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Preface to ”Catalysts and Processes for H2S
Conversion to Sulfur”

Today, more stringent regulations on SOx emissions and growing environmental concerns have

led to considerable attention on sulfur recovery from hydrogen sulfide (H2S). Hydrogen sulfide

is commonly found in raw natural gas and biogas, even if a great amount is obtained through

sweetening of sour natural gas and hydrodesulphurization of light hydrocarbons. It is highly toxic,

extremely corrosive and flammable, and for these reasons, its elimination is necessary prior to

emission in atmosphere. There are different technologies for the removal of H2S, the drawbacks of

which are the high costs and limited H2S conversion efficiency. The main focus of this Special Issue

will be on catalytic oxidation processes, but the issue is devoted to the development of catalysts able

to maximize H2S conversion to sulfur minimizing SO2 formation, pursuing the goal of “zero SO2

emission”. The Special issue welcomes short communications, original research papers, and review

papers concerning the formulation of novel catalysts for the optimization of the traditional processes

or for new technologies. Submissions are welcome in the following areas:

Preparation, physical–chemical characterization of novel catalysts;

Optimization of the catalyst formulation and operating conditions; and

Study of the reaction mechanism and deactivation phenomena.

Daniela Barba

Editor
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1. Definitions, State of the Art, Challenges

Hydrogen sulfide is one of the main waste products of the petrochemical industry;
it is produced by the catalytic hydrodesulfurization processes (HDS) of the hydrocarbon
feedstocks, and it is a byproduct from the sweetening of sour natural gas and from the
upgrading of heavy oils, bitumen, and coals. It is a toxic gas and is classified as hazardous
industrial waste. The exploitation of hydrogen sulfide as fuel using conventional com-
bustion technologies is forbidden and criminalized by the more stringent environmental
policies due to its deleterious effect like SO2 formation, which is the main factor responsible
for acidic precipitation.

There are different technologies for the removal of hydrogen sulfide, but they are
characterized by high costs and limited H2S conversion efficiency. The main purifica-
tion treatments for H2S removal comprise absorption, adsorption, membrane separation,
and catalytic processes. Among these, adsorption and catalytic oxidation could be con-
sidered interesting methods to carry out the desulfurization thanks to their simplicity,
efficiency, and low cost. Materials with high surface area and large pore volume, such as
activated carbons, zeolites, mesoporous silica, and metal-organic frameworks, are generally
used for the adsorption process [1].

The catalytic methods are among the most attractive as they allow the conversion of
highly hazardous hydrogen sulfide into a nontoxic, marketable product, elementary sulfur.
Basic processes for hydrogen sulfide-to-sulfur conversion are the direct oxidation of H2S
into elementary sulfur and the low-temperature reduction of sulfur dioxide [2].

Today, hydrogen sulfide is usually removed by the well-known Claus process, which is
mainly used in refineries and natural gas processing plants for the treatment of rich-H2S
gas streams. The Claus process is the dominant technology to produce sulfur but it is not
economically profitable because the hydrogen is lost as water. It is worth noting that the
vast majority (about 94%) of the 8.1 million metric tons of sulfur produced in the United
States in 2020 was synthesized using the Claus process [2,3].

Recently, there has been a growing interest in the utilization of H2S as feedstock for
hydrogen generation. Thermochemical cycles have been proposed by many researchers in
order to obtain hydrogen and sulfur from hydrogen sulfide such as electrolysis, photolysis,
plasmolysis, and their many variants [4]. An interesting alternative could be to produce
sulfur and hydrogen simultaneously by the thermal catalytic decomposition of H2S, even if
the amount of energy requested to achieve extremely high temperatures, a low hydrogen
yield, and the need for subsequent separation stages represent the main drawbacks to an
industrial application.

Therefore, the challenge is to realize the H2S removal in a one-reaction step in the
presence of an active catalyst very selective to sulfur. The choice of the catalyst plays
a fundamental role in assuring a high grade of H2S removal with a lower selectivity to
SO2. In this regard, many efforts are addressed to the identification of active materials at
the lower admissible temperature, in order to improve the H2S abatement by reducing
operational costs and so optimizing the desulfurization technology.
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2. Special Issue

I would particularly like to thank all the authors who contributed their excellent papers
to this Special Issue covering significant aspects of this topic accompanied by a variety of
novel approaches. The contributions represent interesting and innovative examples of the
current research trends in the field of H2S removal from liquid and gas streams.

I also wish to thank the Editorial Staff of Catalysts for their help to organize this issue
and in particular Vivian Niu for the support, assistance, and encouragement.

This Special Issue is particularly devoted to the preparation of novel powdered/
structured supported catalysts and their physical–chemical characterization, the study
of the aspects concerning stability and reusability, as well as the phenomena that could
underlie the deactivation of the catalyst.

This Special Issue comprises 7 articles, 1 communication, and 1 review regarding the
desulfurization of sour gases and fuel oil, as well as the synthesis of novel adsorbents and
catalysts for H2S abatement. In the following, a brief description of the papers included in
this issue is provided to serve as an outline to encourage further reading.

Chen et al. investigated porous carbonaceous materials for the reduction of H2S
emission during swine manure agitation. Two biochars, highly alkaline and porous,
made from corn stover and red oak were tested. The authors verified the possibility of
using surficial biochar treatment for short-term mitigation of H2S emissions during and
shortly after manure agitation [5].

Bao et al. used the waste solid as a wet absorbent to purify the H2S and phosphine
from industrial tail gas. The reaction mechanism of the simultaneous removal of H2S and
phosphine by manganese slag slurry was investigated. The best efficiency removal of both
H2S and phosphine was obtained by the modified manganese slag slurry [6].

The desulfurization of sour gases was studied by Duong-Viet et al. in carbon-based
nanomaterials in the form of N-doped networks by the coating of a ceramic SiC. The chem-
ical and morphological properties of the nano-doped carbon phase/SiC-based composite
were controlled to get more effective and robust catalysts able to remove H2S from sour
gases under severe desulfurization conditions such as high GHSVs and concentrations of
aromatics as sour gas stream contaminants [7].

Li et al. carried out the oxidative desulfurization of fuel oil for the removal of
dibenzothiophene by using imidazole-based polyoxometalate dicationic ionic liquids.
Three kinds of catalyst were synthesized and tested under different conditions [8]. The cat-
alytic performance of the catalysts was studied under different conditions by removing the
dibenzothiophene from model oil. The authors identified a catalyst with an excellent DBT
removal efficiency under optimal operating conditions.

The removal of H2S and SO2 at low temperatures was investigated by Ahmad et al.
in eco-friendly sorbents from raw and calcined eggshells. They studied the effect of relative
humidity and reaction temperatures. The best adsorption capacities for H2S and SO2 were
obtained at a high calcination temperature of eggshell [9].

Zulkefli et al. prepared a zinc acetate supported with commercial activated carbon for
the capture of H2S by adsorption. The optimization conditions for the adsorbent synthesis
were carried out using RSM and the Box–Behnken experimental design. Several factors
and levels were evaluated, including the zinc acetate molarity, soaking period, and soaking
temperature, along with the response of the H2S adsorption capacity and the surface
area [10].

Vanadium-sulfide-based catalysts supported on ceria were used for the direct and
selective oxidation of H2S to sulfur and water at a low temperature. Barba et al. performed
a screening of catalysts with different vanadium loadings in order to study the catalytic
performance in terms of H2S conversion and SO2 selectivity. The effect of the temperature,
contact time, and H2S inlet concentration was studied in relation to the catalyst that has
exhibited the highest H2S removal efficiency and the lowest SO2 selectivity [11].

H2S adsorption was studied in relation to a novel kind of hydrochar adsorbent derived
from chitosan or starch and modified by CuO-ZnO. Zang et al. investigated the formation

2
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of CuO-ZnO on hydrochar, the effect of the hydrochar species, the adsorption temperature,
and the adsorption mechanism [12]. A review concerning the different technologies of
the gas-based phase for the direct catalytic oxidation of H2S to sulfur was the object of
study by Khairulin et al. [2]. The development of catalysts for the direct oxidation reaction
(e.g., metal oxides, nanocarbon materials) and the discussion of the data concerning the
Claus process and its recent adaptations were widely analyzed. Furthermore, the authors
presented the results of basilar investigations obtained at the Institute of Catalysis where
an industrial installation for H2S removal from gas streams was located.

I hope that the topics presented in this issue will inspire readers to further investigate
new materials and solutions to significantly reduce the presence of pollutants such as H2S,
SO2 and other sulfur-based compounds, thereby pursuing the objective of “zero emissions”
in the atmosphere.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This article is devoted to scientific and technical aspects of the direct catalytic oxidation
of hydrogen sulfide for the production of elemental sulfur. It includes a detailed description of
the Claus process as the main reference technology for hydrogen sulfide processing methods. An
overview of modern catalytic systems for direct catalytic oxidation technology and known processes
is presented. Descriptions of the scientific results of the Institute of Catalysis of the SB RAS in a
study of the physical and chemical foundations of the process and the creation of a catalyst for it are
included. The Boreskov Institute of Catalysis SB RAS technologies based on fundamental studies
and their pilot and industrial testing results are described.

Keywords: gas purification; hydrogen sulfide; direct catalytic oxidation; fluidized catalyst bed;
hydrogen sulfide removal facilities

1. Introduction

According to modern classification, hydrogen sulfide is a highly hazardous substance
which contributes significantly to the pollution of the atmosphere. The destruction of
vegetation, the death of aqueous flora and fauna, an increase in the incidences of cancer
and diseases of the respiratory tract, and “acid” rain are typical direct consequences of
the release of hydrogen sulfide and sulfur dioxide into the atmosphere. The main sources
of hydrogen sulfide emissions into the atmosphere and water include mining and the
processing of sulfurous natural gas and oil, coal gasification, and biomass processing [1–4].

In fact, 40% of global gas reserves currently identified as viable, i.e., more than
70 trillion nm3, are “acidic”, and more than 10 trillion Nm3 contain more than 10% H2S [5].

To date, the estimated overall flow rate of the produced and processed sulfuric gas
is about 100 billion m3/year, and its contribution to the global mining of natural gases is
10–15%. At the same time, up to 60% of global sulfur production depends on the H2S in
these sulfuric gases, and there is a steady increasing trend in the share of sulfur obtained in
this manner in the global balance of elementary sulfur production [6].

Another typical example characterizing the overall situation is the disposal of sul-
furous oil-associated gases formed during the extraction of sulfur oil. The total flow rate of
deposits located in the densely populated areas of the Volga-Ural oil and gas province is
up to 1 billion m3/year. The involvement of such gases in the fuel and energy balance will
save up to 1 million tons/year of fuel. However, the high hydrogen sulfide content (1–6%)
precludes their use as hydrocarbon fuel supplied to the population, industrial enterprises,
and as raw materials for the synthesis of chemical products.

At present, the torching of such gases leads to the contamination of the atmosphere
with toxic sulfur di- and tri- oxide, sulfuric acid, products of incomplete burning of hydro-
carbons, and carcinogenic soot in amounts of up to one million tons per year. The average
fraction of the incinerated associated oil gas in Russia was 24.4% in 2013 [7].
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The ecological effects of burning are significantly worsened due to the flare disposal
of hydrogen sulfide-containing oil-associated gases (OAG). The burning of one billion nm3

of OAG results in atmospheric emissions of up to 60,000 tons of highly toxic H2S, SO2 and
SO3, soot, carbon monoxide, and up to 3 million tons of carbon dioxide, as well as, which
is no less important, the loss of hundreds of millions of cubic meters of hydrocarbons, raw
materials for oil and gas chemistry. For example, the qualified processing of 1000 m3 of
associated gas produces 820 m3 of dry gas, 200 kg of a wide fraction of light hydrocarbons,
and up to 61 kg of stable gasoline [8].

Given the global relevance of these problems, a wide range technologies which make
use of sulfurous compounds have been implemented; however, the strengthening of
environmental protection requirements dictates the need to create new technologies. These
technologies must be highly efficient with a wide range of purified gases, and must
minimize environmental damage while maximizing the yield valuable products. Such
technologies should also meet the requirements of compactness and ease of process control.

To this end, catalytic methods are the most attractive, as they allow the conversion of
highly hazardous hydrogen sulfide into a nontoxic, marketable product, i.e., elementary
sulfur. Basic processes for hydrogen sulfide-to-sulfur conversion are the direct oxidation of
H2S into elementary sulfur and the low-temperature reduction of sulfur dioxide.

Due to the relevance of the aforementioned problems, this paper describes attempts
to develop and improve the processes of purification and processing of hydrogen sulfide-
containing gases. At present, three main categories of methods for cleaning gases from
hydrogen sulfide can be distinguished:

• adsorption methods
• absorption methods
• catalytic methods

The general feature of the first two methods is that they are essentially ways to concen-
trate hydrogen sulfide from a purified gas, and must operate jointly with sulfur production
plants using the Claus method. This process is currently the only large-tonnage method
which is able to obtain sulfur from highly concentrated hydrogen sulfide-containing gas
streams. It is characterized by:

• multistage operation
• insufficient environmental safety, due to the presence of a high-temperature furnace

in the technological chain, which is a source of toxic byproducts
• a limited range of applications (thus, it is impossible to treat gases with hydrogen

sulfide contents below 20 vol.% or gas streams with flow rates below 1000 Nm3/h).

Therefore, as a supplement or alternative to the Claus process, direct selective catalytic
oxidation of hydrogen sulfide to elemental sulfur is currently being explored.

2. Direct Selective Oxidation in the Liquid Phase. RedOx Processes

One means by which to purify gases from hydrogen sulfide is oxidation to elemental
sulfur using oxygen in solutions of complex compounds of metals with wide variation of
the pH of the medium.

The process proceeds at a rapid rate in a wide range of temperatures at pressures
of 5–50 atm and provides a high degree of gas purification from hydrogen sulfide. Espe-
cially noteworthy are the processes developed by Wheelabrator Clean Air Systems, Inc
(Pittsburgh, PA, USA). (ARI–Lo-Cat I®, ARI–Lo-Cat-II®), Shell Oil Company (Houston, TX,
USA), and Dow Chemical (SulFerox®), as well as those based on the process of the direct
oxidation of hydrogen sulfide in a solution of iron (3+) chelate complexes [9,10].

In SulFerox®, the reagent used was characterized by increased stability and low capital
and operating costs. Reagent costs are 80–100$ per 1 t of hydrogen sulfide. Available data
show that in the process of gas purification, up to 50–80% of methyl mercaptan and 30–60%
of carbonyl sulfide can be removed from the initial content.

6
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The SulFerox® process uses a new composition of a complexone, which is similar to
EDTA (ethylenediamine-tetraacetate). However, the concentration of iron in the absorbent
used is significantly higher (up to 3 wt.%) than in Lo-Cat processes (up to 0.5 wt.%,
Figure 1) [11]. The first installation put into operation had a capacity of 120,000 m3/day of
the gas containing 4.5% hydrogen sulfide and 57% carbon dioxide at a pressure of 20 atm.
The largest installation was launched in 1992 in Denver City, Texas. At this unit, 1500 ppmv
of hydrogen sulfide in carbon dioxide gas at a pressure of 20 atm was reduced to 20 ppmv.
The Sulferox process is currently the object of the greatest amount of research. From 1990
to 1995, Shell designed, built, and constructed more than 20 installations for the cleaning of
various technological gases.

Figure 1. Schematic of the Lo-Cat process (adapted from [11]).

In the SulFerox® process, the concentration of iron compounds is significantly higher
than in the ARI–Lo-Cat I®, ARI–Lo-Cat-II® processes. This fact explains the broader
introduction of the ARI–Lo-Cat processes in gas cleaning operations. In the literature, infor-
mation was found on the creation of only a few technological complexes for the purification
of gases which simultaneously yield elementary sulfur, as opposed to the conventional
procedure of amine absorption coupled with the Claus process. The Volga Research Insti-
tute of Hydrocarbon Fuels (JSC VNIIUS, Kazan, Russia) developed the Serox-2 process
for cleaning gas flows from hydrogen sulfide with solutions of iron complexes to obtain
elemental sulfur. The process is an analog of the “LO-CAT” process; its main distinctive
feature is the composition of the absorbent with low corrosion activity with respect to
carbon steel and high stability under the conditions required for the purification of gases.
The process is implemented according to a standard two-step procedure, i.e., sulfur foam
filtration and purification of hydrocarbon gas with a residual H2S content of no more than
20 mg/m3 (National Standard 5542-87) [12].

As more than 40 years of field testing experience shows, the process of cleaning gases
from hydrogen sulfide with chelate complexes (iron salts of EDTA) has some disadvantages
that limit its application for gases with a hydrogen sulfide content of more than 1–2 g/m3.

7
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Due to the need to use a working solution with a pH no higher than 8.5–9.0, the
applicability of this solution with respect to hydrogen sulfide is limited, leading to the need
to increase the rate of its circulation through the absorber (i.e., energy consumption for
pumping increases).

The formation of a side product in the oxidation of hydrogen sulfide–thiosulfate is
inevitable, which necessitates the use of a reagent such as EDTA.

A substantial technological problem is the separation of sulfur from the resulting pulp.
Although to date, automatic filter machines (automatic filter presses and drum vacuum
filters) have been developed, the complexity of their operation and their high costs make
the cleaning process economically costly. Additionally, the low quality of the resulting
elemental sulfur makes its commercialization difficult.

3. Claus Process

The most widely-used procedure for the large-scale reprocessing of highly-concentrated
gases is the Claus method [13], which consists of several steps (Figure 2). The feed for the
Claus process is acid gases.

Figure 2. Schematic of Claus installation (adapted from [13]).

The Claus process is the dominant technology to produce gas (regenerated) sulfur. It
is worth noting that the vast majority (about 94%) of the 8.1 million metric tons of sulfur
produced in the United States in 2020 was synthesized using the Claus process [14].

The term “acid gases” is used to designate gases obtained after the absorptive treat-
ment of hydrocarbon raw materials. Some typical characteristics of acid gases of various
origins are shown in Table 1.

Table 1. Typical characteristics of acid gases of various origins.

Process H2S Content, Vol.% Other Gas Components

Purification of gases from oil processing
(MEA treatment) 90–98 Carbon dioxide, hydrogen,

methane
Purification of natural and oil-associated gas

(MEA or DEA treatment) 10–70 Carbon dioxide,
water vapor, hydrocarbons C1–C6

As a rule, acid gases formed in the process of hydrotreating oil fractions are character-
ized by rather low flow rates (≤1000 nm3/hour) and high contents of hydrogen sulfide, the
concentration of which, depending on the efficiency of the primary cleaning unit, usually
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exceeds 90%, compared with acid gases produced by a gas processing plant (for example,
the power of only one technological line at the Astrakhan GPP is over 15,000 nm3/hour).

4. The Thermal Stage of the Claus Process. Process Conditions. Chemical Reactions
Proceeding in the System

The thermal stage of the Claus process largely determines the efficiency of the pro-
cess as a whole, because at this stage, the main part (up to 70%) of the target product,
i.e., elemental sulfur, is produced.

