)
oxide nanoparticles, which reacted with H2S to form CuS, Cu2S, and elemental sulfur [9].

Quan et al. studied carbon materials doped with nitrogen obtained by carbonation of
the metal–organic framework ZIF-8 [10]. It was found that when the temperature of the
carbonation process changes from 750 to 950 ◦C, the nitrogen content varies in the range of
17.75–5.46 wt.%, the surface area is 373–757 cm2/g, and the sorption capacity of H2S is in
the range of 28.4–48.2 mg/g. The review article presents generalized research results on
the adsorption purification of natural gas from sulfur compounds [11]. According to the
results, the best sulfur capacity was achieved by adding metal or nitrogen particles to the
surface of the adsorbent.

Thus, carbon adsorption materials demonstrate high efficiency in the removal of sulfur
compounds due to a combination of a developed porous structure and targeted chemical
modification. Also, part of modern research is aimed at obtaining carbon sorbents from
industrial waste. Most of the work was carried out on model environments, which does
not allow an objective assessment of their advantages and limits the possibility of scaling.

2.2. Zeolites

The presence of a regular system of pores and channels of molecular size in the
structure gives zeolites the property of molecular sieve selectivity. And the high electrostatic
field inside the cavities provides a strong interaction with molecules with dipole and
quadrupole moments [12]. The interaction of hydrogen sulfide with zeolites is mainly
chemical in nature and involves donor–acceptor bonds between the sulfur atom of the H2S
molecule and metal cations in the cavities of the zeolite [13]. According to the results of the
study, the affinity of ethyl mercaptan to metal-exchange zeolites is significantly higher than
that of carbonyl sulfide [14].

For mercaptans, the key sorption mechanism is the interaction of the SH- group with
zeolite cations. The results of Monte Carlo computer modeling show that the adsorption of
ethyl mercaptan on zeolites such as FAU, BEA, MFI, LTL and MOR is determined by the
pore diameter and the available volume of cavities, and the presence of methane creates
competition for adsorption centers [15].

According to the review, ion-exchange forms of CuY zeolite have increased selectivity
to mercaptans [16]. In a gas mixture containing tetrahydrothiophene and tert-butyl mercap-
tan in methane, CuY zeolite modified with additional Na2O impregnation demonstrated a
tert-butyl mercaptan sorption capacity of 3.97% by weight, which is 30% higher than that
of unmodified CuY. This result highlights the promise of an integrated approach to the
modification of zeolite adsorbents.

The presented studies convincingly demonstrate the high selectivity of zeolites to
sulfur compounds; however, the influence of moisture, CO2, and competitive adsorption of
a mixture of sulfur compounds in real gas streams requires additional study.

2.3. Mesoporous Silica Materials

Among the many adsorption materials, mesoporous silica also attract attention. Their
high specific surface area, ordered porous structure with adjustable pore diameter, chemical
and thermal stability, and abundance of surface silanol groups for chemical modification
make them attractive carriers for the creation of selective adsorbents of sulfur compounds.

Min et al. studied mesoporous silicon dioxide SBA-15 impregnated with bimetallic
oxides CuO and Fe2O3 in various atomic ratios. The maximum H2S adsorption capacity
(74.08 mg/g) was achieved at a Cu ratio of Fe = 1.0:0.3. It is shown that Fe2O3 contributes
to the creation of an alkaline environment that improves the removal of H2S [17]. It has
been shown that applying 10% CuO or ZnO to mesoporous MSU-1 effectively removes
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H2S at room temperature; however, internal diffusion is the limiting factor [18]. For high-
temperature processes, 50% Mn2O3 was studied on MCM-41, HMS, and KIT-1 media. The
best results were achieved on KIT-1 due to the three-dimensional channel structure, which
ensures better accessibility of active centers [19].

The authors Belmabkhout et al. proposed triamine-grafted mesoporous silica with
expanded pores (TRI-PE-MCM-41) for the selective absorption of H2S and CO2 from
natural gas and biogas. The material shows high capacity and easy regeneration, which
distinguishes it from oxide systems [20]. The authors Mohammed Ali et al. synthesized
MCM-41 with a specific surface area of 1270 m2/g and a porosity of 69%, which in its pure
form provides noticeable removal of H2S due to physical adsorption, which confirms the
importance of textural parameters [21].

Studies confirm the high efficiency of mesoporous silica, but there is insufficient data
on selectivity in the presence of a mixture of sulfur compounds, which limits the assessment
of their industrial potential.

2.4. Adsorbents Based on Energy Waste and Natural Materials

Natural materials offer advantages such as low cost, accessibility, and stability over
a wide range of pH and temperatures, making them promising adsorbents for sulfur
removal. According to review [22], the inorganic component of activated sludge and clay
minerals contains oxides of iron, aluminum, calcium, magnesium, and aluminosilicates.
These components provide a combined mechanism: physical adsorption due to developed
surface area and chemisorption via reaction of H2S with metal oxides. Compositions
based on calcined limestone and clays exhibit a sulfur content of 10 to 40% [22]. Recycling
energy waste is a relevant direction. A “green” hydrothermal synthesis from coal fly
ash, FeSO4·7H2O, and calcium aluminate produced a material consisting of ferrihydrite
nanoparticles on a mesoporous aluminosilicate substrate [23]. This adsorbent showed an
H2S adsorption capacity of 235–294 mg/g at room temperature, which is 4–10 times higher
than known Fe2O3-based analogs.

Sludge from a thermal power plant water treatment plant (WTP) contains iron, cal-
cium, aluminum, and silicon compounds, making it a potential raw material for cheap
adsorbents [24,25]. In summary, adsorbents based on industrial and agricultural waste are a
cost-effective alternative to traditional sorbents. Their advantages include low raw material
cost, tunable chemisorption and textural properties via modification, and alignment with
circular economy principles.

Appendix A provides a summary table with the characteristics of hydrogen sulfide
sorbents obtained from various wastes (Table A1). It systematizes data, including infor-
mation on the origin of raw materials, activation methods, adsorption capacity, capture
mechanisms and process conditions [6,23,26–51].