Upon mixing the acid gas with air (at the same stoichiometric hydrogen sulfide:oxygen
ratio used in Reaction 1), a gas stream containing H2S, O2, N2, CO2, H2O, sometimes hy-
drocarbons, and in some cases NH3, HCN, etc. is formed, which is fed to the Claus furnace.
Accordingly, during H2S oxidation in the furnace, in addition to the main reactions [15–17]:

H2S + 0.5O2 → 0.5S2 + H2O (1)

H2S + O2 → H2 + SO2 (2)

H2 + 0.5SO2 → H2O + 0.25S2 (3)

H2S↔ H2 + 0.5S2 (4)

CH4 + 2S2 ↔ CS2 + 2H2S (5)

CO + H2O↔ CO2 + H2 (6)

CO + 0.5S2 ↔ COS (7)

CH4 + 0.5O2 → CO + 2H2 (8)

CO + H2S↔ COS + H2 (9)

Since the oxidation of hydrogen sulfide is an exothermic reaction, the temperature in
the Claus furnace can reach 1200–1500 ◦C, while the minimum critical value of the temper-
ature for sustaining a steady flame in the furnace is 1050 ◦C. The factor determining the
temperature of the flame in the standard implementation of the process is the concentration
of hydrogen sulfide in the acid gas. Despite significant progress in developing burner
devices for the combustion of hydrogen sulfide-containing mixtures, the optimal conditions
for the stable operation of the flame furnace are those with a hydrogen sulfide content in the
feed gas of≥60 vol.%. Technical approaches for maintaining sustainable operation in Claus
furnaces are examined in [18] where, along with the results of calculations carried out using
the Gibbs energy minimization method, the experimental data are in good compliance
with the results of the calculations.

The following methods are considered:

• The reheating of the initial gas streams, acid gas and air: Even at a concentration of
hydrogen sulfide in the acid gas of 40 vol.%, it is necessary to heat initial gas streams
to 300 ◦C to reach the lower threshold of the stable operation of the Claus furnace, i.e.,
1050 ◦C. In practice, as the experience of operating Claus installations at the Orenburg
GPP shows, considering the essential heat loss, the preheating temperature can be as
high as 600 ◦C.

• The use of oxygen-enriched air as an oxidant: Even at hydrogen sulfide concentrations
in the acid gas of 50%, the required oxygen concentration in the supplied air should
be at least 50 vol.% in order to reach the lower threshold of the stable operation of the
Claus furnace.

• Supply of hydrocarbon fuel gas to the flame furnace: A supply of fuel gas at 25–30%
of the acid gas flow rate with a high H2S concentration will not provide the necessary
temperature in the furnace to maintain stable operation. The heat of the combustion
of hydrogen sulfide is utilized by heating chemically purified water, with water vapor
production in a waste heat boiler. The hot gas passes through the boiler tubes and
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heats the water therein to boiling point. The gas cooled in the boiler is sent to the
condenser, where it is cooled further to about 150 ◦C.

5. Catalytic Stage of the Claus Process. Catalysts Used

Gases from the Claus furnace condenser located after the waste heat boiler containing
mainly H2S, SO2, N2, CO2, H2O, COS, CS2, CO, H2, and traces of sulfur are further passed
to the main catalytic stage. The process is usually carried out in the adiabatic fixed beds of
the granular catalyst, in which, in addition to the Claus reaction, hydrolysis reactions of
sulfur-organic compounds also proceed [17,19–22]. Catalytic convertors:

2H2S + SO2 ↔ 2H2O + 0.5S6 (10)

COS + H2O→ CO2 + H2S (11)

CS2 + 2H2O→ CO2 + 2H2S (12)

2H2S + SO2 ↔ 2H2O + 0.5S6 (13)

The most commonly used catalyst for the Claus process is aluminum oxide with
various modifications. The production of catalysts for the Claus process reaches hun-
dreds of thousands of tons; the big players in this market are BASF [23], producing
Claus catalysts Activated Alumina–DD-431, Promoted Alumina DD-831, EURO SUP-
PORT (previously Kaiser Alumina), and their successors LaRoche and UOP [24], pro-
ducing catalysts S-2001/ESM-221, S-501/ESM-251, Axens [25] alumina catalysts CR 3-7,
CR-400, CR-3S.

A new generation of Claus catalysts based on titanium dioxide [26] is now being
actively implemented. The CRS-31 catalyst of French companies Rhone Poulenc and
Elf Aquitaine (the current name is Axens Procatalyse, Paris, France) has gained broad
recognition. Experience with its industrial use has revealed high stability for a long
time in the presence of oxygen, high activity in the Claus reaction, and COS and CS2;
see also [25,27].

At the Boreskov Institute of Catalysis SB RAS, the activities of the oxides of various
metals in the Claus reaction were comparatively studied [27,28]. Twenty-one oxides were
investigated, of which nine were stable. These metal oxides can be arranged according to
activity per surface area as follows:

V2O5 >> TiO2 > Mn2O3 > La2 O3 > CaO > MgO > Al2 O3 > ZrO2 >> Cr2O3

The surface activity of vanadium pentoxide is 16 times higher than that of titanium
dioxide and 73 times higher than that of γ-alumina. However, pure V2O5 has a low value
of specific surface area, and, in connection with the activity per unit of mass, it is inferior to
TiO2 and approximately equivalent to Al2O3. Furthermore, vanadium pentoxide is not very
effective in the hydrolysis reaction of sulfur-organic compounds. However, its use in mixed
catalytic systems is promising. Based on V2O5 at the Boreskov Institute of Catalysis SB
RAS, the ICT-27-36 catalyst was developed. This catalyst is characterized by high activity in
Claus and hydrolysis reactions, high stability at operation in oxygen-containing mixtures,
and high mechanical strength [29].

6. Claus Process. Enhancement. Oxygen Enrichment

It should be noted that the enriched oxygen in the air supplied in the thermal stage of
the Claus process is obtained using COPE® Technology (Kingswinford, UK, The Claus Oxy-
gen Based Enhancement, Figure 3), developed by GOAR, Allison & Associates, LLC [30,31].
This technology is used in installations for sulfur production; its main advantage is the
possibility of increasing in the power of the Claus process without incurring significant
additional expenses.

Based on experiments and calculations, it was shown that an increase in the concen-
tration of O2 in the air, i.e., to 30 vol.% (a low degree of enrichment), could increase the
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Claus installation capacity by 25%. It is proposed to transport liquid oxygen in cryogenic
tanks without on-site cryogenic or membrane separation installations. This configuration
is optimal, giving rise to sulfur production of up to 50 tons/day. The average degree of
air enrichment with oxygen (CO2 = 40–45 vol.%) will increase the installation capacity by
75%. In this case, the furnace must be equipped with additional nozzles to supply oxygen.
The anticipated production of such a plant is 100 tons sulfur/day. With an increase in
oxygen concentration up to 100%, the daily production of sulfur can be increased by 150%.
However, this will require significant changes in the structure of the flame furnace or the
combustion of hydrogen sulfide using the “Sure” Double Combustion Process technology
developed by Lurgi [32]. The process is conducted as follows: the burning of hydrogen
sulfide with pure oxygen is carried out in a two-section furnace; the reaction products
subsequently enter the sulfur condenser and the water condenser, and in recycling mode
are then fed to the inlet of the torch.

Figure 3. COPE® Technology (Kingswinford, UK) flow sheet diagram (adapted from [28]).

It should be emphasized that the cost of reconstruction (capital investment) of existing
installations for the transition to the Cope® technology is only 5–25% of the construction
cost of a new installation with increased capacity.

7. PROClaus Process

In the proposed concept of the modification of the Claus process, the first and second
stages are standard: the combustion of hydrogen sulfide of acid gas in a flare furnace
with further catalytic conversion of a mixture of hydrogen sulfide and sulfur dioxide in
the first catalytic reactor. The main distinguishing feature of the PROClaus process is the
use of a specially developed catalyst for sulfur dioxide reduction comprising the oxides
of Fe, Co, Ni, Cr, Mo, Mn, Se, Cu, and Zn, in the presence of which, in a temperature
range of 200–380 ◦C, there is almost complete sulfur dioxide conversion into elemental
sulfur. Additional reducing agents are the products of side reactions proceeding in the
high-temperature Claus furnace, i.e., CO and H2 [33–35].

Furthermore, sulfur is separated from the gas stream containing hydrogen sulfide
as the primary reagent, and the gas flows to the direct catalytic oxidation reactor which
is filled with a Hi-Activity catalyst [36]. The Hi-Activity catalyst is a modified form of
the KS-1 catalyst previously developed in the Azerbaijan Institute of Oil and Chemistry
containing iron, zinc, and chromium oxides as the main components [37].
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The calculated value of the total extracted sulfur from the gas is 99.2% using the three-
reactor scheme and 99.5% for the four-reactor one. There characteristics were confirmed
in laboratory studies of the concept of the process. However, the tests at the industrial
level ended unsuccessfully: the hypothetical level of sulfur extraction was not observed, as
the sulfur dioxide reduction catalyst did not achieve the proposed rate of SO2 conversion
into elementary sulfur. According to Alkhazov [38], in the process of laboratory studies, a
factor of inhibition of the catalyst activity by sulfur vapor coming with the gas flow after
the condenser of the first catalytic stage was not taken into account.

At the same time, according to the company JACOBS [39], the EUROCLAUS process
was implemented on an industrial scale using the concept of catalytic reduction of SO2 with
the subsequent oxidation of hydrogen sulfide to elementary sulfur. In the EUROCLAUS
process, an additional bed of the reduction catalyst is loaded into the Claus catalytic
converter.

8. SuperClaus Process

The main distinguishing feature of the modification of Claus technology known as the
SuperClaus process is the supply of substoichiometric air in the thermal stage (Figure 4).
Such a method results in the reaction mixture composition after the second catalytic
converter containing predominantly hydrogen sulfide at a concentration of 0.8–3.0 vol.%,
with trace amounts of sulfur dioxide. Such a mixture passes to the third sequential reactor
filled with a catalyst for the direct catalytic oxidation of hydrogen sulfide [40,41].

According to data provided by Jacobs Comprimo, the technology licensee from the
beginning of the first industrial demonstration of the process in 1988, over 190 installations
using the SuperClaus® process are currently operating or are under construction, with a
total capacity of up to 1200 tons of sulfur per day.

According to the authors, the catalyst provides the sulfur yield in the third converter
at a level of 85%, and the total sulfur yield is 99–99.5% [42]. It should be noted that
industrial experience shows the inconsistency of the real and expected results. Thus, in
the SuperClaus® process, at the stage of the selective oxidation of hydrogen sulfide under
industrial conditions, the sulfur yield does not exceed 80–83%, and the achieved total
degree of sulfur extraction in SuperClaus® industrial installations is 98–98.6% [43], instead
of the declared 99–99.5%. However, a sulfur yield of 85% at the stage of selective oxidation
of hydrogen sulfide in treatment of tail gases of the Claus process is currently recognized
as the best modern level for technologies using the direct heterogeneous catalytic oxidation
of hydrogen sulfide.

Figure 4. SuperClaus® process flow sheet diagram (adapted from [28]).
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9. Modifications of the Claus Process

Research attempts have been made to optimize the Claus process (notably, the catalytic
part). It has been proposed that the interaction of sulfur dioxide and hydrogen sulfide be
carried out in the fluidized catalyst bed. Studies were carried out in a cylindrical reactor
with an internal diameter of 0.1 m and a height of 0.86 m. Spherical active alumina of
the Kaiser S-501 brand with an effective diameter of 195 µm was used as a catalyst. The
maximum concentration of the reagents were H2S-1300 ppmv and SO2-650 ppmv, and
the test temperatures were 100–150 ◦C, that is, below the dew point of the sulfur. The
fluidization number was varied in the range of 2.2–8.8. It was shown that the observed
conversion of sulfur compounds was ~96% in the initial period, although this decreased
with an increase in sulfur sediments to 60% in 16 days of continuous operation. As the
main advantages of the method, the authors note catalyst loading was reduced by up to
50% compared to the three-reactor scheme of the Claus process. The developed method
could be considered as an alternative to the known processes of purification of tail gases
based on sulfur condensation (CBA, Sulfreen) followed by the regeneration of catalytic
material, and not a fundamentally new process for replacing the catalytic stages of the
Claus process [44].

A process for the purification of hydrocarbon gas with hydrogen sulfide contents of
2.3–5 vol.% and carbon dioxide of 3–5 vol.% is proposed. The initial gas also contains from
40 ppmv to 90 ppmv benzene, toluene from 45 ppmv to 220 ppmv, xylene from 20 ppmv
to 150 ppmv, carbon sulfoxide (COS) from 25 ppmv to 70 ppmv, heavy hydrocarbons
(to C50), mercaptans from 15 ppmv up to 50 ppmv. The overall gas processing complex
includes the amine treatment installation and the “classic” three-reactor scheme of the
catalytic conversion of sulfur dioxide and hydrogen sulfide into elementary sulfur. In the
proposed procedure, the gas stream coming from the amine treatment unit is split in a
ratio of 75%/25%, and the larger flow enters the first zone, a specially developed furnace,
while the smaller stream enters a flushing column after the catalytic converters. In the
flushing column, at the interaction of the gas flow components with a caustic soda solution,
selective absorption of carbon dioxide occurs, and the stream enriched in hydrogen sulfide
flows into the second zone of the thermal stage of the total process line. Such technological
approaches are specifically used to extend the lower limit of the range of hydrogen sulfide
concentrations in the initial gas stream to 30%. Furthermore, according to the authors’
statements, this method is an alternative to the COPE process, while the complex as a
whole will ensure the following characteristics of the purified gas: the content of hydrogen
sulfide in the purified gas is 4 ppmv, the carbon dioxide content is not higher than 1.7 vol.%;
and the content of organic sulfur compounds is not higher than 60 ppmv. It should be
noted that the proposed procedure was conceived via computer simulations, and did not
undergo any testing on the pilot or experimental levels [45].

There are also proposals to increase the degree of hydrogen sulfide conversion by
its removal from the tail gas using reagents based on triazines in order to neutralize
residual H2S [46].

Researchers from Politecnico Di Milano developed a rather interesting concept, i.e.,
the simultaneous disposal of H2S and CO2 [47].

With regard to the gasification process of coal, they proposed the joint utilization of
acid gas components by reacting carbon dioxide and hydrogen sulfide according to the
following Equation:

2H2S + CO2 → H2 + CO + S2 + H2O (14)

In this case, carbon dioxide is used as a “soft” oxidizer.
At the same time, Pirola and co-authors [47] demonstrated the results of a comparative

analysis, where the superiority of the AG2STM process (Acid gas to SynGas) is shown in
comparison to the traditional Claus process.

Thus, several essential problems were solved:

• The generation of additional synthesis gas
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• Complete recovery of hydrogen sulfide in the form of elementary sulfur
• The utilization of carbon dioxide.

It should be noted that this work was performed on a computer simulation level, and
and that the concept has not undergone laboratory and pilot testing.

10. Modern Trends in the Field of Hydrogen Sulfide Treatment with the Formation of
Elemental Sulfur. Direct Heterogeneous Catalytic Oxidation of Hydrogen Sulfide to
Elemental Sulfur

The process has some significant advantages, the main of which are:

• the single-step characteristic and continuity;
• “soft” conditions (T = 220–280 ◦C) due to the use of highly active catalysts, which

allow for the oxidation of hydrogen sulfide directly in the composition of hydrocarbon.

It should be noted that the apparent advantages of the direct oxidation process are
the main reason to consider the technologies using Reaction (15) as an alternative to
Claus technology [48,49].

11. Chemism of the Process of Direct Catalytic Oxidation of Hydrogen Sulfide

In the process of direct H2S oxidation, the following reactions can proceed [50]:

H2S + 1/2O2 → H2O + 1/2S2 (15)

H2S +1/2O2 → H2O + 1/6S6 (16)

H2S + 1/2O2 → H2O + 1/8S8 (17)

H2S + 3/2O2 → H2O + SO2 (18)

H2S + 1/2SO2 → H2O + 3/4S2 (19)

H2S + 1/2SO2 → H2O + 1/4S6 (20)

H2S + 1/2SO2 → H2O + 3/16S8 (21)

The allotropic form of sulfur S2 is stable in the temperature range of 100–900 ◦C. The
characteristic temperature range for the reaction of direct oxidation of hydrogen sulfide
is usually 100–300 ◦C; in this range, sulfur is present as S6 and S8. The so-called reverse
Claus reaction accompanies the oxidation of hydrogen sulfide:

3S + 2H2O→ 2H2S + SO2 (22)

At reduced temperatures which are typical for direct oxidation, sulfur chains predomi-
nantly consisting of six or eight atoms are formed. With an increase in temperature to 800 ◦C,
hydrogen sulfide oxidation proceeds mainly with the formation of sulfur in the form of S2.

In the temperature range of 25–727 ◦C, the equilibrium constant of the hydrogen
sulfide oxidation reaction with oxygen to elemental sulfur is, on average, 10 orders of
magnitude higher than that of the reaction of oxidation with sulfur dioxide. Consequently,
the probability of the formation of elemental sulfur in Equations (15)–(18) is higher than by
Equations (19)–(21) [50].

The thermodynamic features of the reaction of the direct oxidation of hydrogen sulfide
are presented in the form of temperature dependence (Figure 5) [51].

The reaction of direct H2S oxidation can proceed with selectivity achieving 100%
target product at low temperatures; with an increase in temperature above 200 ◦C, the
selectivity significantly decreases. The chemical equilibrium is determined by the Claus
reaction, i.e., the only reversible reaction of the system. If a catalyst with high activity for
the reaction (15) is selected that is practically unaffecting the Claus reaction rate (21), then a
super-equilibrium sulfur yield (100%) can be attained [52]. Therefore, the use of TiO2- and
Al2O3-based catalysts in this process is ineffective. An increase in pressure in the system
favorably affects the yield of elemental sulfur and increases the selectivity, even at elevated
temperatures.
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Figure 5. The dependence of the equilibrium sulfur yield on the temperature in the reaction of direct
oxidation of hydrogen sulfide at atmospheric pressure (adapted from [51]).

12. Main Types of Catalysts Used in the Process of Direct Heterogeneous Oxidation of
Hydrogen Sulfide. Industrial Processes. Brief Description of the Most Common Catalysts
for the Hydrogen Sulfide Oxidation Reaction with Oxygen to Elementary Sulfur

Specific requirements associated with the particular features of the reaction are im-
posed on catalysts for the process of the direct oxidation of hydrogen sulfide into elemental
sulfur. In terms of selecting a catalyst, the thermodynamics of the process should be taken
into account, as well as the possibility of the homogeneous evolution of the process through
the radical-chain mechanism at elevated temperatures and the condensation of sulfur in
catalyst pores at low temperatures.

Catalysts for the direct oxidation of hydrogen sulfide to sulfur are used in the tem-
perature range of 200–350 ◦C. The sulfur dew point determines the lower limit of the
temperatures. The upper limit is due to the possibility of the reactions of sulfur and hydro-
gen sulfide oxidation to sulfur dioxide, which leads to a significant drop in the reaction
selectivity.

Despite considerable efforts devoted to the direct catalytic oxidation of hydrogen
sulfide described in the literature, the scope of catalytic systems for this process is somewhat
limited. These, first of all, are activated carbons and artificial zeolites [53,54], as well as
natural bauxites, traditionally used as catalysts for this process [55].

However, the most promising systems are individual metal oxides or mixtures of
transition metal oxides due to their apparent advantages, i.e., high mechanical strength,
thermal stability, and relative cheapness. It should be noted that oxides are used both in
a bulk state and in the supported form. This is confirmed by the fact that all commercial
processes for sulfur production from H2S through its direct catalytic oxidation, such as
Catasulf® of BASF (Ludwigshafen, Germany), BSR/SELECTOX® of Unocal Company
(California, CA, USA), Modop® of Mobil Oil (Panama City, Panama), etc., are based on the
application of heterogeneous multicomponent oxide catalysts.

13. Activated Carbon. Catalysts Based on Activated Carbon

As demonstrated above, active carbon (AC) simultaneously acts as the adsorbent
of hydrogen sulfide and the catalyst for the oxidation of the latter to sulfur, as H2S is
transformed into sulfur which accumulates in AC pores upon purification.

Microporous ACs have been well investigated as adsorbents/catalysts for the peri-
odical partial oxidation of hydrogen sulfide at temperatures below 150 ◦C [56–66]. They
demonstrate high activity and selectivity under these conditions. As shown, a relatively
large volume of large pores is required for the oxidation process to occur, whereas smaller
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pores serve for adsorptive desulfurization processes. Elemental sulfur is mainly accumu-
lated in pores <12 Å, and initially in small and later in larger ones. It has been shown that
there is maximum adsorption in cases where the pore size is maximally close to the size of
the adsorbent molecules [67,68]. Hence, efficient carbon materials should have the optimal
pore structure with a good volume of both micro- and meso- pores, and a relatively narrow
pore size distribution to ensure high selectivity for sulfur. Nevertheless, the complete
picture of the effect of AC pore structure on H2S selective oxidation is not quite clear yet.

Primavera and co-authors [69] investigated the effect of water vapor on adsorbent
efficiency. It was found that a relative moisture content of about 20% facilitates an enhanced
reaction rate. The reaction rate drops dramatically when the moisture content is decreased,
and less significantly when increased. It is assumed that HS− ions are generated in water,
being readily oxidized to sulfur with oxygen.

Surface chemistry has a significant effect on catalyst efficiency; therefore, AC-based
sorbents/catalysts undergo modification with various reagents, such as metal salts [70]
and alkaline [63,64,71] or oxidative (permanganate) additives [62], by the introduction of
heteroatoms, such as nitrogen, oxygen, and phosphorus [72], and also by thermal treatment
and controlled surface oxidation [73–75].

When AC is treated with nitric acid, oxygenated groups (C=O, C–O, and C–O–) are
generated. Modified ACs contain charged oxygen particles, have higher catalytic activities,
and may oxidize to 1.9 g of H2S per g of catalyst, which is much higher than literature data
for carbon catalysts [58,62,76,77].

The dynamic adsorption capacity of AC is reduced, as high temperatures decrease
adsorption efficiency and selectivity for sulfur because COS and SO2 are formed. In order
to improve the capacity for sulfur and catalytic activity at high temperatures, AC modified
with metal oxides is used [62]. At 180 ◦C and in the absence of water vapor, catalytic
activity is varied in series, i.e., Mn/AC > Cu/Ac > Fe/AC > Ce/AC > Co/AC, being
reduced to between 142 mg and 6 mg of H2S/g for Mn/AC and V/AC, respectively. The
major reaction product is elemental sulfur, which forms on active sites (carrier and coal
micropores). When these pores are blocked with sulfur, the catalyst is deactivated.

When CO and CO2 are present in the gas, a side product, COS, appears [78,79]. The im-
pregnation of AC with sodium hydroxide facilitates hydrogen sulfide conversion [71,80–82],
as NaOH improves H2S dissociation to form hydrosulfide ion (HA−) followed by its oxida-
tion to S, SO2, and H2SO4. Hydroxyl groups (OH−) on the carbon surface enable binding
SO2 with COS due to an ion-dipole interaction between OH− and COS.

Reaction conditions for the selective catalytic oxidation of hydrogen sulfide (tempera-
tures, ratios of O2/H2S, and volumetric flow rate) have a significant effect on the activity
and selectivity of AC-based catalysts [61]. Herewith, the microporosity and relatively
small pore volume limit adsorptive capacity, with values of 0.2–0.6 g of H2S/g for AC
treated with alkalis and 1.7–1.9 g of H2S/g for AC with oxygenated groups on the surface;
sulfur saturation of the catalyst requires its frequent replacement. Other drawbacks of
such adsorbents/catalysts preventing their wide applications are connected with the trend
to spontaneously ignite upon hydrogen sulfide adsorption on alkaline AC and limited
regeneration possibilities.

Sun and co-authors [83] describe the synthesis and properties of nitrogen-doped
mesoporous carbon. This material shows a high concentration of catalytically active sites
and a large pore volume. When nitrogen content is 8%, adsorptive capacity values of 2.77 g
of H2S/g at 30 ◦C and relative moisture content of 80% were achieved. The presence of
pyridine nitrogen explains the elevated capacity. Nitrogen atoms located at the facets of
graphite cavities have a high electron acceptor capacity, which facilitates the adsorption of
oxygen atoms and therefore facilitates the oxidative reaction. Furthermore, the presence
of pyridine active sites on the surface increases the basicity of the aqueous layer therein
and simplifies H2S dissociation to form HS− ions. The nitrogen content plays a key role,
affecting the basicity and thus the concentration of HS−.
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14. Catalysts Based on Carbon Nanotubes

Nanocarbon materials, i.e., carbon nanotubes (CNT) and carbon nanofibers (CNF),
have recently attracted considerable research attention [84–86]. In particular, due to their
lack of microporosity, diverse structures (the outer or inner diameter and the number of
graphene layers), and rich surface chemistry (heteroatoms and structural defects), they
are more promising than microporous AC, in which quite a few micropores substantially
increase the role of diffusion. In particular, the tubular morphology of CNT ensures a
special reactivity with liquid and gas reagents when passing through small tubes. For
example, the so-called confinement effect [84] should be mentioned. Moreover, the chemical
inertness of CNT species avoids problems of sulfation.

Metal oxides, alkaline agents, and heteroatoms are often used to modify CNT. Accord-
ing to the data of Nhut and co-authors [87], Ni2S-modified CNT has a high capacity for
sulfur (1.8 g of H2S per catalyst) in a trickle-bed reactor. Active sites of Ni2S are located
inside the tube due to the confinement effect, and condensed water acts as the conveyor
track, transferring elemental sulfur from the inner graphene layers to the outer ones in
multilayer CNT, from where it is desorbed from the active phase. This mechanism ensures
a high rate for hydrogen sulfide removal without any deactivation for 70 h. A substantial
free catalyst volume makes it possible to save the resulting sulfur. However, because of
the hydrophobic properties of Na2S/CNT, condensed water is required to maintain high
activity, which complicates reactor design and production.

Multiwalled CNT modified with Na2CO3 also make it possible to achieve capacity
values of 1.86 g of H2S/g catalyst at a low temperature (30 ◦C), which is approximately
four times higher than commercial AC (0.48 g of H2S/g catalyst) [88]. As in the case of
NiS2/CNT, a high capacity for sulfur is ensured by the presence of a large free volume
formed by voids between CNT aggregates. In addition, introducing Na2CO3 increases
the hydrophilicity and alkaline properties of CNT as an adsorbent. Alkaline properties
promote the sorption and dissociation of H2S into HS− ions in the aqueous layer. The
gradual deactivation of the catalyst is linked to a decrease in pH upon sodium sulfate
formation and the blocking of catalyst pores with sulfur.

Hydrogen sulfide oxidation over multiwalled CNT decorated with tungsten sulfide
was investigated in [89,90]. The metal content in the catalysts was 4.7–4.9%. The catalyst
activity was examined compared to WS2/AC and WS2 catalysts using single-walled CNT
under the following conditions: 5000 ppmv of H2S, 20% of water vapor, a volumetric flow
rate of 5000 h−1, O2/H2S = 2, and a temperature of 60 ◦C. As shown, the catalyst over
multiwalled tubes displayed the highest activity. The catalyst activity has been shown
to increase with increased metal content but to cease when the latter is over 15%. When
the volumetric flow rate is increased, the conversion degree naturally decreases. Upon an
increase in temperature to between 70 ◦C and 180 ◦C, there is a high degree of conversion
of hydrogen sulfide (at 180 ◦C), i.e., close to 10%, which is stable for 10 h, in contrast to the
process performed at lower temperatures. This is related to the fact that sulfur is removed
from catalyst pores more quickly at a high temperature, i.e., close to the melting point.

Macroscopical nitrogen-doped CNT (N-CNT) were developed by Ba al [91] for hy-
drogen sulfide oxidation at high temperatures (>180 ◦C) with heavy mass flow rates,
WHSV = 0.2 − 1.2 h−1. As demonstrated, H2S conversion increases with nitrogen content,
which is associated with a simultaneous increase in the concentration of active oxygen
sites. Correspondingly, when the temperature was 250 ◦C, the degree of H2S conversion
and selectivity were 91% and 75%, respectively. When the catalyst is deposited onto a
spongy carrier, SC, process indicators are substantially improved: conversion degree and
selectivity reach 90% after 120 h of operation at 190 ◦C and high WHSV values.

A recent paper by Chizari and co-authors [92] investigates the activity of N-CNT
catalysts formed as spherical granules with a diameter of around 5 nm. The test conditions
were as follows: temperature of 210–230 ◦C, H2S concentration of 1%, O2 content of 2.5%,
water level of 30%, and gas hourly space velocity (GHSV) of 2400 h−1. As shown, the
N-CNT catalyst was more efficient in terms of hydrogen sulfide removal compared to the
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Fe2O3/SiC catalytic agent: the conversion degree reached 100% and selectivity was around
80% at 210 ◦C compared to the deposited oxide catalyst, for which H2S conversion degree
under these conditions was only 30%.

15. Carbon Nanofiber-Based Catalysts

As in the case of nanotubes, the main advantages of carbon nanofiber-based catalysts
are related to the high thermal conductivity of the latter, chemical inertness, and the lack of
ink-bottle pores where elemental sulfur may settle [93]. Furthermore, the presence of pores
as microcavities between nanofibers increases the sulfur capacity of the material.

Using CNT for H2S selective oxidation at high temperatures (>180 ◦C) has been
investigated more widely than CNT-based catalysts. The latter are more promising from
the standpoint of using a high excesses of oxygen to stoichiometry [94]. Herewith, the
catalytic characteristics might be quite different depending on the nature of the initial
catalyst over which the synthesis of nanofibers was carried out.

When water is absent, nanofibers produced over a Fe-Ni catalyst [95] with a structure
of multilayered CNT have the highest selectivity for sulfur. The selectivity for sulfur
is maintained at a level of 90%, whereas H2S conversion degree decreases to 65% after
25 h of the reaction. The most highly active CNT samples were obtained using a Ni-Cu
catalyst. After 25 h of reaction, hydrogen sulfide conversion degree and selectivity for
sulfur were 95% and 70%, respectively. Compared to those species, nanofibers grown
on Ni-catalyst displayed low activity because of sulfur deposits. In order to improve
catalytic characteristics, these fibers were modified by treatment with HNO3 or NH3 [91].
As determined, acid treatment improved catalyst stability and selectivity for sulfur due
to the the partial removal of nickel from CNF. In contrast, ammonia treatment reduced
selectivity. As noted, the presence of 40% of water vapor improved the characteristics of
the procedure, achieving a conversion degree of 70% and a selectivity of 89%.

Shinkarev and co-authors [96] investigated the process kinetics of selective hydrogen
sulfide oxidation over CNT. The proposed kinetic model matched well with experimental
results across a broad temperature range (155–250 ◦C) with hydrogen sulfide, oxygen, and
water vapor concentrations of 0.5–2 vol.% and 0.25–10 vol.%, and 0–35 vol.%, respectively.
The findings may be used when modeling processes and reactor designs for H2S selective
oxidation using nanofiber-based catalysts.

Chen and co-authors [97] systematically investigated H2S selective oxidation over
acrylonitrile-derived CNF impregnated with Na2CO3. The capacity for sulfur over these
catalysts was shown to be 0.10–0.81 g of H2S/g. First of all, the pore structure affected the
sulfur capacity. Additionally, unlike other nitrogen-doped carbon materials, the concentra-
tion of nitrogenated functional groups almost did not affect the characteristics of the H2S
oxidation process. As demonstrated by analysis data, the prevalent product, i.e., elemental
sulfur, was deposited in larger pores, whereas H2SO4 was generated in smaller ones.

The effect of temperature and water on H2S selective oxidation over CNF-based
macroscopic catalysts was analyzed by Coelho and co-authors [98]. Carbon nanofibers
were grown over a graphite fiber substrate. The active phase was NiS2. The catalyst
demonstrated very high selectivity and stability at 60 ◦C owing to its stability to sulfur
deposits removed therefrom through the presence of water and the hydrophobic properties
of the catalyst. The efficiency of H2S removal using catalysts based on new nanocarbon
materials, i.e., CNT and CNF, was shown to be much higher, and material doping with
nitrogen improved the purification process characteristics to a greater extent.

This research demonstrates that carbon materials are highly efficient during direct
H2S oxidation and the sorption of sulfur compounds.

Liu and co-authors [99] described the synthesis and study of a catalyst for the catalytic
oxidation of H2S to S at room temperature. The catalyst was activated carbon with sup-
ported iron and cerium oxides. The introduction of ceria was a positive factor, increasing
catalytic activity due to the improved oxidation of Fe2+ to Fe3+ by redox-pair Ce4+/Ce3+.
Also, the sorption capacity increased significantly. The adsorption-catalytic parameters of
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the system were investigated at a relative humidity of 80%, an oxygen content of 10 vol.%,
a temperature of 30 ◦C and a space velocity of 7440 h−1. The time of continuous stable
operation with the sulfide conversion close to 100% was 71 h, and the value of the ad-
sorption capacity was 820 mg S/g catalyst, which significantly exceeded this indicator for
KNa/AC systems. It was found that the obtained sulfur is mainly precipitated inside the
pore volume of the AC, but that some also formed on the AC surface.

Note that, depending on the nature of the process occurring on activated carbon
during gas purification, the requirements for its porous structure may be different. For an
adsorption process, carbons with narrow pores are required, the surface of which should
have minimal catalytic activity. For catalytic oxidation of hydrogen sulfide, a wide-pore
carbon is needed with a large total pore volume and, naturally, high catalytic activity. Large
pores are needed to accumulate the resulting sulfur, in which up to 120% sulfur relative to
the mass of the carbon can be adsorbed [100].

In connection with the development of technologies for the production of nanoscale
carbon fibers, recently, the use of these materials and catalysts based on them in the reaction
of partial oxidation of hydrogen sulfide to sulfur has attracted much interest [87,94,101].
It has been shown that carbon nanofibers make it possible to increase both the catalyst
activity and sulfur resistance to deposition on the catalyst surface at low temperatures
compared to conventional catalysts.

The issue of the use or regeneration of spent AC sorbents/catalysts deserves special
consideration. Standard (industrial) processes for solving this problem are:

1. burning out sulfur at elevated temperatures
2. treatment of catalyst/sorbent with steam, with resulting hydrogen sulfide formation
3. washing catalyst with an organic solvent, effectively dissolving sulfur.

Obviously, the second and third options are the most acceptable for carbon materials,
because, when exposed to oxygen at high temperatures, destruction (combustion) of the
carbon matrix will inevitably occur.

16. Zeolite Catalysts for Direct Oxidation of Hydrogen Sulfide

Along with activated carbon, zeolites also can be used as adsorbents with catalytic
properties for the oxidation reaction of hydrogen sulfide with molecular oxygen [102,103].
For low concentrations of hydrogen sulfide, the activity of zeolites NaX, NaY, NaA de-
creases with time; however, after a certain time (stabilization time), the fall in activity
is terminated. The stabilization time decreases with a decrease in the hydrogen sulfide
concentration in the gas and does not depend on the temperature of the process. At tem-
peratures below 300 ◦C, the degree of transformation of H2S does not depend on its initial
concentration.

The oxidation of hydrogen sulfide on various zeolites was detailed studied in detail
by Z. Dudzik and co-authors. In [103], the reaction of the direct oxidation of hydrogen
sulfide on the sodium form of faujasite was examined. As shown, when the oxygen pulse
is supplied to the activated zeolite NaX, on which hydrogen sulfide was preadsorbed, the
sample became intensely paramagnetic, and the electronic paramagnetic resonance method
allowed the registration of a sulfur biradical -*S-(S)-S*. The measurement of catalytic activity
showed that sodium faujasite is an effective catalytic system for direct catalytic oxidation
of hydrogen sulfide to elementary sulfur, partially paramagnetic sulfur. The degree of
hydrogen sulfide removal from the initial gas flow gradually drops and reaches a constant
value during the reaction. In this case, the level of stationary activity is directly proportional
to the temperature of the process to temperatures of about 150 ◦C; the further temperature
rise leads to the intensive formation of an unwanted by-product-sulfur dioxide.

Lee and co-authors [104], studied oxides of transition metals supported on NaX zeolite
as catalysts for the oxidation of hydrogen sulfide in gaseous products of coal gasification.
Coal gasification gases can contain H2, CO, H2S, CO2, O2, and H2O. The authors identified
the influence of the nature of transition metal oxides on the catalyst activity and selectivity
to sulfur formation.
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It was shown that the catalyst based on vanadium oxide showed the maximum activity
(XH2S = 70%) and selectivity (S = 80%). To characterize the composition of coal gasification
gases [104–106] introduced the term “Reducing Power” [Equation (I)]:

Reducing Power =
[H2S] + [CO] + [H2]

[O2] + [H2O] + [CO2]
(23)

The strong dependence of the activity and selectivity of catalysts on the “Reducing
Power” of coal gasification gases was established. In their work, the authors concluded
that the vanadium oxide catalyst could be effectively used to remove H2S from gases of
coal gasification.

17. Catalysts Based on Sic

Recently, catalytic systems based on new materials are being intensively developed.
One of these materials is SiC-silicon carbide. Catalysts supported on silicon carbide are
proposed to be used in highly exothermal reactions such as partial oxidation of hydrogen
sulfide to sulfur. Recently, several works were published offering catalysts-metal oxides on
silicon carbide [105–107].

The use of SIC as support of hydrogen sulfide oxidation catalysts has several advan-
tages:

1. The chemical inertness of the material allows the use of catalysts in aggressive media,
providing high stability of catalysts;

2. High SiC thermal conductivity (150 W/m·K) compared to alumina (15 W/m·K)
ensures a uniform temperature distribution in the catalyst bed and prevents local
overheating of the catalyst;

3. SiC-based catalysts can be used to remove H2S from highly concentrated gases
(>2 vol.%);

4. The meso- and macroporous SiC structure allows the use of catalysts for the oxidation
of hydrogen sulfide at temperatures below the dew point or in the presence of excess
water.