Among the materials considered, the most promising are composites based on fly ash
and iron-containing waste, which demonstrate high capacity due to the synergy of the
mesoporous structure and chemisorption on metal oxides. However, in the vast majority
of the works cited, information on the mechanical strength of granules, regeneration, and
cyclic stability is missing.

2.5. Development of Adsorbents from Waste to Purify Gases from Mercaptans

In recent years, a significant amount of research has been accumulated in this area,
which can be roughly divided by the origin of raw materials: crop production waste and
industrial waste, as well as methods for modifying the obtained materials.

Hierarchically porous carbon from rice husks showed high ethyl mercaptan adsorption
due to micropores (capillary filling) and mesopores (accelerated diffusion) [43]. CuO

https://doi.org/10.3390/cleantechnol8040117

https://doi.org/10.3390/cleantechnol8040117


Clean Technol. 2026, 8, 117 5 of 29

impregnation further improved the characteristics: the breakthrough sulfur capacity was
165.1 mg/g, and the saturated sulfur capacity was 222.7 mg/g [44].

The authors Kam et al. studied activated carbons obtained from citrus peel waste to
capture methyl mercaptan, acetone, and benzene [52]. The adsorption capacity for methyl
mercaptan increased with an increase in the sum of the surface functional groups, with
the KOH-activated sample showing the highest capacity [52]. Biochar from pine bark
modified with Cu2+ made it possible to obtain a sorption capacity of 36.50 mg/g for methyl
mercaptan, 20.50 mg/g for H2S, and 57.98 mg/g for dimethyl sulfide [41].

Starch-based activated carbon with urea (nitrogen source) removed low-concentration
methyl mercaptan via porous structure and oxygen/nitrogen functional groups [53]. The
possibility of using red sludge to purify gases from dimethyl disulfide and methyl mer-
captan has been investigated [54]. Activation with hydrochloric acid increased the specific
surface area to 144 m2/g, increased the content of catalytically active Fe2O3 and TiO2, and
also reduced the phosphorus content, which had a positive effect on efficiency. The main
oxidation products were SO2, CO and CO2.

Iron- and copper-modified bentonite and sewage sludge reduced operating costs
compared to commercial adsorbents for refinery off-gases [55]. A siliceous flask-based
sorbent was proposed for removing residual mercaptans from air in industrial premises [56].
Deposition of Mn, Cu, Zn oxides on aluminosilicate supports achieved a sulfur capacity of
1226 mg S/g, suggesting potential for waste-derived porous matrices [57].

Key mercaptan adsorption mechanisms: micropore filling and chemical binding [58];
physical adsorption and chemisorption on functional groups; transition metal oxides
catalyze oxidation to disulfides or sulfonic acids; catalytic oxidation on modified red mud
yields SO2 and CO2. A comprehensive review covers absorption, adsorption, oxidation,
and biological methods for methyl mercaptan removal [59].

The presented studies demonstrate a variety of approaches to the creation of adsor-
bents for the removal of mercaptans from waste; however, most of the work is limited to
determining the initial capacity.

2.6. Regeneration of Adsorbents

Efficient sorbent regeneration is crucial for reducing costs and waste. Regeneration
methods include physical (thermal desorption, steam), chemical (leaching, precipitation),
and biological approaches. Efficiency depends on the H2S fixation mechanism: reversible
physical interactions require less energy, while chemisorption needs more stringent condi-
tions [60]. For activated carbons, thermal regeneration in N2 at 200–600 ◦C partially removes
sulfur compounds, but complete reversibility is impossible due to strongly chemisorbed
sulfides and elemental sulfur; capacity decreases over cycles [61]. Zeolites show better
performance. Regeneration of superstable zeolite Y by N2 purging at 300 ◦C followed by
heating restored about 98% of initial capacity [62]. Calcined zeolites regenerated with N2 at
350 ◦C provided stable multi-cycle operation with minimal loss [63].

Metal oxide chemosorbents (Zn, Cu, Fe) form sulfides. Regeneration requires oxi-
dation in air at 500–700 ◦C. Challenges: exothermic reaction, ZnO sintering, zinc loss. A
ZnO composite with reduced graphite oxide (oxidative regeneration at 500 ◦C, 3 h) main-
tained stable capacity over five cycles [64,65]. CeO2/TiO2 nanofiber sorbent regenerated by
oxidation at ≈700 ◦C; submicron morphology inhibits sintering, providing high cyclic sta-
bility [66]. Red soil regenerated with air at 800 ◦C showed practical reversibility for coal gas
purification [67]. A copper sulfate-based system: H2S absorption by aqueous metal sulfate,
then oxidation of CuS to CuO in air at elevated temperature—can be integrated into cyclic
purification [68]. Liquid-phase regeneration using ammonia leaching converts sulfides to
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soluble ammonium polysulfides; the sorbent is reused after drying. This approach allows
selective extraction of elemental sulfur under mild conditions [69,70].

Against the background of detailed technologies for the regeneration of synthetic
and commercial sorbents, a gap is clearly highlighted in relation to waste-based materials,
which are increasingly being offered as cheap H2S adsorbents. In the review devoted to
the removal of hydrogen sulfide from biogas by sorbents obtained from various wastes, it
is emphasized that the literature data on the regeneration of such materials are extremely
scarce [26]. The vast majority of studies are limited to a single use of the sorbent followed
by disposal or state that capacity recovery has not been studied.

For commercial sorbents, effective regeneration methods have been developed with
capacity recovery of up to 98%, whereas for waste materials, the literature data on regener-
ation are extremely scarce, and most studies are limited to single use. This gap calls into
question the economic feasibility of using cheap adsorbents from waste in industry without
reliable recovery cycles.

Thus, the systematization of the data presented in the review confirms that the de-
velopment of sulfur adsorbents, especially from waste, and their comprehensive analysis,
including determination of sorption, kinetic, thermodynamic, and physical characteristics,
is not only an urgent scientific field, but also a viable way to create affordable, efficient, and
environmentally friendly desulfurization technologies.