Nguyen and co-workers [105] investigated Fe2O3-based catalysts supported on γ-Al2O3
and SiC in the oxidation reaction of 1 vol.% H2S in the presence of 30 vol.% H2O. It was
shown that the SiC catalyst had much higher activity in the hydrogen sulfide oxidation
reaction compared with the alumina-based catalyst.

The Fe2O3/SiC catalyst showed high activity in the hydrogen sulfide oxidation re-
action and selectivity to the formation of elemental sulfur in excess of oxygen and in the
presence of water vapor. To determine the nature of the active component, Fe2O3/SiC,
FeS2/SiC, and FeSO4/SiC catalysts were synthesized [107]. It was shown that at H2S con-
version close to 100%, the selectivity to sulfur on these catalysts decreases in the following
sequence:

FeSO4/SiC > Fe2O3/SiC > FeS2/SiC

The catalyst containing sulfate groups on the surface showed selectivity to sulfur of
about 100% at 240 ◦C, whereas the formation of SO2 was observed on the other catalysts in
noticeable quantities. For example, on the FeS2/SiC catalyst, the selectivity to sulfur was
about 60%.

Keller and co-authors [106] proposed to use for the oxidation of hydrogen sulfide in
the presence of water vapor NiS2/SiC catalyst supported on mesoporous SiC. To avoid the
catalyst deactivation in the reaction conditions, it was proposed to use a binary catalyst
containing the hydrophobic SiC support and the hydrophilic layer of SiO2 located in the
support pores of the carrier. The transformation of the initial NiS2 to nickel oxysulfide
which has high activity in the hydrogen sulfide oxidation reaction explains the high activity
of the proposed catalyst.

The mechanism of the catalyst deactivation in the absence of water vapor was pro-
posed and an explanation of the high stability of the catalyst in the presence of water was
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found (Figure 6). According to the authors, the catalyst has a hydrophilic layer in SiC
pores. Under the reaction conditions, in the presence of water vapor, the water film is
formed on the hydrophilic layer, which delivers/transfers the resulting elemental sulfur to
hydrophobic parts of the SiC support, where its deposition and the subsequent transition
to the gas phase occurs. Thus, the active component remains available for reagents, and
the catalyst is not deactivated (Figure 6a).

In the reaction medium without vapor water, such a film is not formed. Therefore,
sulfur deposition occurs mainly on the active component of the catalyst, which leads to the
capsulation of the active component and deactivation of the catalyst (Figure 6b).

Figure 6. The tentative mechanism of sulfur deposition on the surface of a catalyst based on SiC: (a) in the presence of water
vapor; (b) without water vapor (adapted from [106]).

Thus, SiC catalysts are promising for use in the reaction of partial oxidation of H2S to
sulfur. Several SiC-based catalysts were proposed. These are mainly iron oxide systems
and a nickel sulfide-based catalyst. However, these catalytic systems are not optimal for
the hydrogen sulfide oxidation reaction, and the development of the composition of an
active component simultaneously active and selective in the reaction required additional
research. The most optimal catalytic systems for the oxidation reaction of hydrogen sulfide
to sulfur are transition metal oxides or a combination of oxides.

18. Transition Metal Oxides

Catalysts based on metal oxides are most widely used and studied in the continuous
process of H2S selective oxidation. Their main feature is that they provide a stable operation
with different H2S/O2/H2O ratios. Also, undoubted advantages of oxide catalysts are
high mechanical and thermal stability, availability, wider ranges of hydrogen sulfide
concentrations, and space velocities; therefore, their productivity is much higher than that,
for example, of carbon-based catalysts [108].

This group of catalysts is promising for the direct oxidation of hydrogen sulfide due
to the previously indicated reasons: high mechanical and thermal stability and availability.

Catalysts for gas-phase oxidation of hydrogen sulfide to elementary sulfur are known
on bulk alumina or alumina with additives of titania (5.0–15.0 wt.%). The catalysts have
high activity, and selectivity in a temperature range of 160–230 ◦C: the total conversion of
hydrogen sulfide into sulfur and sulfur dioxide is 80–100% depending on the temperature
range studied [109].

In the practice of gas-phase oxidation of hydrogen sulfide with air oxygen to elemen-
tary sulfur, the use of titania in the form of a mixture of its rutile (5–50 wt.) and anatase
(50–95 wt.%) modifications as a catalyst is described. In the presence of the catalyst of
the specified composition, it is possible at a space velocity of 3000 h−1, a temperature of
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230–280 ◦C, an initial H2S concentration of 3 vol.% with the stoichiometric H2S/O2 ratio
to provide ~98–100% conversion of hydrogen sulfide [110]. However, the catalyst of the
specified composition has extremely low mechanical strength. The introduction into the
catalyst of strengthening additives of magnesium oxide in an amount 0.3–1.0 wt.% and
alumina slightly increases the mechanical strength (the catalyst attrition rate decreases by
two times). More significant strengthening (4 to 6 times) is achieved by deposition of the
active component on the faience aluminosilicate support.

The complete kinetic data relating to the oxidation of hydrogen sulfide to elementary sul-
fur on metal oxides can be found in the works of V.I. Marshnyova and Davydov A. A. [111],
who studied more than twenty individual metal oxides under the following standard
conditions for all samples:

T = 250 ◦C

The concentration of reagents:

CH2S = 0.5 vol.%

CO2 = 0.25 vol.%

It was shown that for the kinetic region, an activity row of individual oxides is
as follows:

V2O3 > Mn2O3 > CoO > TiO2 > Fe2O3 > Bi2O3 > Sb6O13 > CuO > Al2O3 = MgO = Cr2O3

Representing the conversion of hydrogen sulfide in the form of three reactions: the
Claus reaction (I), the total oxidation reaction (II), and the reaction of partial oxidation (III)
[Equations (22)–(24)], Alkhazov and coauthors [112] found the following patterns for
individual oxides.

2H2S + SO2 ↔ 2H2O + 3/nSn (24)

2H2S + 3O2 → 2H2O + 2SO2 (25)

2H2S + 3O2 → 2H2O + 2/nSn (26)

It was shown that for the kinetic region, an activity row of individual oxides is as
follows:

V2O5 > Mn2O3 > CoO > TiO2 > Fe2O3 > Bi2O3 > Sb6O13 > CuO > Al2O3 = MgO = Cr2O3

Whereas for the total conversion of hydrogen sulfide to sulfur and sulfur dioxide
(II + III) these oxides can be arranged in the following row [111]:

V2O5 > Bi2O3 > Fe2O3 = CoO > Mn2O3 > Sb6O13 = TiO2 > CuO > Cr2O3 > Al2O3 > MgO

The maximum stationary activity in all reactions (I-III) is observed for vanadia V2O5.
Analyzing the data on selectivity, Davydov and co-authors [111] concluded that the most
selective catalysts for the process (III) are V2O5, MgO, and Mn2O3, while the oxides of Bi,
Fe, and Cu are catalysts for deep oxidation of hydrogen sulfide to SO2 (II).

The above series of activities are significantly different from similar ones given by
T.G. Alkhazov and N.S. Amirgulyan [37] who studied the catalytic properties of metal
oxides of the IV period to select the optimal catalyst for the partial oxidation of hydrogen
sulfide. According to their data, the catalytic activity of individual oxides in the reaction
of direct selective oxidation of hydrogen sulfide to elementary sulfur at temperatures of
280–300 ◦C decreases in the following sequence:

Co3O4 > V2O5 > Fe2O3 > Mn2O3 > CuO > TiO2 > ZnO > NiO > Cr2O3

They also give the activity row of these oxides in the reaction of deep H2S oxidation
to sulfur dioxide:

Co3O4 > V2O5 > NiO > ZnO > CuO > Fe2O3 > TiO2 > Cr2O3 > Mn2O3
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Unfortunately, it is impossible to determine the causes of discrepancies, since in [39],
absolute values of the specific rates and the conditions for conducting experiments are not
given: the ratio of reagents, the size of the catalyst pellet, etc.

Batygina and co-authors [113], studied the catalytic activity of transition metal oxides
deposited on γ-Al2O3 under the conditions listed below:

• The content of hydrogen sulfide in the feed, vol.% 20;
• Gas hourly space velocity, h−1 7200;
• Hydrogen sulfide/oxygen polar ratio 2/1;
• Temperature range of testing, ◦C 200–300;
• The geometric shape of catalysts spherical granules;
• Active component individual oxides of cobalt;
• manganese, chromium;
• Vanadium;
• The active component content, wt.% 0.1–0.6.

It was shown that with the stoichiometric ratio of reagents, the activity of metal oxides
decreased in the following sequence:

• Co > V > Fe = Cr > Mn > γ-Al2O3 (at T > 250 ◦C);
• V > Fe = Cr > Co > Mn > γ-Al2O3 (at T < 250 ◦C).

CeO2-based catalysts are potentially suitable for H2S-selective oxidation, but their
practical application is limited due to the problem of sulfate formation. Shape-specific CeO2
nanocrystals (rods, cubes, spheres and nanoparticles) with well-defined crystal facets and
hierarchically porous structure were successfully synthesized and used as model catalysts
to study the structure-dependent behavior and reaction mechanism for H2S selective
oxidation over ceria-based catalysts. It is deduced that the defect sites and base properties
of CeO2 are intrinsically determined by the surface crystal facets. Among the nanocrystals,
CeO2 nanorods with well-defined [110] and [100] crystal facets exhibits superb catalytic
activity and sulfur selectivity. The high reactivity for H2S selective oxidation is attributed to
the high concentration of surface oxygen vacancies which are beneficial for the conversion
of lattice oxygen to active oxygen species. Besides, the presence of hierarchically porous
structure of CeO2 nanorods hinders the formation of SO2 and sulfate, ensuring good sulfur
selectivity and catalyst stability. Through a combined approach of density-functional theory
(DFT) calculations and in situ DRIFTS investigation, the plausible reaction mechanism and
nature of active sites for H2S selective oxidation over CeO2 catalysts have been revealed.
Thus, morphology engineering can be one of the effective methods in boosting the H2S
conversion [114].

The comparison of catalytic activity and selectivity, taking into account the stability of
oxides, allowed Ismagilov and co-authors [115] to find that iron oxide is the most effective
catalyst for the reaction of oxidation of hydrogen sulfide to elementary sulfur. Bulk iron
oxide catalysts demonstrate high activity at 250 ◦C, providing almost 100% conversion of
hydrogen sulfide at sufficiently high selectivity [112]. It was also shown that the method of
iron oxide preparation does not significantly affect the conversion of hydrogen sulfide and
the selectivity of the process. The effects of additives of K, Cr, Ag, Ti, V, Mn, and anions:
Cl−, SO4

2−, PO4
3− in the amount of 1–5% to the initial catalyst on catalytic properties

were investigated. In particular, it was demonstrated that the introduction of chromium
ions leads to a decrease in the activity, and vanadium ions and SO4

2− to a decrease in the
selectivity. A particular feature of the studied catalysts is their ability to oxidize hydrogen
sulfide in the presence of hydrocarbons of natural gas without their involvement in the
reaction. A significant advantage of these catalysts is their ability to selectively oxidize
hydrogen sulfide under an over stoichiometric O2/H2S ratio.

An increase in the selectivity of the iron oxide catalyst at elevated temperatures can
be achieved by deposition of the active component on an alumina support. The most
active catalyst at a temperature of 300 ◦C is the catalyst of the following composition:
0.5 wt.% Fe2O3/Al2O3 [116]. 34A mixed catalytic system was investigated as a catalyst for

23



Catalysts 2021, 11, 1109

partial oxidation of hydrogen sulfide, which consists of iron and titanium oxides (anatase
modification). It is proposed to use this system in the process of two-stage oxidation of
hydrogen sulfide (at the concentrations of hydrogen sulfide over 5 vol.%). When conducting
the process in a temperature range of 200–300 ◦C, it is possible to remove hydrogen sulfide
in the form of elementary sulfur with an efficiency close to 98–99% [117].

It is necessary to emphasize the work creating a catalyst for the direct oxidation of
hydrogen sulfide made in VEG-Gasinstitut and the University of Utrecht (The Netherlands)
under the general scientific leadership of Professor J. Geus [118–120]. The overall goal of
these works is to create an effective and highly selective catalyst for the direct oxidation
of hydrogen sulfide by using alumina with a low specific surface area (α-modification).
It was experimentally shown (Figure 7) that the selectivity of the iron oxide supported
on to α-alumina had higher selectivity than the catalyst on γ-alumina even in conditions
of a significant excess of oxygen in the reaction mixture. The authors’ explanation of the
observed results is as follows. By the use of α-alumina, it is possible to synthesize the
catalyst in which the active component evenly covers the support surface and prevents
the diffusion of reagents to the surface of alumina, which has been shown to actively
catalyze the reverse Claus reaction-the interaction of sulfur and water vapor to form
hydrogen sulfide and sulfur dioxide. This iron catalyst was specially designed for the
created SUPERCLAUS®process.

Figure 7. The dependence of the selectivity of the process of direct H2S oxidation on the ratio O2/H2S
in the initial mixture (adapted from [118]).

The same authors undertook interesting attempts [121] to create effective catalytic
systems based on various composite systems and, in particular, alloys of type Hastelloy-X
and Inconel with fillers-SUPERCLAUS®commercial catalysts (the amount of additive
did not exceed 2 wt.%). The simultaneous use of such materials as catalysts and reactor
construction materials was proposed, that is, the effective combination of construction and
catalytic properties. It was shown that such systems in the future could make a serious
competition to classic reactors with bulk catalysts. Particular emphasis was bestowed
on the possibility of using such structures (combined reactor-catalyst) to carry out the
hydrogen sulfide oxidation process at a high H2S content, given the high heat engineering
characteristics of the developed materials. However, it was indicated that the upper limit
of the content of hydrogen sulfide for the effective operation of these systems should not
exceed 10 vol.%.

New possibilities extending the range of the application of the technology of direct
H2S oxidation are provided by monolithic honeycomb catalysts, which possess several
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technological advantages over granulated catalysts (most important of them low pressure
drop), especially for the gases with low excessive pressure and for purposes when the
pressure loss is unacceptable.

For the first time, such studies were undertaken by the research team under the
guidance of Professor Z.R. Ismagilov. Successful pilot and experimental-industrial tests of
the direct oxidation process in reactors with monolithic catalysts of the honeycomb structure
to purify the tail gases of the Claus process and geothermal steam are reported [122–124].

Laboratory studies of the catalysts for direct oxidation of hydrogen sulfide in the
form of monolithic catalysts of the honeycomb structure were also reported by Italian
scientists [125]. Monoliths from cordierite (9 channels) from 10 to 50 mm long, 6 mm
wide, and 6 mm high with 226 channels per square inch (CPSI) were used as a substrate
for coating. The commercial ceria-zirconia composition (EcoCat) having the initial solids
content of 40 wt.% was deposited on cordierite. The active phase (V2O5) deposition was
carried out from an aqueous solution of ammonium metavanadate (NH4VO3). The authors
reported that at a temperature of 200 ◦C, contact time >200 ms and initial H2S content
500 ppmv, high conversion of H2S (90%) and a very low selectivity toward SO2 (3%) were
obtained.

Similar data are given by Eom and co-authors [126], where the results of studies
on the use of selective catalytic oxidation to remove hydrogen sulfide from landfill gas
using monolithic catalysts of the honeycomb structure are described. The efficiency of
removing H2S at a temperature of 200 ◦C was the highest for the V/TiO2 catalyst obtained
by incipient wetness impregnation. The optimal content of vanadium is 10% by weight. In
addition, it was shown that the selectivity to sulfur and minimization of the formation of
SO2 substantially depends on the O2/H2S ratio. It is shown that with increasing the number
of CPSI, the honeycomb catalyst productivity can be significantly increased. The efficiency
of H2S removal also increases with an increase of the specific surface (m2/m3). The analysis
of the long-term operation of a honeycomb catalyst at the cleaning of landfill gas with the
composition including CH4 and CO2 (typical components) showed that the purification
degree is more than 90%. In addition, the catalyst’s performance can be restored by thermal
regeneration at sufficiently “soft” conditions (400 ◦C, 3 h in airflow).

19. Description of Modern Industrial Methods Based on the Process of Direct H2S Oxidation

The Catasulf® process of the German company BASF (Ludwigshafen, Germany) [127]
is based on the reaction of the oxidation of the acid gas containing 5–15% H2S (I) in the
tubular reactor 1 (Figure 8). The tube space of reactor 1 is filled with a special highly
selective catalyst, which is a mixture of aluminum, nickel, and vanadium oxides, and the
inter-tube space is cooled with a high-boiling liquid silicon coolant (II), which, circulating,
transfers the removed heat to the refrigerator 2. Gases emerging from reactor 1, (III) are
cooled in the sulfur condenser 3 and fed into the adiabatic reactor 4, where there is a further
interaction of hydrogen sulfide with sulfur dioxide. The resulting sulfur is separated in
the second consecutive condenser 5. Removing the sulfur in the first stage is 94%, after
the adiabatic reactor up to 97.5%. It is supposed that by increasing the number of stages,
it is possible to attain the degree of sulfur extraction of 99.99%. At the oil refining plant,
Ludwigshafen (Germany), the only Catasulf® industrial installation is operated.
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Figure 8. Schematic of Catasulf® process Catasulf®, perhaps, the only “active” large-capacity tech-
nology to obtain sulfur based on the reaction of the direct oxidation of hydrogen sulfide (adapted
from [127]).

The Sulfatreat® DO process of the company M-I Swaco [128,129] is a technology for
the purification of associated oil gases from hydrogen sulfide by direct oxidation. The
process is carried out at a temperature of 175 ◦C, a pressure of up to 65 bar and allows the
treatment of gases containing up to 3 vol.% hydrogen sulfide. The catalyst is a mixture of
metal oxides of transitional valence, promoted with alkali metals oxides. The results of
tests of the experimental installation showed that the H2S concentration in the purified gas
does not exceed 950 ppmv. The degree of sulfur removal, in this case, was more than 88%,
with only a slight conversion of the hydrocarbon part.

Other industrial processes based on this reaction are designed exclusively for cleaning
tail gases of existing sulfur-producing installations. One of the most common methods is
BSR/Selectox® of Unocal and Ralph M. Parsons companies. In this process, the exhaust
gases of the Claus installation are reduced in a catalytic reactor by synthesis-gas formed in
a special generator by a steam reforming of natural gas. Then the resulting gas is cooled,
mixed with air, and hydrogen sulfide is subjected to selective oxidation to sulfur at a
temperature of 200–230 ◦C. The use of a special vanadium oxide catalyst Selectox-67 allows
attaining the selectivity of oxidation to sulfur of ca. 100%. The Beavon-Selectox process
ensures the degree of sulfur removal of 98.5–99.5% at a relatively low installation cost
(about 50–60% of the cost of a Claus installation [130]. The first such installation was
launched in 1978 in Germany.

Somewhat later, other technologies similar to the Beavon-Selectox process were de-
veloped. Among them are the most famous MODOP® of Mobil Oil Corp (Dallas, TX,
USA) [131]. and SUPERCLAUS® of Comprimo BV Company (Dallas, TX, USA) [42]. They
differ from the Beavon-Selectox process by using other catalysts (CRS-31 for MODOP and
a special highly selective iron oxide catalyst for the SUPERCLAUS® process), and by the
fact that the oxidation of hydrogen sulfide is carried out in two stages. In addition, in the
SUPERCLAUS® process, it is possible to use the H2S direct oxidation stage without the
hydrogenation stage due since in the Claus installation, the process is carried out with an
excess of hydrogen sulfide (this allows, among other things, protect the catalyst in the Claus
reactors from sulfation). These processes provide the total degree of sulfur removal of
99.3–99.5%. The first two MODOP® (Dallas, TX, USA) installations were put into operation

26



Catalysts 2021, 11, 1109

in Germany in 1983 and 1987 and two SUPERCLAUS® installations in 1988 in Germany
and 1989 in Holland [132–134].

The advantage of the processes described above is the possibility to supply air for the
oxidation of hydrogen sulfide in a small excess compared to stoichiometry, which simplifies
the control of the process in the conditions of variation of the composition and flow rate of
the reaction mixture.

However, the use of direct heterogeneous catalytic oxidation of hydrogen sulfide is
significantly limited because of intense heating of a fixed catalyst bed due to high heat
generation. At the Boreskov Institute of Catalysis SB RAS, the technology of direct oxidation
of hydrogen sulfide in a reactor with a fluidized catalyst bed was developed, which is
largely free of these shortcomings.

A research program was implemented under which the effects of temperature and
concentration of components on the kinetic parameters of the direct hydrogen sulfide
oxidation process were studied. The oxidation of hydrogen sulfide in the composition of
hydrocarbon-containing mixtures, the kinetic parameters of the hydrogen sulfide process
for various catalytic systems, and the elementary stages of the process were investigated,
and the activities of a wide range of supported oxide catalysts in the target reaction
were measured.

The main results of the research are the following:
A wide range of supported catalysts meeting the requirements for catalytic systems

operating in the reactor with a fluidized bed by their structural and mechanical char-
acteristics (i.e., high mechanical strength and thermal stability) were synthesized and
characterized [113,135,136]. Honeycomb catalysts have also been developed for the H2S
oxidation process [137–139].

When studying the regularities of the reaction on the magnesium-chromium oxide
catalyst, it was found that the following equation could describe by reaction kinetics
[Equation (24)] [140]:

W = κ·
(
CH2S

)m·(CO2)
n (24)

The orders of m and n have similar values close to 0.5.
This value of the observed order of the hydrogen sulfide oxidation reaction indirectly

indicates that the first elementary stage of the process is the dissociative adsorption of
hydrogen sulfide on the catalyst’s surface. The activation energy is significantly lower than
the value found for alumina, and it is about 8.1 kcal/mol [140].

The effect of hydrocarbons in the composition of the gas mixture on the parameters of
the reaction of the direct oxidation of hydrogen sulfide was studied, which is a fundamental
issue in developing the scientific foundations for the purification of hydrogen sulfide
containing fossil fuels.

As can be seen from the results presented in Figure 9, the temperature areas of the
effective action of catalysts for the selected reactions are sufficiently separated, that is, in
the temperature range of 220–260 ◦C, where the sulfur yield achieved is close to 100%
propane oxidation reaction proceeds at a low rate [141].

Since kinetic data is quite formal and does not give unequivocal information about
the mechanisms involved in the process, attempts have been made to study the elementary
reaction stages using spectral methods [142–144]. To this end, three systems were selected:

• Baseline magnesium-chromium oxide catalyst MgCr2O4/γ-Al2O3
• Iron oxide catalyst Fe2O3/γ-Al2O3
• γ-alumina γ-Al2O3.

FTIR spectroscopy of the adsorbed CO revealed that all the catalysts had both Lewis
and Broensted acid sites on the surface (Figure 10). However, the nature, strength, and
number of sites varied according to the type of catalyst. H2S adsorption and the formation
of intermediates occurred on Lewis acid sites, as confirmed by the disappearance of LAS
bands after H2S adsorption.

27



Catalysts 2021, 11, 1109

The adsorption of H2S on the surface of catalysts (Figure 11) led to the formation of two
types of surface species: sulfates (I) at 1100 cm−1 and (II) registered at higher frequencies
1264 and 1342 cm−1, corresponding to organic sulfates. The sulfates of type (I) formed on
γ-alumina at 100 ◦C, while type (II) formed at 250 ◦C. The formation of these two species
was detected at much lower temperatures on Fe2O3/γ-Al2O3 and MgCr2O4/γ-Al2O3 due
to their higher oxidative activity.

Figure 9. Results of laboratory experiments on the separate oxidation of propane and hydrogen
sulfide over a MgCr2O4/γ-Al2O3 catalyst (Catalyst: MgCr2O4/γ-Al2O3; residence time: 0.8 s; CH2S:
30 vol.%; CC3H8: 15 vol.%).

Figure 10. IR spectra of adsorbed CO: initially and after H2S adsorption.
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Figure 11. IR spectra of samples of different catalysts after adsorption of 20 torr of H2S at various
temperatures.

The DRS study (Figure 12) revealed that various types of elemental sulfur, i.e., S4–S8,
formed on the catalyst surface during the reaction depending on the nature of the catalyst.

Figure 12. Different sulfur species formed on the surface of catalysts after H2S oxidation, as detected
by UV DRS (30 torr H2S, 1 h, T = 250 ◦C).

Based on the data obtained, the reaction mechanism for the direct oxidation of hydro-
gen sulfide can be represented by the schematic depicted in Figure 13.

In the first stage, the hydrogen sulfide is adsorbed on the surface of the catalyst. The
adsorption can occur (i) through the participation of the LACs and the sulfur atom of the
hydrogen sulfide molecule, (ii) through the participation of the BACs and the sulfur atom
with the formation of hydrogen bonds, or (iii) through the participation of a particular
catalyst center, e.g., surface oxygen and the proton of the H2S molecule. The adsorption on
Lewis acid centers leads to the greatest activation of the hydrogen sulfide molecule.

Next, the hydrogen sulfide molecule adsorbed on the Lewis acid center can interact
with a neighboring oxygen atom of the catalyst or a hydroxyl group. This process can lead
to the dissociation of hydrogen sulfide molecules to form a hydroxyl group or water.
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The oxygen of the catalyst surface oxidizes the formed surface particles to form surface
SO2 groups, which, upon interacting with the hydrogen sulfide molecule from the gas
phase or with an adsorbed hydrogen sulfide molecule, will yield the final reaction products,
i.e., elementary sulfur and water, via the surface Claus reaction.

Figure 13. Proposed mechanism of H2S oxidation on oxide catalysts.

A raw hydrogen sulfide-containing gas is supplied to the reactor with a fluidized
catalyst. Simultaneously, oxygen (or air) is fed into the catalyst bed via a separate flow.
Before the gas stream supply, the catalyst bed is heated to initiate the catalytic reaction.
The excessive heat of the exothermic reaction of H2S oxidation is efficiently removed by a
heat-exchanger in the fluidized bed. The bed temperature is maintained within the preset
range (280–320 ◦C) with high uniformity by regulating the amount of heat removed from
the bed with a heat-exchange agent.

The technology was successfully tested on a pilot and industrial scale in Russia’s
largest sour gas fields, refineries, and gas processing plants.

20. Developments of the Boreskov Institute of Catalysis SB RAS Regarding the
Creation of Processes of Heterogeneous Catalytic Oxidation of Hydrogen Sulfide for
the Treatment of Various Gases

At the Boreskov Institute of Catalysis SB RAS, various technologies for direct catalytic
oxidation of hydrogen sulfide have been developed.

Using data from the development of highly exothermic catalytic processes, in particu-
lar, processes of combustion of organic fuels in fluidized catalyst bed reactors [145–148],
a new technology using highly concentrated hydrogen sulfide-containing gas was pro-
posed, the essence of which consists of a reaction conducted in a fluidized bed catalytic
reactor-Modification 1 (Figure 14).

Due to moderate temperatures (250–320 ◦C) applied in this technology, no hydrocar-
bon cracking reactions were observed. Thus, hydrogen formation seems unlikely. This
assumption was confirmed by the results of the pilot and industrial tests, that showed:

1. The preservation of qualitative and quantitative composition of hydrocarbons, and
2. The absence of hydrogen in the reaction products after the reactor.

The primary source, which is potentially dangerous from the viewpoint of explosion
safety, is the catalytic reactor in which the formation of hydrogen sulfide mixtures at
explosive concentrations (i.e., 4.3–45.5 vol.% in the air) is possible. However, this problem
is minimized by the following factors:
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1. Hydrogen sulfide is almost completely removed on the first three dm of the catalyst
bed; that is, its concentration drops significantly, i.e., to below the explosion limit.

2. The reaction proceeds solely on the surface of the catalyst, so the transition of the
process into the reactor volume proceeding according to the homogeneous chain
(explosive) mechanism is excluded. Thus, the catalyst bed acts essentially as an
effective flame arrester.

A feed of hydrogen sulfide-containing gas is supplied to the reactor via a fluidized
catalyst bed. Simultaneously, oxygen (or air) is fed into the catalyst bed via a separate flow.
Before the gas stream supply, the catalyst bed is heated to initiate the catalytic reaction.
The excessive heat of the exothermic reaction of H2S oxidation is efficiently removed by a
heat-exchanger in the fluidized bed. The bed temperature is maintained within the preset
range (280–320 ◦C) with high uniformity by regulating the amount of heat removed from
the bed with a heat-exchange agent [49,149–153].

At the same time, there is a treatment problem, i.e., a low pressure drop is required
in the reactor, for gases with low concentrations of hydrogen sulfide, such as the tail
and ventilation gases of various chemical industries, as well as the purification of energy
carriers, such as oil-associated gases and geothermal steam where the pressure loss is
extremely undesirable.

To solve these problems, the reaction was conducted in the reactor with a monolithic
catalyst with a honeycomb structure (process modification 2, Figure 15). Such catalysts
have some advantages, in particular a low pressure drop and a high ratio of the outer
surface area to volume [154]. Technologies have been tested on a pilot and experimental
industrial scale, and their abilities to clean various gases containing hydrogen sulfide have
been demonstrated (Tables 2 and 3, Figures 16–20).

Table 2. Pilot and experimental industrial tests of the technology of direct catalytic oxidation of hydrogen sulfide (Modifica-
tion 1-fluidized bed) [140].

#
Location
Object

H3S Content

Operation Conditions
Year H2S, %Scale Gas Supply

1
Astrakhan sour gas field

Natural gas
C(H2S) = 27 vol.%

Pilot up to 50 nm3/h 1987 98

2
Astrakhan sour gas field

Natural gas
C(H2S) = 27 vol.%

Pilot up to 50 nm3/h 1988 98

A3
Astrakhan sour gas field

Natural gas
C(H2S) = 27 vol.%

Pilot up to 20 nm3/h 1991 98

4
Ufa Refinery

Hydrodesulfurization gas
C(H2S) = 70 vol.%

Pilot up to 50 nm3/h 1990 98

5
Shkapovo GPP

Acid gas from amine unit
C(H2S) = 65 vol.%

Semi-industrial up to 350 nm3/h 1995 98

6
Bavly oil field

Acid gas from amine unit
C(H2S) = 65 vol.%

Semi-industrial up to 70 nm3/h
of acid gas

2004–2009 99.5
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Table 3. Pilot and experimental industrial tests of the technology of direct catalytic oxidation of hydrogen sulfide (Modifica-
tion 2-Honeycomb Catalyst) [140].

#
Location
Object

H3S Content

Operation Conditions
Year H2S, %Scale Gas Supply

1
Novo-Ufimsky Refinery
Tail gas of Claus process

C(H2S) = 2 vol.%
Pilot up to 20 nm3/h 1989-1990 98

2
Astrakhan GPP

Tail gas of Claus process
C(H2S) = 2 vol.%

Pilot up to 20 nm3/h 1991 98

3

Orenburg GPP
Gases of zeolites

regeneration
C(H2S) = 2 vol.%
C(RSH) = 5 vol.%

Pilot up to 20 nm3/h
P up to 0.5 MPa

1990 98

4

Kamchatka peninsula
Geothermal steam

C(H2S) < 1 vol.%
C(H2O) > 99 vol.%

Fixed bed
Pilot

up to 0.5 tn.
steam/h

P up to 1.0 MPa
1989-1990

99.9
2500 h of

continuous
operation

5
Novo-Ufimsky Refinery
Tail gas of Claus process

C(H2S) = 2 vol. %

Semi-industrial
up to 7000 nm3/h 1994 98

Figure 14. Direct catalytic oxidation in a reactor with a fluidized catalyst bed. Basic engineering
concept.
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Figure 15. Direct catalytic H2S oxidation in a reactor via a monolithic catalyst with a honeycomb
structure.

Figure 16. Pilot Plant at the Ufa Refinery.
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Figure 17. Mutnovskoe deposit of geothermal steam.

Figure 18. Pilot plant for H2S removal from geothermal steam.
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Figure 19. Catalytic segment after 2500 h of continuous operation.

Figure 20. Semi-industrial installation for the direct oxidation of hydrogen sulfide via monolithic
catalyst with a honeycomb structure. Tail-gas of the Claus process.

21. Installation for H2S Recovery from Acid Gas after the Amine Treatment of
Oil-Associated Gases at Bavly Gas Shop of PJSC Tatneft

The use of associated petroleum gas (APG) is strictly regulated according to the
legislation implemented by the Russian government on 8 November, 2012 (#1143, edited on
17 December 2016), which states that “Regarding peculiarities of the cost calculation for the
negative environmental impact during emission of pollutants generated upon combustion
using flare facilities and/or associated petroleum gas scattering”. The legislation also
includes a statement on the peculiarities of cost calculation for a negative environmental
impact due to the emission of pollutants generated by facilities using a combustion flare
and/or associated petroleum gas scattering.
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Additionally, APG is a source of the propane-butane fraction for petroleum chemistry
companies in Russia. This fraction is often in short supply. In order to address the issue
of the primary removal, sorption facilities for amine treatment have been developed to
remove hydrogen sulfide and transport hydrocarbon components to the appropriate sites
of further treatment. However, the problem is addressed only partially, as the hydrogen
sulfide released is burnt with flares.

Typical examples of the implementation of such an approach are the Bavlinsky gas
workshop, PJSC Tatneft, Shkapovskiy, and Tuymazinskiy gas processing plants of PJSC
ANK Bashneft.

In 2011, an industrial installation with a fluidized catalyst bed for the removal of
hydrogen sulfide from acid gases from the amine treatment of oil-associated gases was
created and put into operation by the Boreskov Institute of Catalysis SB RAS [155–158] at
the PJSC Tatneft Bavly gas shop (Figures 21–23).

Figure 21. Bavly gas shop of PJSC Tatneft. Purification of associated oil gas. Amine treatment and direct oxidation.

Figure 22. Bavly gas shop of PSC Tatneft. Purification of oil associated gas. Amine treatment and
direct oxidation. Source: Satellite photo.
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Figure 23. Industrial unit with a capacity of acid gas of up to 250 nm3/h, which has been in continuous operation since
2011. The hydrogen sulfide content is 30–65 vol.%.

The main feature of the initial feed is the extreme instability of the input gas parame-
ters; see Figure 24.

Figure 24. Fluctuations of H2S content in the feed gas subjected to purification.

However, the developed computer control system made it possible to rapidly adjust
the air and coolant flows to maintain the preset temperature in the catalytic reactor.

The quality of the resulting sulfur (Figure 25) surpassed the Russian National Standard
#127.1-93 (commercial grade sulfur 9990).

The main results of the operation of the installation in the Bavly gas shop are given
below:

• Over 1 billion m3 of purified gas produced
• 6000 tons of hydrogen sulfide converted to elementary sulfur
• Emission of 12,000 tons of sulfur dioxide and sulfuric acid (340 railway tanks) into the

atmosphere prevented;
• Environmental damage amounting to about 2.9 billion rubles avoided
• One-stage technology with computer control providing stable operation with variable

parameters in terms of the acid gas (for example, hydrogen sulfide content).
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Figure 25. Sulfur produced at the Bavly gas shop of PJSC Tatneft.

22. Facility for the Purification of Gases Caused by Blowing-off Sour Crude Oil

Strict limitations for the hydrogen sulfide content in oil for pipeline transport have
been in place in Russia since 2002. Herewith, the mass fraction of hydrogen sulfide is
limited to within 20–100 ppmv (GOST P 51858-2002. Oil. General technical conditions).
When purifying 200 g of oil an hour, about 0.1 t of H2S, or, on a yearly basis, 800 t of
H2S, are generated. This is particularly relevant because of the short period of transition
(2019–2020) regarding technical regulations put in place by the Eurasian Economic Union
“Regarding the safety of oil prepared for transportation or use” (TR EAES 045/2017),
limiting hydrogen sulfide levels to 20 ppmv. The blowing-off process of H2S with purified
gas (mainline natural gas) is used for oils from the fields in the Volga Ural oil and gas
province (Nurlatskoye, Aznakaevskoye, and Aznakaevskoye) with hydrogen sulfide levels
up to 600 ppmv.

In this case, a H2S-enriched hydrocarbon flow is formed which then undergoes amine
treatment. Meanwhile, the concentrated hydrogen sulfide should be disposed of using
the most reasonable method. To this end, the Boreskov Institute of Catalysis SB RAS, in
collaboration with specialists from JSC SHESHMAOIL and JSC VNIIUS, constructed an
industrial unit (Table 4).

The unit is scheduled to be used on an industrial basis in 2021 [159].

Table 4. Main characteristics of the installation for the removal of H2S from gases originating from the blowing off of sour crude oil,
designed for JSC SHESHMAOIL.

# Parameters Value

1 Acid gas flow rate after amine unite to the direct oxidation unit, nm3/hour to 110
2 H2S concentration in acid gas, vol. % 75–90
3 Diameter of the fluidized bed reactor, m 0.52
4 Catalyst loading, kg 185
5 Sulfur yield, tons/hour 0.13

Minirefineries and GPPs or plants with a capacity of recycled hydrocarbon sulfurous
raw materials of up to 3 million tons of oil per year for refineries and up to 80 million m3 gas
per year for GPPs are worthy of special consideration. Such enterprises are becoming rather
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numerous in the CIS countries. Their main goal is to localize the production of high-quality
motor fuels in regions which are distant from large oil and gas processing centers. The
low capacity of such production does not allow the creation of full-size hydrogen sulfide
utilization units based on the Claus process, and the hydrogen sulfide formed as a result of
the primary processing processes is usually burned off.

To solve this issue, at the JSC Condensate (Republic of Kazakhstan), an installation
for hydrogen sulfide removal with sulfur production was built. Investors recognized
the compact direct oxidation plant as the most rational way to solve the problem from a
technical and economical viewpoint.