3. Materials and Methods
The active base for the developed adsorbents was the sludge of the WTP TPP. The

sludge exhibited significant alkalinity owing to the presence of calcium and magnesium
hydroxides and carbonates; therefore, it can react with sulfur oxides and hydrogen sulfide
to form insoluble sulfates and sulfides. The composition of slurry waters, which directly
depends on the impurities in the initial treated water and on the dosed chemical reagents,
mainly consists of CaCO3, Ca(OH)2, Mg(OH)2, Al(OH)3, Fe(OH)3, ions OH−, CO3

2−,
SiO3

2−, SO4
2−, PO4

3−, Cu2+, Zn2+, Mn2+, Ni2+, Cr2+ [71].
The pretreatment of the sludge consisted of dewatering. Next, it was activated by

calcination in a muffle furnace at a temperature of 1000 ◦ C for 2 h. Heating and cooling are
carried out with a uniform temperature change. The sludge compositions after dehydration
and calcination analyzed by infrared spectroscopy on a Shimadzu IRAffinity-1S FTIR
spectrometer (Shimadzu, Kyoto, Japan) are presented in Table 1 [72].

Table 1. Table of characteristic frequencies for IR spectra of WTP sludge [72,73].

Absorption Range, cm−1 Dehydrated Sludge Activated Sludge

3600 calcium compounds from clay
3400 valence OH groups of water compounds characteristic of brown soil
3250 iron oxide
2950 valence bonds of alkanes
2815 valence C-H groups

2700, 2520 valence O-H bonds of carboxylic acids

2325 CO2 from the atmosphere and aliphatic
groups of carboxylic acids

1770 C=O bonds

1600 valence conjugated and benzene bonds unburned carbon-like organic compounds
and associated water

1420 carbonates
1380 calcium oxide
1280 esters
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Table 1. Cont.

Absorption Range, cm−1 Dehydrated Sludge Activated Sludge

1100 sulfates, alcohols, esters sulfates and brown soil
1000 silicates silicates
870 carbonates
750 silicates
620 sulfates sulfates, brown soil, clay, silicates
500 iron oxide, silicates iron oxide, silicates

The IR-Fourier spectra are presented in Appendix B.
The resulting active base in the form of calcined sludge was modified by adding

the following compounds in different ratios: NaOH, ZnO, Fe2O3, CuO, MnO, CaO.
An adsorbent was also developed with the addition of a natural material—red clay. The
resulting dry mixture was moistened to obtain a homogeneous thick suspension, then
subjected to granulation and drying.

To conduct experimental studies to determine the total dynamic capacity of hydrogen
sulfide, a flow-type installation was assembled (Figure 1). The studies were conducted at
room temperature of ≈25 ◦C and atmospheric pressure. Hydrogen sulfide from the cylinder
(purity of at least 99.5%, consumption was 5 L/h) was purged into an adsorber filled with
the analyzed developed adsorption composition (the height of the adsorption layer was
20 cm, the diameter of the granules was 3 mm). At the outlet of the adsorber, the gas mixture
was sent to the absorption solution. The initial and final amounts of hydrogen sulfide were
determined by the spectrophotometric method according to GOST 22387.2-2021 “Natural
gas. Methods for the determination of hydrogen sulfide and mercaptan sulfur” [74]. A
solution of zinc acetate acts as an absorption solution. After the adsorption process was
completed, solutions of N,N-dimethyl-p-phenylenediamine and iron(III) chloride were
sequentially added to the absorption solution. The color intensity of the resulting solution
is proportional to the hydrogen sulfide content in the sample. It was measured using
a Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) at a wavelength of
670 nm. The amount of hydrogen sulfide was determined according to a pre-constructed
calibration graph, which shows the dependence of the optical density of the solution on
the amount of hydrogen sulfide in the reference samples. The total dynamic capacity was
defined as the amount of absorbed substance per 1 g of the analyzed sorbent.

 

Figure 1. Laboratory flow-type installation: 1—a cylinder with hydrogen sulfide; 2—the adsorber
filled with the analyzed composition; 3—flask with absorption solution.

The following experimental studies were also carried out to determine the physical,
kinetic and thermodynamic characteristics of the developed sorbents:
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1. Abrasion test according to GOST 6755-88 “Chemical lime absorber HP-I” [75]. The
granules of the developed material were first sieved through a sieve with 1 mm cells
for one minute to remove dust. Then, 50 cm3 of the prepared sorbent was measured
with a measuring cylinder and weighed. This suspension was transferred to a metal
drum, where five steel balls were previously placed. The drum was rotated at a speed of
50 ± 1 rpm for 15 min. The crushed material is again sieved through the same sieve with
1 mm cells for one minute. The remainder was weighed on the sieve. Abrasion resistance
was calculated as the ratio of the weight of the attachment after the experiment to the
weight of the attachment before the experiment. The arithmetic mean of two parallel
definitions was taken as the final result, with an acceptable discrepancy between them of
no more than 3%.

2. Determination of bulk density.
3. Determination of total porosity according to the Melcher method.
4. Determination of specific surface area by the BET method.
5. Determination of the dependence of the capacity on the contact time of the adsorbate

with the adsorbent.
6. Determination of the capacity dependence on the temperature of the sorption process.
7. Construction of isotherms and isosteres of adsorption.
8. Graphical determination of enthalpy and integral heat of adsorption.
The enthalpy of adsorption is related to the adsorption equilibrium constant, defined

as the ratio of the equilibrium value of adsorption to the equilibrium concentration of
hydrogen sulfide, by Equation (1).

∂ln K
∂T

=
∆H
RT2 , (1)

where K—adsorption equilibrium constant; T—temperature; H—enthalpy, R—universal
gas constant.

By establishing the experimental dependence of the adsorption equilibrium constant
K on temperature, the enthalpy can be determined. Graphically, the integral heat of
adsorption is determined by the tangent of the angle of inclination of the straight line
lnK = f(1/T), as shown in Equation (2):

∆H = −R·tanα (2)

where H—enthalpy; R—universal gas constant.
Graphically, the differential heat of adsorption is determined by the tangent of the

angle of inclination of the straight line lnC = f(1/T) according to Equation (3), where C is
the equilibrium concentration of hydrogen sulfide:

qA = R·tanα (3)

where qA—enthalpy, R—universal gas constant.
The regeneration of spent adsorbents was carried out in 2 ways:
1. Calcination at a temperature of 300 ◦C in the presence of air with gradual heating

and cooling for 2 h.
2. Drying at a temperature of 105 ◦C for 2 h, followed by purging with ozone, the

consumption of which was 5 g/h, for 10 min.
Further experiments were carried out to determine the total dynamic capacity of the

regenerated adsorbents.
The capacity of the developed mercaptan sulfur formulations was also determined

at a flow-through laboratory facility. High-purity nitrogen was used as the carrier gas.
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Quantitative measurement of mercaptan sulfur was carried out on a spectrophotometer
in accordance with GOST 22387.2-2021 [74]. The absorption solution was a solution of
cadmium chloride. After the adsorption process was completed, solutions of N,N-dimethyl-
p-phenylenediamine and iron(III) chloride were successively added to the absorption
solution. The color intensity of the resulting solution is proportional to the mercaptan sulfur
content in the sample. It was measured using a Shimadzu UV-1800 spectrophotometer
(Shimadzu, Kyoto, Japan) at a wavelength of 496 nm. The amount of mercaptan sulfur
was determined in accordance with a pre-constructed calibration graph, which shows the
dependence of the optical density of the solution on the amount of mercaptan sulfur in the
control samples.

In each series of experiments, three parallel measurements were carried out. Mathe-
matical statistical methods were used to analyze the data obtained during the experiment:

1. Calculating the arithmetic mean is used to estimate the central trend (typical value)
of a number of measurements.

2. Calculation of the standard deviation (RMS deviation)—to estimate the spread
(variability) of individual values relative to the average.

3. The correlation coefficient was also calculated.

4. Results
4.1. Results on Hydrogen Sulfide Capture

The quantitative and qualitative composition of the developed sorption materials is
presented in Table 2.

Table 2. The composition of the developed multicomponent sorption materials.

No. Component Mass Content, % Physical Appearance

1
Activated sludge 50 Hard porous granules, crumble with

difficulty when crushed, peach colorRed clay 41.5
Sodium hydroxide 8.5

2
Activated sludge 70 Dense porous, crumble easily when pressed,

light yellow colorZinc oxide 21.5
Sodium hydroxide 8.5

3

Zinc oxide 50
Plastic, crumples, crumbles with difficulty
when pressed, gray color with a burgundy

tint

Iron(III) oxide 21.5
Manganese(II) oxide 10
Dehydrated sludge 10
Sodium hydroxide 8.5

4

Activated sludge 50

Porous, very easily destroyed, brick colorIron(III) oxide 31.5
Dehydrated sludge 10
Sodium hydroxide 8.5

5

Activated sludge 30

Porous, easily destroyed, gray color

Iron(III) oxide 17.35
Zinc oxide 17.35

Sodium hydroxide 15.3
Manganese(II) oxide 10

Calcium oxide 10

6

Iron(III) oxide 41.5
Plastic, porous, crumbles when pressed,

brown color
Activated sludge 31.5

Sodium hydroxide 17
Dehydrated sludge 10
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Table 2. Cont.

No. Component Mass Content, % Physical Appearance

7
Zinc oxide 74.7

Plastic, crumples when pressed, beige colorSodium hydroxide 15.3
Dehydrated sludge 10

8

Activated sludge 40

Porous, easily destroyed, gray color

Zinc oxide 20
Manganese(II) oxide 10

Iron(III) oxide 10
Sodium hydroxide 10
Dehydrated sludge 10

9
Activated sludge 50 Dense, does not crumble under pressure,

slightly crumples, light brown colorZinc oxide 41.5
Sodium hydroxide 8.5

10

Activated sludge 50
Dense, porous, crumbles under pressure,

mouse-gray color
Zinc oxide 31.5

Copper(II) oxide 10
Sodium hydroxide 8.5

11
Activated sludge 50

Porous, crumbles under pressure,
red-brown color

Iron(III) oxide 41.5
Sodium hydroxide 8.5

The values of the total dynamic hydrogen sulfide capacity for each developed sorption
material are shown in Figure 2.

 

Figure 2. The values of the total dynamic capacity for hydrogen sulfide with a standard deviation for
each developed sorption material.

The main goal in choosing the component composition of the adsorbent was to identify
chemical compounds that increase capacity and exhibit a synergistic effect. The lowest
capacity was 0.312 g/g for Sample No. 1, while the highest was 0.98 g/g for Sample No. 11.
Based on the data obtained, it can be concluded that metal oxides (Fe, Zn, Cu, Mn) enhance
the adsorption of sulfur-containing substances at an optimal percentage. It is also important
to emphasize that all samples with the best capacity (NN 7–11) consist of half of the sludge
from the wastewater treatment plant of the thermal power plant. Such formulations are
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environmentally and economically feasible, increase resource conservation through the
reuse of used raw materials, and the cost of their production will be significantly lower.

4.2. Physical Characteristics of the Developed Adsorbents

The key physicochemical parameters were studied for samples NN 7–11: abradability,
bulk density, porosity, and specific surface area. Detailed measurement results are presented
in Figures 3–6, which allows us to evaluate the relationship between the adsorbent structure
and its functional properties.

 

Figure 3. The value of the abradability with a standard deviation of sorption materials NN 7–11.

 

Figure 4. The value of the bulk density with a standard deviation of sorption materials NN 7–11.
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Figure 5. The value of the porosity value with a standard deviation of sorption materials NN 7–11.

 

Figure 6. The value of the specific surface area with a standard deviation of sorption materials
NN 7–11.

Sorbent No. 10 turned out to be the most resistant to abrasion. The ratio of the number
of destroyed granules to the initial number of whole granules was only 2.09%. The lowest
bulk density among the five studied samples is characterized by sorbent No. 11, the value
of which is 487.98 kg/m3. It is noteworthy that this sample also demonstrates maximum
porosity (57%) and specific surface area (6.61 m2/g), which naturally correlates with its
low bulk density. Sorbent No. 7 has the highest bulk density—983.03 kg/m3 and at the
same time has a low porosity—only 17%. Sample No. 9 has the smallest specific surface
area—1.94 m2/g.