The installation has successfully passed commissioning and is ready to begin perma-
nent operations.

At present, a plant which will use the hydrogen sulfide formed in the hydrocracking
process is being created at the Ust-Luga Complex of PJSC NOVATEK. The technology was
selected as a result of a vote, as it proved to be superior to those proposed by other licensers.
The acid gas flow rate to the direct oxidation unit after the amine unit is about 170 nm3/h.

The present status of the technology is as follows:

• The basic design of the technology has been finalized.
• The design and working documentation have been presented.
• The various apparatus units have been fabricated (Figure 26);
• The block of the plant has been delivered to the customer (Figure 27);
• The technology achieves the direct catalytic oxidation of hydrogen sulfide via the use

of acid gases. It is an alternative to the Claus process (MTU-0.5 Mini Plant, Republic
of Kazakhstan).

Figure 26. Reactor Block.

Figure 27. Cooling Block.
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23. Unit for the Direct Oxidation of Hydrogen Sulfide as a Component of the
Associated Petroleum Gas

Another application for sour associated gas is as low-debit flows with a capacity of
1000 nm3/h. On the one hand, these flows are environmental pollution sources and may be
used with a compact method of purification for the autonomic regeneration of heat energy
and electric power for travel heaters, the power supply for gas turbine units, etc.

SMP specialists Neftegaz JSC, BIC, in collaboration with TatNIINentefemash JSC and
VNIIUS JSC, developed a production unit to selectively remove hydrogen sulfide directly
from APG (Figures 28 and 29) [160–162]. The unit has undergone a complete cycle of
industrial tests and is ready for industrial application.

Figure 28. Flow-sheet diagram of the purification plant. Direct catalytic oxidation of hydrogen sulfide.

Figure 29. Industrial APG purification plant by direct catalytic oxidation.

The most important indicator of the process is its selectivity with respect to the
hydrocarbon part of the purified gas. In this regard, a technique was developed to study
the composition of the hydrocarbon part of the gas which is able to precisely identify
individual components based on GC analysis.
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The results are shown in Table 5.
As shown in the given data, hydrocarbon components are preserved during gas

purification, and the purified gas can be used to generate thermal and electrical energy
with minimal damage to the environment.

Table 5. GC analysis of initial and purified gas.

# Compound Initial Feedstock Gas, %Vol. Purified Gas, %Vol.

1 H2S 1.50 <50 ppmv
2 Water 0.69 2.030
3 He 0.05 0.04
4 Hydrogen 0.006 0.004
5 Oxygen 0.04 0.92
6 CO2 4.70 4.56
7 Nitrogen 39.82 41.00
8 Ethane 9.60 9.60
9 Methane 25.60 24.22
10 Propane 9.96 9.80
11 iso-Butane 2.02 1.96
12 n-Butane 3.45 3.34
13 neo-Pentane 0.003 0.003
14 iso-Pentane 1.23 1.19
15 n-Pentane 0.85 0.81
16 Hexanes 0.32 0.31
17 Heptanes 0.07 0.07
18 Octanes 0.10 0.09

The preliminary results of techno economic analysis are given below (Table 6). For
the sake of comparison, an existing Claus plant now in operation at the Minibay GPP was
selected (See Figures 30 and 31).

Table 6. Comparison of the characteristics of the Claus Pant and a direct oxidation plant with the same capacities [163,164].

# Parameters Direct Oxidation Unit Three Stage Claus Unit
Minibay Gas Processing Plant

1 Acid gas (H2S+CO2) supply, nm3/h 1050 1050
2 H2S content, %vol. 80 80
3 Air supply, nm3/h 2000 2000

4 Sulfur production
Annually, ton 10.000 10.000

5 Dimensions of the main units

Calculation
Fluidized bed reactor:

Diameter = 1.5 m
Height = 6 m

Fixed bed reactor
Diameter = 2.5 m

Height = 6 m

Direct data
Thermal stage furnace

Diameter = 2.5 m
Length = 7 m

Catalytic converters (3 pieces)
Diameter = 2.5 m

Length = 4 m

6 Catalyst load, ton
Calculation

Fluidized bed reactor-2
Fixed bed reactor-5

Direct data
Total: 18

7 Sulfur cost
Arbitrary units, estimation 1 2.5

As shown in the data in Table 6, the installation using the direct oxidation process is
significantly more compact, primarily due to the use of a reactor with a fluidized catalyst
bed, where the actual target process is effectively combined with the simultaneous removal
of excess heat. The required temperature of the direct oxidation process is adjusted by
changing the flow rate of the coolant through a heat exchanger placed in the catalyst
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bed according to fluctuations in the H2S content in the feed gas. With such technology,
capital costs are significantly reduced thanks to the need of fewer parts in the process chain
and the significantly lower metal weight. The operational costs are also reduced due to
lower energy consumption and the reduced number of required service personnel, which
ultimately leads to a decrease in the cost of the final product, i.e., elementary sulfur. The
absence of a flame furnace increases the environmental friendliness of the process due to
the absence of the formation of toxic side products which occur due to high-temperature
interactions of H2S with CO2-carbonyl sulfide and carbon disulfide.

Figure 30. Schematic diagram of the Claus plant operating at the Minibay GPP.

Figure 31. Schematic diagram of the alternative direct oxidation plant.

24. Conclusions

An overview of various technologies based on the direct catalytic oxidation of hy-
drogen sulfide to obtain elementary sulfur is given. Such technologies, primarily their
gas-phase version, have obvious advantages, including:

• continuity of the process that allows simultaneous gas purification and the production
of a commodity, i.e., elemental sulfur;

• “soft” conditions for implementing the process (T = 220–280 ◦C) due to the use of a
highly active catalyst.

Data on the Claus process and its modern modifications, as the dominant technology
for the conversion of hydrogen sulfide into elemental sulfur, are given. The results of
research on the development of various catalysts for a direct oxidation process are described.
It is shown that catalysts based on transition metal oxides are the most promising.

Oxide catalysts have indisputable advantages over other potential systems, including
high thermal stability, low cost of raw materials, and potential for large-scale production,
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making them optimal in terms of the quality/price ratio, which is a significant indicator
for the technical and economic efficiency of commercial processes. This observation is
confirmed by the widespread use of Jacobs iron catalysts in SuperClaus installations.

This review also described the results of fundamental studies of the direct catalytic
oxidation of hydrogen sulfide, carried out at the Institute of Catalysis SB RAS, on the
basis of which industrial installations for hydrogen sulfide removal from gas streams were
created.

The industrial facility in the Bavlinskiy gas shop of the PJSC Tatneftegazpererabotka
is now in continuous operation.

Several other facilities have been developed and constructed and are now beginning
operations:

• An installation for the purification of blow-off gases of high-sulfur crude oil
• An installation for the direct oxidation of hydrogen sulfide as an alternative to the

conventional Claus Process
• An installation for the direct oxidation of hydrogen sulfide in the composition of

oil-associated gases

The developed technology, in combination with amine treatment, provides:

• The production of commercial products, i.e., fuel gas and sulfur that correspond to
technical standards (GOST 5542-87 and GOST 127.1-93, respectively)

• Extended operational range by H2S content in comparison with Claus units
• Substantial improvement of the environmental situation by avoiding hazardous emis-

sions and the production of waste materials.
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Abbreviations

AC Activated carbon
APG Associated petroleum gas
BAS Broensted acid sites
CNF Carbon nanofibers
CNT Carbon nanotubes
DEA Diethanolamine
EDTA Ethylenediaminetetraacetic acid
DRS Diffuse reflectance spectra
FRC Federal Research Center
FTIR Furier transform infrared
GHSV Gas hourly space velocity
GPP Gas processing plant
JSC Joint-stock company
k Rate constant
LAS Lewis acid sites
LLC Limited liability company
MEA Monoethanolamine
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Nm3 Normal cubic meters
OAG Oil-associated gases
ppmv Part per million by volume
PJSC Public joint-stock company
SB RAS Siberian Branch of the Russian Academy of Sciences
W Reaction rate
WHSV Weight hourly space velocity
WHB Waste heat boiler
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The hydrogen sulfide (H2S) is one of the main byproducts in natural gas plants, re-
fineries, heavy oil upgraders, and metallurgical processes. It is a toxic gas and is classified
as hazardous industrial waste. The exploitation of hydrogen sulfide as fuel using con-
ventional combustion technologies is forbidden and criminalized by the more stringent
environmental policies due to its deleterious effect like the SO2 formation, which is the
main responsible for acidic precipitation. There are different technologies for the removal
of hydrogen sulfide but are characterized by high costs and limited H2S conversion effi-
ciency. Hydrogen Sulfide is usually removed by the well-known Claus process, which
is mainly used in refineries, natural gas processing plants for the treatment of rich-H2S
gas streams, but it is not economically profitable because the hydrogen is lost as water.
An interesting alternative could be to produce simultaneously sulfur and hydrogen by
thermal catalytic decomposition of H2S, even if the amount of energy requested to achieve
extremely high temperatures, a low hydrogen yield and the need for subsequent separation
stages represent the main drawbacks to an industrial application.

Therefore, the challenge is to realize the H2S abatement in a one-reaction step in the
presence of an active catalyst and very selective to sulfur already at low temperature. The
choice of the catalyst plays a fundamental role in assuring a high grade of H2S removal
with a lower selectivity to SO2.

Consequently, the development of innovative processes, or also the optimization of the
most common technologies employing new catalysts for the H2S abatement, is welcomed
to the Special Issue “Catalysts and Processes for H2S Conversion to Sulfur”.

The Special Issue is particularly devoted to the preparation of novel powdered/structu-
red supported catalysts and the physical-chemical characterization, to the study of the
aspects concerning the stability, reusability as well as of phenomena that could underlie
the deactivation of the catalyst. The Special Issue covers also the kinetic modelling of the
reaction system, by the identification of the main reactions to provide information about the
reaction mechanisms, allowing so to optimize the reactor design, maximizing the activity
of the catalyst.

This special issue contains 7 articles and 1 communication regarding the desulfur-
ization of sour gases and fuel oil, the synthesis of novel adsorbents and catalysts for the
H2S abatement. In the following, a brief description of the papers included in this issue is
provided to serve as an outline to encourage further reading.

Chen et al. have investigated porous carbonaceous materials for the reduction of H2S
emission during swine manure agitation. Two biochars, highly alkaline and porous made
from corn stover and red oak were tested. The authors have verified the possibility of using
surficial biochar treatment for short-term mitigation of H2S emissions during and shortly
after manure agitation [1].

Bao et al. have used the waste solid as a wet absorbent to purify the H2S and phosphine
from industrial tail gas. The reaction mechanism of simultaneous removal of H2S and
phosphine by manganese slag slurry was investigated. Best efficiency removal of both H2S
and phosphine was obtained by the modified manganese slag slurry [2].

The desulfurization of sour gases was studied by Duong-Viet et al., over carbon-based
nanomaterials in the form of N-doped networks by the coating of a ceramic SiC. The chem-
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ical and morphological properties of the nano-doped carbon phase/SiC-based composite
were controlled to get more effective and robust catalysts able to remove H2S from sour
gases under severe desulfurization conditions such as high GHSVs and concentrations of
aromatics as sour gas stream contaminants [3].

Li et al., have carried out the oxidative desulfurization of fuel oil for the removal
of dibenzothiophene by using imidazole-based polyoxometalate dicationic ionic liquids.
Three kinds of catalyst were synthesized and tested under different conditions [4]. The
catalytic performance of the catalysts was studied under different conditions by removing
the dibenzothiophene from model oil. The authors have identified a catalyst with an
excellent DBT removal efficiency under optimal operating conditions.

The H2S and SO2 removal at low temperature was investigated by Ahmad et al., over
eco-friendly sorbents from the raw and calcined eggshells. They have studied the effect of
relative humidity and reaction temperatures. The best adsorption capacity for H2S and
SO2 were obtained at a high calcination temperature of eggshell [5].

Zulkefli et al. have prepared a zinc acetate supported over the commercial activated
carbon for the H2S capture by adsorption. The optimization conditions for the adsorbent
synthesis were carried out using RSM and the Box–Behnken experimental design. Several
factors and levels were evaluated, including the zinc acetate molarity, soaked period, and
soaked temperature, along with the response of the H2S adsorption capacity and the surface
area [6].

Vanadium-sulfide-based catalysts supported on ceria were used for the direct and
selective oxidation of H2S to sulfur and water at a lower temperature. Barba et al. have
performed a screening of catalysts with different vanadium loading in order to study the
catalytic performance in terms of H2S conversion and SO2 selectivity. The effect of the
temperature, contact time, and H2S inlet concentration was studied over the catalyst that
has exhibited the highest H2S removal efficiency and the lowest SO2 selectivity [7].

The H2S adsorption was studied over a novel kind of hydrochar adsorbent derived
from chitosan or starch and modified by CuO-ZnO. Zang et al., have investigated the
formation of CuO-ZnO on hydrochar, the effect of the hydrochar species, the adsorption
temperature and the adsorption mechanism [8].

As Guest Editor, I would like to thank all the authors who contributed to this Special
Issue. Their contributions represent interesting and innovative examples of the current
research trends in the field of H2S removal from liquid and gas streams.

I also wish to thank the editorial staff of Catalysts for their help to organize this issue.
I hope that the topics presented in this issue will inspire readers to further investigate

new materials and solutions to reduce significantly the presence of pollutants such as H2S,
SO2 and other sulfur-based compounds, and so pursuing the objective of “zero emissions”
in the atmosphere.
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Abstract: A novel kind of hydrochar adsorbent, modified by CuO-ZnO and derived from chitosan or
starch, was synthesized for H2S adsorption. The prepared adsorbent was characterized by BET, XRD,
EDX, SEM, and XPS. The results showed that the modified hydrochar contained many amino groups
as functional groups, and the nanometer metal oxide particles had good dispersion on the surface of
the hydrochar. The maximum sulfur capacity reached 28.06 mg/g-adsorbent under the optimized
conditions. The amine group significantly reduced the activation energy between H2S and CuO-ZnO
conducive to the rapid diffusion of H2S among the lattices. Simultaneously, cationic polyacrylamide
as a steric stabilizer could change the formation process of CuO and ZnO nanoparticles, which made
the particle size smaller, enabling them to react with H2S sufficiently easily. This modified hydrochar
derived from both chitosan and starch could be a promising adsorbent for H2S removal.

Keywords: hydrochar; adsorbent; mixed metal oxides; H2S conversion

1. Introduction

Hydrogen sulfide (H2S), a poisonous, odorous, and corrosive gas, commonly exists
in industrial gases such as coal gasification gas, natural gas, and biogas. H2S is harmful
to humans and livestock, and it not only brings corrosion to metal pipes and reaction
devices in the industrial production process, but also causes catalyst poisoning, which
affects product quality [1,2]. H2S is easy to burn, generating SO2 as a combustion product.
Whether through combustion or direct emissions, it can exert a severe impact on the
atmospheric environment. Therefore, H2S should be fixed on some materials or removed
from the production process and environment.

At present, there are many industrial methods to remove H2S. According to pro-
duction conditions and desulfurization costs, the methods of H2S removal in industrial
processes can be classified into wet flue gas desulfurization (WFGD) and dry flue gas
desulfurization (DFGD) [3,4]. The desulfurizer of WFGD is a liquid that absorbs and
separates H2S with large processing capacity and mature technology. WFGD has some
disadvantages—for example, high energy consumption, secondary pollution, and high
regeneration cost. DFGD has mainly been used to remove H2S at low concentrations, and
it has the advantages of high H2S removal efficiency and low cost [5]. The commonly used

55



Catalysts 2021, 11, 767

dry desulfurization methods in industrial processes are the zinc oxide method, iron oxide
method, manganese desulfurization method, Claus method, etc. [6–10].

Biochar is defined as a solid, carbon-rich product obtained from biomass through
various thermochemical technologies [11–14]. Pyrochar and hydrochar are two kinds of
biochar prepared from the pyrolysis and hydrothermal carbonization (HTC) of biomass [15],
respectively. The biomass includes straw, sawdust, the dung of herbivores, etc. [16]. Biochar
is a promising alternative adsorbent for toxic gas and wastewater treatment [17,18]. Most
researchers have focused on pyrochar, but there are a few reports on the application of
hydrochar in H2S capture. HTC is an auspicious approach for the use of waste biomass.
Compared with pyrochar, hydrochar is suitable for dealing with wet biomass directly, with
lower energy consumption [19–21]. Hydrochar also has higher yield and cation exchange
capacity, and, during the production process, no PAHs are released. On the surface of
hydrochar, it has more oxygen-containing functional groups, which is favorable for H2S
capture and oxidation [22,23]. Although hydrochar has such abundant advantages, it has
been rarely used to treat gaseous pollutants, especially H2S.

Chitosan, insoluble in water and organic solvents, is a natural macromolecular
aminopolysaccharide with a yield second only to cellulose [24]. Moreover, cornstarch
is the world’s largest source of starch, accounting for approximately 65% of the total
amount worldwide [25]. In this work, chitosan and cornstarch were used to synthesize
hydrochar, which was modified by CuO-ZnO in a one-pot process. The aim of this work
was to explore the formation of CuO-ZnO on hydrochar, the physical and chemical proper-
ties of this new material, the desulfurization products, and the mechanisms. This work
provides new insights into the development and application of hydrochar products.

2. Results and Discussion
2.1. Basic Physical and Chemical Properties of Hydrochars

The results of the EDX analyses of the hydrochars are shown in Figure 1. The mass
yield (the ratio of product to the original raw biomass), ultimate analysis by
EDX (C, O, N, Zn, Cu), specific surface area, pore volume, and average pore diameter are
reported in Table 1. It was found that the type of precursor had a significant effect on the
yield of hydrochar (Table 1). The mass yields of the solids recovered changed depending
on the content and type of the precursor. With the increase in chitosan content, the yield of
hydrochar and nitrogen content increased [26], because the hydrochar yield is related to
the solubility of the precursors in water, and the solubility of starch is much higher than
that of chitosan [24,25]. Simultaneously, the nitrogen in the hydrochar products mainly
came from chitosan, and a small amount of nitrogen came from polyacrylamide; therefore,
with the increase in the chitosan content, the nitrogen content increased.

Under the same synthetic conditions, when the ratio of chitosan to starch was 1:1, the
specific surface area of hydrochar reached 30.102 m2/g. It was found that, although the
added amount of ZnCl2 and CuCl2 in the precursor was the same, the detected content of
Zn in the product was much lower than that of copper. One possible reason is that the pH
value of the filtrate during hydrothermal carbonization kept decreasing, and ZnO could
not remain stable under the slightly acidic conditions, while CuO was stable under the
acidic conditions.

Table 1. The yields, specific surface area, average pore diameter, and elemental composition of the synthesized hydrochars.