According to the results of experimental studies, the content of activated sludge
increases porosity and also increases the adsorption capacity for sulfur-containing com-
ponents. Adding copper(II) oxide to the composite composition allows an adsorbent
with the greatest wear resistance to be obtained, and the presence of iron(III) oxide in the
composition significantly increases the capacity of the sorbent.
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4.3. Kinetic and Thermodynamic Characteristics of the Hydrogen Sulfide Sorption Process

For the developed composition No. 5 from Table 2, which has an average sorption
capacity (0.418 g/g) and includes 6 different components, the kinetic and thermodynamic
characteristics of the hydrogen sulfide sorption process were calculated (Figures 7–12).

 
Figure 7. Kinetic curves of adsorption at different initial concentrations of hydrogen sulfide for the
developed composition No. 5 from Table 2.

 
Figure 8. Effect of temperature on the sorption capacity at an initial hydrogen sulfide concentration
of 0.82 g/L for the developed composition No. 5 from Table 2.
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Figure 9. Isotherms of hydrogen sulfide adsorption by the developed sorption material at various
temperatures for the developed composition No. 5 from Table 2.

 

Figure 10. Isosteres of hydrogen sulfide adsorption by the developed sorption material at various
temperatures for the developed composition No. 5 from Table 2.

An increase in capacity is observed with an increase in the duration of contact
of hydrogen sulfide with the developed sorption composition in the time interval of
5–20 min. However, beyond this range, the indicator reaches a plateau and practically does
not depend on the time of contact.

According to the graph, with increasing temperature, the capacity of the sorption
material for hydrogen sulfide decreases. At the same time, the most pronounced decrease
is typical for the temperature range of 300–315 K.

The obtained hydrogen sulfide adsorption isotherms clearly illustrate the effect of
temperature on the sorption capacity. At a temperature of 283 K, the highest capacity values
are achieved, while an increase in temperature to 323 K leads to a significant decrease in it.

Adsorption isosteres are curves showing the dependence of the equilibrium concen-
tration of adsorbate on temperature at a constant value of adsorption, which allow us to
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evaluate the thermodynamic characteristics of the process. According to the graph, at a
fixed value of the equilibrium concentration, the value of the adsorption capacity decreases
with increasing temperature.

 

Figure 11. Linear dependence of ln K on the reverse temperature for the developed composition
No. 5 from Table 2.

 

Figure 12. Linear dependence of ln C on the reverse temperature for the developed composition
No. 5 from Table 2.

According to the slope of the graph in Figure 10 (tgα = 7463), the adsorption enthalpy
of −62.05 kJ/mol was calculated using Equation (2).

The differential heat of adsorption for each capacity was calculated using the tangent
of the angle of inclination of the straight line (Figure 12) using Equation (3) (Table 3).
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Table 3. Differential heat of adsorption.

Sorption Capacity for Hydrogen Sulfide, g/g Differential Heat of Adsorption, kJ/mol

0.05 75.68
0.04 75.65
0.03 76.54

Thus, according to the results of the study, the process of hydrogen sulfide adsorption
by the developed multicomponent material should be correctly implemented at a tempera-
ture not exceeding 300 K at atmospheric pressure, and the optimal period of interaction
of the adsorbent with the target component from the point of view of completeness of
extraction is 15–20 min. The enthalpy of adsorption is negative, and the heat of adsorption
is more than 75 kJ/mol.

4.4. Regeneration of Spent Sorbents

For 11 sorption formulations (Table 2), experiments were conducted on regeneration
after their complete saturation and recapture of hydrogen sulfide. Table 4 shows the appear-
ance of the developed materials before and after their saturation, subsequent regeneration
by calcination and recapture.

Table 4. The appearance of spent and regenerated developed materials.

No. The Appearance of the Sorbent Spent Sorbent Regenerated Sorbent Sorbent After Recapture

1

    

2

    

3

          

4
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Table 4. Cont.

No. The Appearance of the Sorbent Spent Sorbent Regenerated Sorbent Sorbent After Recapture

5

    

6

      

7

    

8

    

9

      

10

      

11

      

As can be seen from Table 4, the developed adsorbents have the ability to indicate
saturation via color change.

Figure 13 shows the restoration of the full dynamic capacity for hydrogen sulfide after
regeneration relative to the initial one.
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(a) (b) 

Figure 13. Restoration of the full dynamic capacity of hydrogen sulfide with a standard deviation
after regeneration of spent sorbents relative to the initial: (a) Calcination at a temperature of 300 ◦C in
the presence of air with gradual heating and cooling for 2 h; (b) Drying at a temperature of 105 ◦C for
2 h, followed by purging with nitrogen, the consumption of which was 5 g/h, for 10 min.

According to the figures, sorbent No. 7, containing 74.7% zinc oxide, has the greatest
regenerative ability. During calcination, the capacity was restored by almost 17% of the
initial one, and drying and ozone oxidation make it possible to return almost 78% of the
sorption capacity.

4.5. Trapping Ability in Relation to Organosulfur Compounds

The developed multicomponent sorption materials have been experimentally tested
for the possibility of purifying gases from mercaptan sulfur. The results are shown
in Figure 14.

 

Figure 14. The values of the total dynamic capacity of mercaptan sulfur with a standard deviation for
each developed sorption material.

The results of the experimental study of sorption materials shown in the figure demon-
strate significant variability in their total dynamic capacity for mercaptan sulfur, depending
on the component composition.
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The highest capacity, equal to 6.581 mg/g, was achieved for sample No. 8. Composi-
tion No. 7 showed a similar result in terms of effectiveness, with its total dynamic capacity
of 5.632 mg/g. A comparison of samples No. 9 and No. 8 shows that replacing part of
the zinc oxide with activated sludge reduces the capacity by more than half to 3.089 mg/g.
Sample No. 2, containing 70% activated sludge, 8.5% NaOH and 21.5% ZnO, showed an
even lower capacity value of 0.661 mg/g. Figure 15 shows the dependence of the capacity
on the percentage of zinc oxide by weight in the sorption composition.

 

Figure 15. Capacity dependence on zinc oxide content.

The graph shows that the dependence has a logarithmic form. Consequently,
chemisorption decreases as the mass fraction of ZnO decreases and the proportion of
porous material in the sorption mixture increases.

The minimum values are fixed for formulations based on red clay and iron oxide
without the addition of ZnO oxide.

4.6. Qualitative Evaluation, Environmental Friendliness and Resource Conservation

The developed compositions utilize industrial waste as a primary component. While
the raw material itself has low or zero cost, the overall economic competitiveness would
depend on processing, activation, and modification costs relative to commercial alter-
natives. Preliminary assessment suggests potential cost advantages, though detailed
techno-economic analysis is required for confirmation.

The sorption process operates at near-ambient conditions and atmospheric pressure,
which may contribute to lower energy requirements compared to processes requiring
elevated temperatures or pressures.

The utilization of WTP TPP sludge as an active base for adsorbents offers a pathway
for valorizing this industrial waste stream, potentially reducing the volume requiring
disposal. This approach aligns with circular economy principles by converting a waste
product into a functional material. It is also worth noting that chemical reagents are not
used in the process of regeneration of sorption materials and effluents requiring additional
purification are not formed, which also reduces the environmental burden.

The use of secondary resources aligns with resource conservation principles. Also,
spent sorption materials can be used as sources of useful products.

5. Discussion
The conducted studies have made it possible to establish clear relationships between

the component composition of the developed sorption materials, their physico-chemical
characteristics and the efficiency of trapping hydrogen sulfide and mercaptans. The central
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conclusion is the confirmation of a synergistic effect with the combined introduction of
transition metal oxides (Fe, Zn, Cu, Mn), sodium hydroxide and industrial waste sludge
from the thermal power plant.

The maximum dynamic H2S capacity achieved for sample No. 11 (0.98 g/g) sig-
nificantly exceeds the values reported for most waste-based adsorbents. For example,
the hydrogen sulfide capacity of sorbents from sewage sludge and wood waste under
similar conditions is 2.2–2.8 mg/g [34], while activated carbon from coffee waste reaches
281.5 mg/g [29]. Even the best performing biomass-derived materials, such as rice husk
biochar modified with CuO [44], are inferior to the developed compositions. The high
performance of the proposed sorbents is due to the synergistic combination of a developed
porous matrix provided by activated sludge and highly reactive transition metal oxides,
which facilitate chemisorption by the formation of sulfides. This is consistent with the find-
ings of a review [6], which emphasized that impregnation with metal oxides significantly
enhances H2S uptake.

Due to the introduction of oxides of various metals, sorbents acquire the ability to
visually indicate when in contact with sulfur compounds. The waste material acquires a
black tint as a result of the formation of iron and manganese sulfides, and the formation
of copper sulfides gives it a green tint. Also, various metal compounds in the sludge can
affect the color change in the developed sorbent after its saturation with hydrogen sulfide.

The physical characteristics of the best samples are moderate compared to conven-
tional activated carbons, yet the sorption capacity is much higher. This confirms that the
dominant mechanism is chemisorption rather than physisorption, which is in line with the
observations reported for sludge-derived adsorbents [26].

The most important is the calculation of thermodynamic parameters. The enthalpy
of adsorption, equal to −62.05 kJ/mol (Figure 11), indicates the exothermic nature of
hydrogen sulfide sorption by the developed sorbent. The differential heat of adsorption is
always positive and decreases as the amount of the adsorbed substance increases and may
indicate the nature of adsorption: values in the range of 10–40 kJ/mol may indicate physical
adsorption due to Van der Waals forces. If the values are in the range of 40–400 kJ/mol,
this, in turn, may indicate the course of chemisorption, in which chemical interaction of
the adsorbate molecules with the active centers of the surface occurs. According to Table 3,
the differential heat of adsorption exceeds the values for physical adsorption and confirms
the course of the H2S adsorption process by the developed multicomponent material
due to chemical interaction. This is consistent with the mechanism proposed for zeolites
and metal-oxide systems [13,14]. The recommended temperature range for adsorption is
25–27 ◦C, which indicates that there is no need for additional energy consumption.

The kinetic data show that equilibrium is reached within 15–20 min, which is compara-
ble to or faster than many waste-based sorbents. For example, it takes 30–60 min for biochar
from sewage sludge [31]. The strong temperature dependence reflects the exothermic
nature of the reaction, a feature also reported for Cu- and Zn-modified materials [9,42].

Regeneration experiments revealed that only sample No. 7 (high ZnO content) could
be effectively regenerated by ozone treatment, recovering up to 78% of the initial capacity.
Thermal regeneration at 300 ◦C gave a much lower recovery (~17%). For other compositions,
neither method was efficient. The present results show that the regenerative ability is
strongly composition-dependent; the presence of ZnO allows partial oxidation of ZnS to
ZnO at moderate temperatures [76], while Fe, Mn, and Cu sulfides form stable sulfates that
do not decompose at 300 ◦C, and sodium sulfate can cause sintering. This highlights the
need for tailored regeneration protocols depending on the sorbent formulation.

The highest mercaptan sulfur capacity, equal to 6.581 mg/g, was achieved for sample
No. 8 (Figure 14), due to the synergistic effect of the multicomponent composition, which

https://doi.org/10.3390/cleantechnol8040117

https://doi.org/10.3390/cleantechnol8040117


Clean Technol. 2026, 8, 117 21 of 29

includes both alkali and transition metal oxides capable of forming active chemisorption
centers due to coordination with sulfur-containing molecules. Composition No. 7 showed
a similar result in terms of effectiveness, with its total dynamic capacity of 5.632 mg/g.
The high zinc oxide content in this sample plays a key role, as ZnO is widely known as an
effective adsorbent of mercaptans due to the formation of zinc sulfide. At the same time, the
addition of sludge and a moderate amount of NaOH helps to increase the dispersion and
specific surface area, as well as reduce production costs through the use of industrial waste.
The introduction of metal oxides makes it possible to further enhance sorption properties
due to the synergistic effect. In crude natural gas, the mercaptan content is usually a trace
value and usually does not exceed 1–3 ppm, so this adsorption capacity is sufficient to
remove a small amount of mercaptans from the gas mixture. If it is necessary to clean
up gas waste heavily contaminated with mercaptans, pretreatment by hydrogenation or
catalytic oxidation is necessary. However, in this study, the task was to develop a sorption
material that removes mercaptan sulfur without pretreatment of the gas.