Hydrochar Yield (%) SSA PV APD
Elemental Composition (%)

C O Zn Cu N

S5C5 14.83 30.102 0.071 8.9264 48.49 38.73 0.34 6.68 2.58
S10C0 11.01 12.939 0.041 1.2464 36.42 54.34 0.37 5.57 0.05
S3C7 29.89 16.456 0.069 1.456 38.85 42.07 0.36 6.97 5.93
S7C3 14.44 17.244 0.073 1.6234 43.20 45.37 0.66 5.10 1.18
S0C10 32.37 14.653 0.046 1.093 43.33 39.64 0.41 6.35 7.13
S5C5N 9.7 8.162 0.042 0.891 49.38 36.97 0.42 5.59 2.05

Note: Specific surface area (SSA), Pore volume (PV), Average pore diameter (APD).
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S0C10 32.37 14.653 0.046 1.093 43.33 39.64 0.41 6.35 7.13 
S5C5N 9.7 8.162 0.042 0.891 49.38 36.97 0.42 5.59 2.05 

Note: Specific surface area (SSA), Pore volume (PV), Average pore diameter (APD). 
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specific surface area of hydrochar reached 30.102 m2/g. It was found that, although the 
added amount of ZnCl2 and CuCl2 in the precursor was the same, the detected content of 
Zn in the product was much lower than that of copper. One possible reason is that the pH 
value of the filtrate during hydrothermal carbonization kept decreasing, and ZnO could 
not remain stable under the slightly acidic conditions, while CuO was stable under the 
acidic conditions. 
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tained in the sample, and these are shown in Figure 2. The C=C in aromatic groups showed 

Figure 1. EDX images of the hydrochars.

FT-IR spectra of the hydrochars were used to determine the functional groups con-
tained in the sample, and these are shown in Figure 2. The C=C in aromatic groups
showed an adsorption peak between 1613 cm−1 and 1718 cm−1. For carbonyl in -COOH
and CO-NH, the regions from 1400 cm−1 to 1500 cm−1 were ascribed to C-N and C-O
groups’ stretching vibration. The peak at 1033 cm−1 was assigned to C-O stretching or
O-H bending vibrations. The broad band at 3400 cm−1 can be assigned to the existence of
the N-H structure. Finally, the peaks at 1033 cm−1 and 1403 cm−1 were suggested to be
C-N and C-O, respectively. According to the elemental analysis and FT-IR analysis, it was
proven that amine groups and oxygen-containing groups on the surface of the hydrochar
were abundant.

The surface morphology of several hydrochars is shown in Figure 3. It was found
that with the change in the starch and chitosan content in the precursors, the hydrochars
presented different microstructures. Among all the hydrochars without polyacrylamide,
the precursor starch mainly showed carbon particles and carbon spheres with diameters
from 10 µm to 100 µm, while the precursor chitosan mainly had a porous cellular structure.
However, the hydrochar with polyacrylamide was dense, with no regular shape, and
consisted of some carbon particles, because both chitosan and cationic polyacrylamide
contained positive charges, which could make the distribution of the system more uniform.
Furthermore, metal oxide clusters were not observed in any of the photomicrographs.
The hydrochar samples with different starch and chitosan content were analyzed by XRD
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(in Figure 4), and this showed that the crystallinity of metal oxides in the hydrochar
was low. There may be ZnO in S5C5, S5C5N, S10C0, and free Cu in S0C10 due to the
reducibility of chitosan [27]. It indicated that the distribution of active metal sites in the
hydrochar was relatively uniform or that metal oxides were embedded in carbon spheres or
carbon particles [28].
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Figure 2. FT-IR spectra of the hydrochars.
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Notably, no metal oxide aggregates were observed in any of the samples. Based
on previous results [29,30], we believe that both the molecular weight and concentration
of PAM significantly affected the morphology of the end-products. For the synthesis of
nanoporous materials at a large scale, the approach was facile and had many potential
applications. In addition, it was also applicative for the synthesis of other materials with
a high surface area and nanoporous structures. It has been suggested that the addition
of polyacrylamide can affect the morphology of the hydrochar. As an important capping
agent, PAM has been widely used to synthesize materials with various nanostructures
(nanorods, nanowires, nanoplates, nanocubes, etc.). The exact function of PAM on the shape
selectivity is not yet fully understood; however, we believe that the selective adsorption of
PAM on various crystallographic planes (newly formed CuO, ZnO, or hydrochar particles)
suppressed their intrinsic anisotropic growth [30]. With an N-C=O group, PAM was easily
attached to the surfaces of these materials and limited the growth of the crystal faces.
Selective interactions between PAM and the different surface planes of the CuO or ZnO
may greatly influence the growth direction and rate and ultimately result in particles with
different shapes [30]. For an oxidation catalyst, its effectiveness can be mainly attributed to
the adsorption and desorption of gas molecules from its surface.

2.2. H2S Adsorption Performance
2.2.1. Effect of Hydrochar Species

In this section, a series of single-factor experiments were carried out to determine the
effect of the adsorbent in the desulfurization system. The H2S removal efficiency (%) and
breakthrough sulfur capacity were selected as the evaluation index. The ratio of chitosan to
starch had a significant influence on H2S removal. The sulfur capacities of hydrochars with
different molar ratios of chitosan to starch under 180 ◦C were measured and are shown in
Figure 5. It can be observed that the sulfur capacity of S5C5 was higher than that of other
hydrochars and the addition of polyacrylamide had a great impact on H2S adsorption.
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Figure 5. The breakthrough curves of hydrochar S5C5 with different molar ratios of chitosan to starch
(T, 230 ◦C; auxiliary agent, cationic PAM; cationic PAM concentration, 2.0 g/L).

2.2.2. Effect of Auxiliary Agents on H2S Removal

Cationic PAM, polyvinylpyrrolidone, and neutral PAM were used as the auxiliary
agents in the synthesis of the hydrochar. According to the experimental results, it was found
that the addition of polyacrylamide and its concentration can affect the sulfur capacity.
The effect of different auxiliary agents on H2S removal by hydrochar S5C5 is shown in
Figure 6. Among the three auxiliary agents, the cationic PAM-synthesized hydrochar
showed the best performance for H2S removal. In order to explore the best composition of
precursors, the PAM concentrations were also optimized, as shown in Figure 7. With the
increasing of the PAM concentration from 0.5 g/L to 3.0 g/L, the sulfur capacity decreased.
Cationic PAM with a positive charge can attract to and interact with chitosan of a negative
charge, leading to a good combination of cationic PAM in hydrochar, but the best amount
of cationic PAM depended on the amount of chitosan.
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2.2.3. Effect of Adsorption Temperature on H2S Removal

The effect of adsorption temperature on H2S removal by hydrochar S5C5 is shown
in Figure 8. With the desulfurization temperature increasing, the desulfurization ability
of hydrochar S5C5 was clearly improved. This result indicated that the desulfurization
ability of S5C5 modified by metal oxide was lower than the sorbent derived from the
molecular sieve (SBA-15 or MCM-41) with modification or adsorbents with high metal
content; however, it was far higher than other types of common active carbon [31–33]. As
is known, a low temperature is beneficial for H2S adsorption. Raising the temperature
could enhance the molecular mobility and interaction between each reactant to promote
H2S adsorption by increasing the reaction rate; however, a higher temperature would be
an obstruction to H2S adsorption in an exothermic reaction.
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In the adsorption and oxidation process of H2S, the change in the oxygen functional
groups on the surface of the hydrochar plays an important role. The quinone and carbonyl
groups on the surface of the hydrochar can react with molecular H2S. The C=O bond and
C=C bond were broken and combined with H2S to form the S-O bond. This process was
endothermic and favored the rising temperature. When the ratio of chitosan to starch is 1:1,
the cationic PAM concentration is 0.5 g/L, and the temperature is 230 ◦C, the maximum
sulfur capacity of the hydrochar S5C5 is 28.06 mg/g-adsorbent.

2.3. Adsorption Mechanism

The adsorption of H2S on the hydrochar consisted of three parts: the first part is the
reaction of H2S with the metal active sites, such as CuO and ZnO [34]; the second part
is the reaction of H2S with the oxygen-containing functional groups and carbon on the
surface of the hydrochar to form C-S bonds and O-S bonds; the third part is the physical
adsorption process of H2S on the surface of the hydrochar [33].

To further investigate the reaction mechanism, the chemical valence states of the
element in the whole process were analyzed by XPS. The XPS spectra of S, Cu, and Zn are
shown in Figures 9–11.

The XPS spectrum of S in hydrochar S5C5 after H2S adsorption is shown in Figure 9.
The valence state of S was confirmed within the binding energy in the range of 162-172 eV.
This showed that S 2p3/2 and S2− 2p2/3 appeared at 167.5 eV and 161.7 eV, respectively.
The peak at 163.4 eV may vary due to the existence of the structure of C-S [33]. The Cu+

was confirmed by the Cu 2p3/2 binding energy in the range of 930 eV to 937 eV, and it
showed that Cu+ 2p3/2 appeared at 932.56 eV, and the Cu2+ was assigned to the binding
energy of the XPS contribution from 928 to 937 eV with a satellite contribution in the range
of 937–947 eV, and it appeared at 934.61 eV. The Zn2+ was confirmed by the Zn 2p3/2 that
appeared at 1021.77 eV. Therefore, the existing sulfur, zinc, and copper in the hydrochar
S5C5 were CuS, ZnS, Cu2S, sulfur, and a C-S bond.

Catalysts 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

155 160 165 170

3000

4000

5000

6000

7000

S2p3/2

S2p1/2

S2p1/2

I
n
t
e
n
s
i
t
y
/
(
a
.
u
.
)

Binding Energy/(eV)

S2p3/2

S2p1/2

S2p3/2

CuS

C-S

Sulfite

 
Figure 9. The XPS spectrum of S in hydrochar S5C5 after H2S adsorption. 

 
Figure 10. The XPS spectrum of Cu in hydrochar S5C5 after H2S adsorption. 

925 930 935 940 945 950

80,000

60,000

40,000In
te

ns
ity

 (e
.u

.)

Binding Energy (eV)

Cu2p3/2

Cu2S 932.56eV

CuS 934.61eV

CuS satellite

20,000

Figure 9. The XPS spectrum of S in hydrochar S5C5 after H2S adsorption.
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During the hydrothermal reaction, CuCl2 and ZnCl2 reacted to form CuO and ZnO.
The reaction equation can be described as follows:
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CuCl2 + H2O = Cu(OH)2 + HCl (1)

ZnCl2 + H2O = Zn(OH)2 + HCl (2)

Cu(OH)2 = CuO + H2O (3)

Zn(OH)2 = ZnO + H2O (4)

At the same time, copper (II) oxide has a certain oxidation capacity; H2S can be
oxidized partly to elemental sulfur and a fraction of the sulfide ions that have not been
oxidized can form Cu2S [35]. Hydrochar, rich in oxygen-containing functional groups, can
combine with H2S to form a C-S bond and S-O bond [33,36]. Therefore, the form of sulfur
after adsorption can be confirmed to be sulfur and a C-S bond. H2S also can react with
oxygen-containing functional groups to form sulfates in the absence of oxygen [33]. There
was no oxygen gas to participate in this adsorption, so sulfate did not exist in the product.

3. Materials and Methods
3.1. Materials

The reagents, all of analytical grade, used in this experiment were purchased directly
without further purification. Copper chloride, zinc chloride, cationic polyacrylamides
(CPAM), and chitosan (low viscosity, deacetylation >90%) were purchased from Shanghai
Macklin Biochemical Co., Ltd (Shanghai, China). Cornstarch (Pharmaceutical grade) was
purchased from Shanghai Aladding Biochemical Technology Co., Ltd (Shanghai, China).
H2S standard gas of 1% and N2 of 99.999% were provided by Jinan Deyang Special Gas
Co., Ltd (Jinan, China). The solution was prepared using laboratory-made deionized water
(18.3 MΩ·cm−1).

3.2. Preparation of Adsorbent

There were six types of hydrochar synthesized in the experiment. All of them were
composed of chitosan and cornstarch, with a cationic polyacrylamide solution (an auxiliary
agent) with different dosages. The abbreviation and composition of the synthesized
hydrochar samples are shown in Table 2. Taking C5S5 as an example, chitosan (3.60 g),
cornstarch (3.60 g), ZnCl2 (0.84 g), and CuCl2 (0.84 g) were placed in a mortar, ground
evenly with force, and then moved to a glass beaker, following by the addition of 45 mL
of cationic polyacrylamide solution (0.5, 1.0, 2.0, and 3.0 g/L). While being treated with
ultrasound, the precursors were stirred vigorously until a light blue color appeared. The
sample was placed in a hydrothermal reactor and heated up to 230 ◦C for 4 h. The product
was washed repeatedly using deionized water until the pH of the rinsed water stabilized.
Other hydrochars were synthesized using the same method with different molar ratios of
the precursors.

Table 2. Abbreviations and compositions of six kinds of hydrochar.

Sample Carbon Precursor (Dosage) Auxiliary Agent
Metal Oxide

Precursor
(Dosage)

S5C5 Starch (3.60 g) + Chitosan (3.60 g)

Cationic
polyacrylamide

solution
ZnCl2 (0.84 g) +
CuCl2 (0.84 g)

S10C0 Starch (7.20 g)

S3C7 Starch (2.16 g) + Chitosan (5.04 g)

S7C3 Starch (5.04 g) + Chitosan (2.16 g)

S0C10 Chitosan (7.20 g)

S5C5N Starch (3.60 g) + Chitosan (3.60 g) None
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3.3. Characterization of Hydrochar

The characterization of materials was investigated using a Fourier-transform infrared
(FTIR) spectrophotometer (IRAffinity-1s, Shimadzu, Kyoto, Japan). X-ray diffraction (XRD)
patterns of hydrochar samples were recorded on an X-ray diffractometer (SmartLab, Rigaku,
Tokyo, Japan) and carried out in the 2θ range from 10◦ to 80◦. The surface morphologies
of materials were observed by scanning electron microscope (SEM) apparatus (Regulus
8220, Hitachi, Tokyo, Japan). The element composition and valence state of materials
were explored by X-ray photoelectron spectroscopy (XPS) with a multifunctional imaging
electron spectrometer (ESCALAB 250XI, Thermo Fisher, Waltham, MA, America). The
specific surface areas of materials were measured using the Brunauer–Emmett–Teller (BET)
method, and the pore size distribution was calculated using the Barrett–Joymer–Halenda
(BJH) method from the isotherm of the adsorption branch with an automatic specific surface
area and porosity analyzer (TriStar II 3020, Micromeritics, Norcross, GA, USA).

3.4. Batch H2S Adsorption Experiments

The mixed gas was prepared by blending H2S standard gas with N2, both quantified
by flow indicators (D08-1F), which were purchased from Beijing Sevenstar Electronics Co.,
Ltd. (Beijing, China); the concentration of H2S was measured by the gas analyzer (TH-990S)
from Wuhan Tianhong Instrument Group. After adsorption, the sulfur capability was
calculated by Equation (1):

H2S removal e f f iciency(%) =
Cin−Cout

Cin
× 100% (5)

Cin and Cout (mg·m−3) were the inlet and outlet concentration of H2S in the gas mixture,
respectively. A diagram of the test devices for the evaluation of desulfurization performance
is shown in Figure 12.
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To test sulfur capacity, a quartz tube was used and its diameter and height were 6 mm
and 100 mm, respectively. The adsorption temperature was controlled by a tube furnace.
In the tests, a gas mixture containing 3000 ppm (4617 mg/m3) of H2S (nitrogen as balance
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gas) was passed through the quartz tube filled with adsorbent of 0.5 g, under a gas flow
rate of 100 mL/min. The outlet H2S gas was absorbed by KOH solution. The breakthrough
sulfur capacity (Sb, mg/g) was calculated in the stage from the beginning to when the H2S
outlet concentration was higher than 20 mg/m3 by Equation (2).

Sb =
MS

MH2S
× QH2S

m

[∫ t

0
(Cin − Cout)dt

]
× 10−6 (6)

where Sb represents the breakthrough sulfur capacity of sorbents (mg/g), MS and MH2S
are the molar weight of sulfur (32.06 g/mol) and H2S (34.06 g/mol), respectively; m is the
weight of sorbents; QH2S is the H2S gas flow rate; t is the reaction time for desulfurization
(min), and Cin and Cout are the inlet and outlet concentration of H2S (mg/m3), respectively.
When t is the saturation adsorption time, Equation (2) was also used to calculate the max
sulfur capacity (Cm).

4. Conclusions

For H2S adsorption, this study provides a method for the synthesis of hydrochar,
obtained by the hydrothermal reaction of chitosan, starch, cationic polyacrylamide aqueous
solution, ZnCl2, and CuCl2. The experimental results showed that the hydrochar contained
many amino groups as functional groups, and the nano-scaled metal oxide particles had
good dispersion on the surface of the hydrochar. The amine group significantly reduced
the activation energy of H2S and CuO-ZnO, which was conducive to the rapid diffusion
of H2S among the lattices. At the same time, cationic polyacrylamide as a steric stabilizer
can change the formation process of CuO and ZnO nanoparticles, making the particle
size smaller and allowing it to react more easily with H2S sufficiently. When the ratio of
chitosan to starch is 1:1, the temperature is 230 ◦C, and the cationic PAM concentration
is 0.5 g/L, the maximum sulfur capacity of the hydrochar S5C5 is 28.06 mg/g-adsorbent.
Therefore, modified hydrochar may be a promising adsorbent for H2S removal.
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Abstract: Ceria-supported vanadium catalysts were studied for H2S removal via partial and selective
oxidation reactions at low temperature. The catalysts were characterized by N2 adsorption at 77 K,
Raman spectroscopy, X-ray diffraction techniques, and X-ray fluorescence analysis. X-ray diffraction
and Raman analysis showed a good dispersion of the V-species on the support. A preliminary screen-
ing of these samples was performed at fixed temperature (T = 327 ◦C) and H2S inlet concentration
(10 vol%) in order to study the catalytic performance in terms of H2S conversion and SO2 selectivity.
For the catalyst that exhibited the higher removal efficiency of H2S (92%) together with a lower
SO2 selectivity (4%), the influence of temperature (307–370 ◦C), contact time (0.6–1 s), and H2S inlet
concentration (6–15 vol%) was investigated.

Keywords: hydrogen sulfide; H2S selective partial oxidation; sulfur; sulfur dioxide; vanadium-
based catalysts

1. Introduction

Hydrogen sulfide (H2S) is a common gas pollutant, which is harmful to human health
with deleterious effects on many industrial catalysts, and represents the main source of acid
rains when it is oxidized to sulfur dioxide (SO2) [1]. Many attempts have been focused on
H2S removal from gaseous streams due to the worldwide increase in restrictive emission
standards. Today, H2S-removal-based processes include wet scrubbing [2], biological
methods [3], adsorption [4], and selective catalytic oxidation [5]. Among these purification
processes, selective catalytic oxidation seems to be very promising for lean-H2S gas streams,
where the concentration of hydrogen sulfide is in the range 0.1–10 vol%.

Typically, lean-H2S gas is characteristic of tail gas treating (<5 wt% H2S), crude
petroleum (0.3–0.8 wt% H2S), and natural gas streams (0.03–0.3 wt% H2S), although in this
last case the H2S can also reach 30 wt% [6].