The use of energy waste in a ratio of up to 50–70% by weight is a key advantage. This
not only solves the problem of recycling large-scale waste, but also reduces the cost of the
sorbent. The absence of liquid effluents during regeneration and the possibility of using
spent sorbent as a source of valuable components fully correspond to the concept of a
closed-cycle economy.

6. Conclusions
A systematic review of the literature on carbon sorbents, zeolites, materials based

on energy waste and biomass, as well as regeneration issues, revealed the following
key patterns:

1. The greatest efficiency of hydrogen sulfide removal is achieved by combining a
developed porous structure and chemically active components, primarily transition metal
oxides and alkaline additives.

2. In the case of mercaptans, the dominant mechanisms are micropore filling, chemical
interaction with zeolite cations, and catalytic oxidation on metal oxides.

3. A serious gap remains the lack of knowledge about the regeneration of sorbents
obtained from waste. In most works, they are used only once, which casts doubt on the
economic feasibility of using such materials in the absence of reliable recovery cycles.

4. This analysis served as a scientific justification for the selection of components and
modes of synthesis of proprietary sorption materials.

The developed multicomponent adsorbents based on wastewater sludge thermally
activated at 1000 ◦C in combination with ZnO, Fe2O3, CuO, MnO and NaOH provide high
dynamic capacity relative to hydrogen sulfide. These values are significantly higher than
those of most sorbents obtained from waste reported in recent reviews, and compete with
biochar from modified Cu rice husks. As for mercaptan sulfur, the maximum efficiency
was achieved in a multicomponent composition. A logarithmic dependence of the sorption
capacity on the mass fraction of zinc oxide has been established, confirming its key role
in the chemisorption of organosulfur compounds. However, the efficiency of thermal
regeneration is lower than that of commercial zeolites, although ozone-based regeneration
for compositions with a high ZnO content is a promising low-temperature alternative.

The sorption efficiency depends on the following key factors:
1. Porous matrix. Activation at 1000 ◦C provides sufficient porosity, but the

small surface area confirms that the dominant mechanism is chemisorption rather than
physical adsorption.

2. Chemical composition. Transition metal oxides create reactive centers for the
formation of sulfides. The logarithmic dependence of the sorption capacity for mercaptan
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sulfur on the mass fraction of ZnO confirms the critical role of zinc oxide. The addition of
alkali increases the reactivity.

3. The sorption mechanism. The negative enthalpy (−62.05 kJ/mol) and differential
heat capacity >75 kJ/mol confirm exothermic chemisorption, which explains the high
capacity despite the low specific surface area.

4. Operating conditions. The greatest sorption occurs at a temperature of less than
300 K and atmospheric pressure with a contact duration of 15–20 min. It is worth noting
that these conditions make it possible to avoid additional energy costs.

The prospects for the practical application of the developed materials lie in the pos-
sibility of using large-tonnage waste as the basis for effective sorbents of sulfur com-
pounds, which reduces the raw material load and complies with the principles of a
closed-cycle economy.
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Appendix A

Table A1. Characteristics of hydrogen sulfide sorbents obtained from waste.

The Precursor
Waste

Modification/
Activation Method

H2S
Adsorption

Capacity

The Key
Mechanism of

Adsorption

Process
Conditions

Technological
Maturity/Scale Reference

Review articles

Various waste
products

(sewage, food,
ash, etc.)

Overview of
activation and
modification

methods

Overview data
Physical

adsorption,
chemisorption

Various
Analysis of

commercializa-
tion potential

[26]
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Table A1. Cont.

The Precursor
Waste

Modification/
Activation Method

H2S
Adsorption

Capacity

The Key
Mechanism of

Adsorption

Process
Conditions

Technological
Maturity/Scale Reference

Review articles

Industrial gases

Overview of
modifications of
zeolites, AC, and

metal oxides

Overview data
Reactive and
non-reactive
adsorption

Various
Analysis of the
most promising

materials
[6]

Various sources
of H2S

Overview of
removal methods Overview data Adsorption,

absorption, etc. Various
Review of

legislation and
technology

[27]

Biomass
(various)

Review of
biosorbent

modification
methods

Overview data
Physical

adsorption,
chemisorption

Various
Comprehensive

review of
biosorbents

[28]

Coffee industry waste

Coffee waste
Pyrolysis and

chemical activation
(KOH, ZnCl2)

281.5 mg/g
(max.)

Chemosorption
on mineral

matrix (Mg, Ca,
Fe)

T = 25 ◦C,
humid air

Laboratory
tests have

shown higher
efficiency

compared to
commercial AC

[29]

Seafood and wastewater processing waste

A mixture of
sewage sludge
and fish waste

Pyrolysis (950 ◦C)
and CO2 activation

~30–40 mg/g
(valuation)

Catalytic
oxidation

(Fe2O3) and
formation of
polysulfides

(Na, K)

T = 25 ◦C,
humid air

Laboratory
tests revealed
the synergistic
effect of waste

mixing

[30]

Sewage sludge Pyrolysis
(650–950 ◦C)

20–80 mg/g
(depending on

the
composition)

Catalytic
oxidation (Fe,

Ca)

T = 25 ◦C, wet
biogas

Laboratory tests
with real biogas [31]

Fertilizer from
sewage sludge

Pyrolysis
(600–950 ◦C) with
spent mineral oil

~100–150 mg/g
(valuation)

Catalytic
oxidation to

elemental
sulfur

T = 25 ◦C,
humid air

Laboratory
tests, the

effectiveness is
230% higher

than that of AC
from coconut

shell

[32]

Agricultural and wood waste

Local biomass
(almonds,

eucalyptus,
coffee)

Pyrolysis (500 ◦C)
and impregnation

(KOH, ZnCl2)

Eucalyptus +
KOH:

690 mg/g

Physical
adsorption in

pores,
chemosorption

T = 25 ◦C,
continuous

reactor

Continuous
process

laboratory
testing

[33]

Wood waste Pyrolysis and
activation

2.2 mg/g
(biochar)

Physical
adsorption in

mesopores

T = 25 ◦C,
model biogas Laboratory tests [34]

Sewage sludge Pyrolysis and
activation

2.8 mg/g
(activated

carbon)

Physical
adsorption,

chemisorption

T = 25 ◦C,
model biogas Laboratory tests [34]

Ash from waste
incineration Pre-activation 3.22 mg/g

(activated ash)

Reaction with
alkaline

components

T = 25 ◦C,
model biogas Laboratory tests [34]
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Table A1. Cont.

The Precursor
Waste

Modification/
Activation Method

H2S
Adsorption

Capacity

The Key
Mechanism of

Adsorption

Process
Conditions

Technological
Maturity/Scale Reference

Agricultural and wood waste

Agricultural
and forest

waste (various)

Pyrolysis
(100–500 ◦C) ~0.5–2.5 mg/g

Chemosorption
(alkaline
surface)

T = 25 ◦C Laboratory tests [35]

Solid
household
waste (rice,

banana,
sawdust)

Pyrolysis >94% removal
efficiency

Chemosorption
(alkaline
surface)

T = 25 ◦C,
synthesized

H2S
Laboratory tests [36]

Corncob cores

Physical activation
of CO2, chemical

activation by liquid
digest

15.5 mg/g
(CO2, 3 h)

Catalytic
oxidation
(oxygen-

containing
groups)

T = 25 ◦C, real
biogas

Laboratory tests
under dynamic

conditions
[37]

Wood ash
(rubber wood)

Ash extrusion with
clay and

ammonium
bicarbonate

12.59–15.89 g of
H2S/kg

(12.6–15.9
mg/g)

Chemosorption
(alkaline ash)

T = 25 ◦C,
continuous

flow

Laboratory
testing, scalable

extrusion
method

[38]

Cassava starch Chemical activation
of H3PO4

Capacity data is
not available

Physical
adsorption,

chemisorption
(oxygen
groups)

T = 25 ◦C, oil
flows

Laboratory
tests, sorbent
characteriza-

tion

[39]

Palm kernel
shells

Physico-chemical
activation

524.2 mg/g
(wastewater)

Physical
adsorption

(monolayer)

T = 25 ◦C,
aqueous
solution

Laboratory
tests, Langmuir

isotherms
[40]

Modified biochars and composites

Pine bark
(biochar)

Impregnation with
Cu2+ 36.50 mg/g Chemisorption

on metal ions
T = 25 ◦C,
model gas

Laboratory
tests, pilot
installation
(>90 days)

[41]

Biomass (aloe,
coffee, corn

cobs)

Pyrolysis, KOH
activation, ZnO
implementation

106 mg/g (zinc
oxide

composite on
activated

carbon from
aloe)

Chemosorption
on ZnO

T = 25 ◦C,
laboratory
installation

Laboratory
synthesis and

testing
[42]

Rice husk

Pyrolysis, KOH
activation, creation

of hierarchical
pores

The data is not
publicly
available

Microporous
filling,

chemisorption

T = 25 ◦C,
natural gas Laboratory tests [43]

Rice Husk
(Cu-modified) CuO impregnation

Breakthrough:
165.1 mg/g;
Saturation:
222.7 mg/g

Catalytic
oxidation

(CuO)

T = 25 ◦C,
model gas

Laboratory
tests, 91%

capacity after
5 regeneration

cycles

[44]

Industrial and mineral waste

Carbide Sludge
(source of Ca)

Synthesis of
Cu-doped

hydroxyapatite

7.78 mg/g
(100 ppm H2S,

dry)

Chemosorption
at Cu centers

T = 25 ◦C,
dynamic
reactor

Laboratory tests
with simulation

of interiors
[45]

Fly ash and
FeSO4·7H2O

Single-stage
hydrothermal

synthesis (without
binder)

The data is
being clarified
(article 2025)

Chemisorption
on

Fe-containing
phases

T = 25 ◦C
(ambient)

Laboratory
synthesis, the

“green” method
[23]
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Table A1. Cont.

The Precursor
Waste

Modification/
Activation Method

H2S
Adsorption

Capacity

The Key
Mechanism of

Adsorption

Process
Conditions

Technological
Maturity/Scale Reference

Industrial and mineral waste

Rubber chips
from used tires

Activation (physi-
cal/chemical)

There is no data
on the gas

phase

Chemosorption
(binding to

rubber)
Wastewater Laboratory tests

on wastewater [46]

Tire pyrolysis
gas

Passing through a
layer of inorganic
matter (ash, CaO)

Depends on the
composition of

the layer

Reaction with
CaO and other

oxides

High
temperature,
real pyrolysis

gas

Laboratory tests
with real gas [47]

Calcium Silicate
Hydrate
(C-S-H)

Use of waste as
precursors of C-S-H

The data is
being clarified
(article 2025)

Chemisorption
(reaction with

Ca)
T = 25 ◦C

Laboratory
studies of the
mechanism

[48]

Ash from
biomass

combustion

Mixing of ash with
ammonium
bicarbonate

3.67–3.88 mg/g
(optimized)

Chemosorption
(alkaline
nature)

T = 293 ◦C
(cooking

temperature)

Laboratory
composition
optimization

[49]

Materials for local cleaning systems

Coated Clay
pellets

FeCl3/NaOH
coating

Reduction from
>100 ppm to

1.67 ppm

Chemosorption
(acid-base)

T =
environment,
environments,

multi-stage
system

Laboratory
prototype for

household use
[50]

Dung (cow
manure) Pyrolysis (biochar) Inferior to

commercial AC

Physical
adsorption

(surface area)

T = 25 ◦C,
biogas

Laboratory
testing,

assessment for
rural Uganda

[51]

Jackfruit leaves
and branches Pyrolysis (biochar) Inferior to

commercial AC

Physical
adsorption

(surface area)

T = 25 ◦C,
biogas

Laboratory
testing,

assessment for
rural Uganda

[51]

Appendix B

 

Figure A1. Dewatered sludge from a WTP TPP.
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Figure A2. Activated sludge from a WTP TPP.
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