The selective catalytic oxidation of H2S into elemental sulfur is one of the treatment
methods employed for the removal of H2S from the Claus process tail gas [7,8]. This
reaction can be performed above or below the sulfur dew point (180 ◦C) and the processes
used are super-Claus, doxosulfreen (Elf-Lurgi), and the mobil direct oxidation process
(MODOP) [9]. The super-Claus process, developed in 1985, is continuously being improved
and allows achievement of a desulfurization efficiency of ~99.5% at 240 ◦C in the presence
of iron- and chromium-based catalysts supported on alumina or silica [10]. In MODOP,
the direct oxidation of H2S into elemental sulfur occurs on a TiO2-based catalyst that
deactivates in the presence of water [11]. In the super-Claus process, H2S is oxidized
without removing water from the tail gas. Metal-oxide-based catalysts, such as Al2O3,
TiO2, V2O5, Mn2O3, Fe2O3, and CuO are the most used and investigated for H2S-selective
catalytic oxidation [12]. Indeed, vanadium oxides have been investigated as active phases
for H2S selective oxidation and are used as bulk V2O5 [13], mixed with other metals [14],
or supported over commercial [15] and mesoporous materials [16].
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In our previous works, vanadium-based catalysts supported on different metal oxides
(CeO2, TiO2, and CuFe2O4) were investigated for H2S removal from biogas by partial and
selective oxidation reactions in the temperature range 50–250 ◦C [17]. The optimization of
the V2O5 loading (2.55–50 wt%) was performed on the CeO2 support at the temperature
of 150 ◦C [18]. The 20 wt% V2O5/CeO2 catalyst showed the best catalytic performance
in terms of H2S conversion (99%) and sulfur selectivity (99%) at 150 ◦C, by feeding a
very diluted stream containing only 500 ppm of H2S [19]. Structured catalysts starting
from a cordierite carrier in the form of a monolith honeycomb were also prepared, char-
acterized, and tested at low temperature and evidenced high activity and very low SO2
selectivity [20,21].

Based on these obtained promising results, in this study, vanadium-based catalysts
supported on ceria were prepared, characterized, and tested in the presence of a lean-
H2S gas stream containing a H2S concentration higher than 5 vol%, which is a typical
concentration of the Claus process tail gas. A preliminary screening of the catalysts
with different vanadium loadings was carried out at 327 ◦C, in order to identify the
catalyst formulation able to maximize the H2S conversion and depress the SO2 formation
in the presence of 10 vol% of H2S. The effect of the main operating parameters, such as
temperature, contact time, and H2S inlet concentration, was also investigated.

2. Results and Discussion
2.1. Catalytic Activity Test

First of all, the reaction system was studied in the presence of 10 vol% of H2S at the
temperature of 327 ◦C without the catalyst (Figure 1).
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Figure 1. Activity test without catalyst (T = 327 ◦C, H2S = 10 vol%, residence time = 0.6 s).

Figure 1 shows the behavior of H2S, H2O, and SO2 during 1 h of time on stream.
After the first 5 min, the feed stream was sent to the reactor and the formation of

SO2 and water could be observed. The sulfur formation was not detectable because of
the removal by the gaseous stream in the sulfur trap. The final H2S conversion was 26%,
while the SO2 selectivity was high enough (~39%). The SO3 formation (m/z = 80) was
not observed either for the test in the absence of a catalyst or for all the catalytic tests. In
Table 1, the values obtained by the test carried out without the catalyst were compared
with the ones expected by the thermodynamic equilibrium and with the experimental data
achieved with 20 V-CeO2 catalyst.
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Table 1. Comparison between non-catalytic system, catalytic system, and equilibrium (T = 327 ◦C,
H2S = 10 vol%).

No Catalyst 20 V-CeO2 Equilibrium

H2S Conversion, % 26 (±1.5) 92 (±1.5) 90
SO2 Selectivity, % 38.5 (±2) 4 (±2) 6

SO2, vol% 1 0.4 0.5

It is evident that the reaction system without the catalyst is very far from the equilib-
rium conditions; in fact, the expected H2S conversion and SO2 concentration would be,
respectively, 90% and 0.5 vol%. Conversely, the catalytic performance of the 20 V-CeO2
sample is very close to that expected from the equilibrium, confirming the key role of the
catalyst for maximizing the H2S conversion and inhibiting the SO2 formation.

The screening of the vanadium-based catalysts was performed at 327 ◦C and the
catalytic activity of the V-CeO2 samples was also compared with the support (CeO2)
and with the bulk V2O5. For each sample, the catalytic performance under steady-state
conditions is reported in Figure 2.
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Figure 2. Catalytic performance of the different catalysts under steady-state conditions (T = 327 ◦C,
H2S = 10 vol%, contact time = 0.6 s).

The best catalytic performance can be observed for the catalysts having a V2O5 loading
of 2.55 and 20 wt%, for which the H2S conversion and SO2 selectivity values are very
similar. Although the lowest SO2 selectivity (2.2%) was observed for the 50 V-CeO2 sample,
it unfortunately showed the lowest H2S conversion (83%).

The influence of the temperature was investigated for the 20 V-CeO2 catalyst and
the experimental data for H2S conversion and SO2 selectivity were compared with the
equilibrium data (red and blue lines, respectively) (Figure 3).
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As it is possible to observe from Figure 3, the H2S conversion is very close to the equi-
librium values (red line) while the SO2 selectivity is, in the overall investigated temperature
range, slightly below the equilibrium calculation (blue line), evidencing that the catalyst is
able to inhibit the SO2 formation. The effect of the H2S concentration, in the range 6–15
vol%, was then evaluated at the temperature of 327 ◦C (Figure 4).

Catalysts 2021, 11, x FOR PEER REVIEW 4 of 13 
 

 

Figure 3. Temperature effect over 20 V-CeO2 catalyst on the H2S conversion and SO2 selectivity 
(H2S = 10 vol%, contact time = 0.6 s). 

As it is possible to observe from Figure 3, the H2S conversion is very close to the 
equilibrium values (red line) while the SO2 selectivity is, in the overall investigated tem-
perature range, slightly below the equilibrium calculation (blue line), evidencing that the 
catalyst is able to inhibit the SO2 formation. The effect of the H2S concentration, in the 
range 6–15 vol%, was then evaluated at the temperature of 327 °C (Figure 4). 

 
Figure 4. Influence of the H2S inlet concentration over 20 V-CeO2 catalyst on the H2S conversion 
and SO2 selectivity (O2/H2S = 0.5, T = 327 °C, contact time = 0.6 s). 

The highest value of H2S conversion and the lowest SO2 selectivity were observed 
when the H2S inlet concentration was 10 vol%. In the presence of a feed stream more 
concentrated in H2S (15 vol%), the conversion was drastically reduced to 75% and the SO2 
concentration was about 1.5 vol%; in this case, the selectivity increase is of one magnitude 
order (14%) with respect to the other obtained values. In Table 2, the equilibrium data are 
compared with those obtained experimentally at different H2S inlet concentrations. 

Table 2. Equilibrium and experimental data by varying the H2S inlet concentration (T = 327 °C, 
contact time = 0.6 s). 

H2SIN, vol% xH2S, % xH2S Eq., % S SO2, % sSO2 Eq., % 
6 88 (±1.5) 89 4.4 (±2) 4 

10 92 (±1.5) 90 4 (±2) 6 
15 75 (±1.5) 90 14 (±2) 9 

Based on the data listed in Table 2, it is possible to see that the reaction system de-
viates from the equilibrium values especially in presence of 15 vol% of H2S. 

The influence of the contact time on the catalytic performance is reported in Figure 
5. For comparison, the equilibrium data for both H2S conversion and SO2 selectivity at the 
temperature of 327 °C are also shown. 

Figure 4. Influence of the H2S inlet concentration over 20 V-CeO2 catalyst on the H2S conversion and
SO2 selectivity (O2/H2S = 0.5, T = 327 ◦C, contact time = 0.6 s).

The highest value of H2S conversion and the lowest SO2 selectivity were observed
when the H2S inlet concentration was 10 vol%. In the presence of a feed stream more
concentrated in H2S (15 vol%), the conversion was drastically reduced to 75% and the SO2
concentration was about 1.5 vol%; in this case, the selectivity increase is of one magnitude
order (14%) with respect to the other obtained values. In Table 2, the equilibrium data are
compared with those obtained experimentally at different H2S inlet concentrations.

Table 2. Equilibrium and experimental data by varying the H2S inlet concentration (T = 327 ◦C,
contact time = 0.6 s).

H2SIN, vol% xH2S, % xH2S Eq., % S SO2, % sSO2 Eq., %

6 88 (±1.5) 89 4.4 (±2) 4
10 92 (±1.5) 90 4 (±2) 6
15 75 (±1.5) 90 14 (±2) 9

Based on the data listed in Table 2, it is possible to see that the reaction system deviates
from the equilibrium values especially in presence of 15 vol% of H2S.

The influence of the contact time on the catalytic performance is reported in Figure 5.
For comparison, the equilibrium data for both H2S conversion and SO2 selectivity at the
temperature of 327 ◦C are also shown.

The catalytic performance resulted in little affected from the variation of the contact
time. In particular, it is noteworthy to evidence that the H2S conversion is quite close to the
equilibrium values, while the SO2 selectivity is in all cases below the equilibrium value.
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2.2. Catalyst Characterization

The nominal and measured vanadium oxide content of the catalysts before the activa-
tion step is reported in Table 3.

Table 3. Theoretical and measured vanadium content of the catalysts before the sulfuration.

Sample V2O5 Nominal wt% % V2O5 Measured wt%

2.55 V-CeO2 2.55 2.7
20 V-CeO2 20 22
50 V-CeO2 50 51

The results reported evidence that the nominal V2O5 loading is very close to the
measured loading.

The specific surface areas of the fresh and used catalysts are reported in Table 4.

Table 4. Specific surface area (SSA, m2/g) of the fresh and used catalysts.

Sample CeO2 V2O5 2.55 V-CeO2 20 V-CeO2 50 V-CeO2

Fresh 29 8 25 22 20
Used 17 2 17 4 14

The lowest SSA was observed for the sample that was not supported (V2O5). In
particular, the value of bulk V2O5 (8 m2/g) decreased more than 50% after the catalytic
test. For the fresh V-CeO2 catalysts, the values of SSA were slightly lower than the CeO2
support (~30 m2/g). After the catalytic activity tests, the SSA decrease was likely due to the
sulfur deposition on the catalyst surface. This aspect was more evident for the 20 V-CeO2
sample (SSA = 4 m2/g) and was confirmed by XRD and Raman characterizations.

Raman spectra of the support and fresh catalysts are shown in Figure 6. The Raman
spectrum for pure CeO2 shows the main band at 460 cm−1, ascribable to ceria in the typical
cubic crystal structure of fluorite-type cerium oxide [22,23]. The 2.55 V-CeO2 sample shows
that such Raman band slightly shifted to 465 cm−1, while in the case of the catalysts with
the highest V loading this band shifted up to 454 cm−1. A more detailed discussion of these
results is reported in the Supplementary Materials (Figure S1).
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Figure 6. Raman spectra of CeO2, V2O5, and 2.55, 20, 50 V-CeO2 fresh catalysts.

The XRD spectra of CeO2 and the fresh catalysts are shown in Figure 7. All the
catalysts exhibit the characteristic peaks of CeO2 at 28.3◦, 32.8◦, 47.3◦, 56.1◦, 58◦, and
69◦, corresponding to diffraction planes indexed as (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2),
and (4 0 0), respectively [24]. These patterns are ascribable to the typical cubic crystal
structure of fluorite-type cerium oxide [25]. No additional reflections attributable to V2O5
are detectable, evidencing that the sulfuration of the catalysts completely occurred [26].
Furthermore, there were no peaks detected that related to typical vanadium sulfides (VS2,
VS4, V2S3, V3S4) that might have formed following the sulfuration treatment [27].
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Figure 7. XRD spectra of CeO2 and 2.55, 20, 50 V-CeO2 fresh catalysts.

In Figure 8, the Raman spectra of the fresh samples (CeO2 and V-CeO2 catalysts)
are compared with the used catalysts. The used CeO2, equally to the fresh one, has the
characteristic Raman peak perfectly centered at 460 cm−1 (Figure 8a) [22,23]. A slight shift
of this Raman band up to 465 cm−1, 457 cm−1, and 454 cm−1 (Figure 8b–d) is detectable
for 2.55 V-CeO2, 20 V-CeO2, and 50 V-CeO2 fresh catalysts, respectively, as already previ-
ously observed (Figure 6). A detailed discussion of the Raman results is reported in the
Supplementary Materials (Figure S2).
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Figure 8. Raman spectra of fresh and used catalysts: CeO2 (a), 2.55 V-CeO2 (b), 20 V-CeO2 (c),
50 V-CeO2 (d).

Furthermore, the absence of any characteristic bands of the vibrational modes of
crystalline V2O5 [28] and V = O stretching vibration ascribable to monovanadate species
(VO4

3−) denotes that the sulfuration of the catalysts occurred completely [16]. The Raman
spectrum of the bulk V2O5 after the catalytic test is reported in Figure 9.
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Figure 9. Raman spectra of V2O5 used.

The Raman bands at 140, 192, 282, 405, 688, and 993 cm−1 are characteristic of the
vanadium sulfide in VS2 form, as reported in the literature [29]. In particular, all the signals
correspond to the rocking combination and stretching vibrations of V–S bonds or their
combination [30]. Moreover, no bands related to the formation of vanadyl sulfate (984 cm−1

and 1060 cm−1) were observed [31].
In Figure 10, the XRD patterns of the fresh samples are compared with the used ones.

There are no differences between the XRD spectra of the fresh/used bulk CeO2; for the used
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sample less intensity of the peaks is observed, which is likely due to the sulfur deposition
(Figure 10a). For the used 2.55 V-CeO2 catalyst, in addition to the characteristic peaks of the
CeO2 fresh sample, a signal is visible at 2θ = 23◦ due to the sulfur formation [32], as also
confirmed from Raman analysis (Figure 10b). The spectra of the used 20 V-CeO2 catalyst
(Figure 10c) are different, where other peaks attributable to the sulfur are observable at
2θ = 23◦, 24◦, 26◦, 27◦, and 28◦ [32]. For the 50 V-CeO2 catalyst, the XRD spectrum of the
fresh sample is perfectly stackable with that of the used sample (Figure 10d) because all
the peaks are ascribable only to the CeO2 support.
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The average crystallite size of ceria for the different catalysts, calculated with the
Scherrer equation, are listed in Table 5.

Table 5. Average crystallite size (<L>, nm) of the fresh and used catalysts.

Sample Fresh Used

CeO2 13 21
2.55 V-CeO2 16 19
20 V-CeO2 18 19
50 V-CeO2 24 25

As it is possible to observe from Table 5, the increase of the V-loading for the different
catalysts has involved an increase in the crystallite size of the CeO2, as reported in the
literature for supported vanadium catalysts [25]. The average crystallite size of bulk CeO2
before the catalytic tests was 13 nm; it increased to 24 nm for the catalyst having the highest
V-content (50 V-CeO2). Relatively to the catalysts, there is a negligible variation of the ceria
average crystallite size between fresh and used samples.
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The only significant variation between fresh and used samples was obtained for the
support; the greater segregation of the CeO2 after the catalytic activity tests involved the
increase of the crystallite dimension (21 nm). The segregation of the CeO2 crystallite may be
due to the high SO2 formation observed on the support in the absence of the active phase;
in fact, among the catalysts, the highest value of SO2 selectivity (~10%) was obtained for the
CeO2 at 327 ◦C as previously reported in Figure 2. The reaction temperature could favor the
formation of sulfate species and also the oxygen in the ceria lattice could facilitate the CeO2
sulfuration [33]; therefore, the reaction between CeO2 and SO2 could occur, leading to the
formation of cerium sulfate Ce(SO4)2, which is stable at high temperature and decomposes
between 722 and 843 ◦C to CeO2 [34].

3. Materials and Methods
3.1. Catalyst Preparation and Characterization

The preparation of vanadium-based catalysts supported on ceria with different loading
of active phase (2.55, 20, and 50 wt% V2O5 nominal loading) was described in detail in
our previous work [19]. All the reactants were provided by Sigma Aldrich. After the
calcination, the sulfuration procedure was carried out in a quartz reactor containing the
catalyst to be sulfurized. In particular, the activation step was realized by feeding a gaseous
stream containing N2 and H2S at 20 vol%, by increasing the temperature from ambient
temperature up to 200 ◦C with a heating rate of 10 ◦C/min for 1 h. Finally, the catalysts
were reduced to the size 38–180 µm. For simplicity, the catalysts are named in the paper as
follows: 2.55 V-CeO2, 20 V-CeO2, 50 V-CeO2, where “2.55” means the nominal V loading
(wt%) expressed as V2O5. The sulfurized samples before the testing are named “fresh”,
while they are named “used” after the catalytic activity test.

The catalysts were characterized by nitrogen adsorption at 77 K, Raman spectroscopy
and X-ray diffraction. The specific surface area was evaluated with a Costech Sorptometer
1040 (Costech International, Firenze, Italy) by using N2 and He, respectively, as adsorptive
and carrier gas. The powder catalysts were treated at 150 ◦C for 30 min in a He flow
prior to testing. A BET method multipoint analysis based on N2 adsorption/desorption
isotherms at 77 K was used to evaluate the specific surface area of the fresh and used
catalysts. X-ray diffraction (XRD) was performed using a Brucker D2 Phaser (Germany)
using CuKa radiation (λ = 1.5401 A◦). Laser Raman spectra of the catalysts were obtained
in air with a Dispersive MicroRaman (Invia, Renishaw, Italy), equipped with a 514 nm
diode-laser, in the range of 100–2000 cm−1 Raman shift. The V-content of the fresh catalysts
(expressed as V2O5 wt%) was evaluated by X-ray fluorescence (XRF) spectra by using an
ARL QUANT’X EDXRF spectrometer (ThermoFisher Scientific, Italy).

3.2. Experimental Apparatus

The catalytic activity tests were performed in the laboratory plant schematized in
Figure 11.

The laboratory plant is made of three sections: feed, reaction, and analysis sections.
The feed stream containing H2S, O2, and N2 is sent by a three-way valve to the reactor,
or in bypass position to the analyzer to verify the composition. All gases came from SOL
S.p.A with a purity degree of 99.999% for N2, O2, and SO2, and 99.5% for H2S.

The reaction system comprises a furnace, a reactor, and a sulfur abatement trap. The
quartz-made reactor, consisting of a tube of 300 mm length and an internal diameter of
19 mm, is housed in a vertical furnace heated with silicon carbide (SiC)-based resistances.
At the bottom of the reactor are a reactant inlet and a thermocouple sheet concentric to the
reactor. The catalytic bed is placed in the isothermal zone of the reactor and the temperature
is measured continuously by a K-type thermocouple. In the head of the reactor is welded a
trap for the sulfur abatement, which is made of an expansion vessel that allows the sulfur
to liquefy, involving its separation by the gaseous stream. This trap is maintained at the
temperature of 250 ◦C.
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loading of active phase (2.55, 20, and 50 wt% V2O5 nominal loading) was described in 
detail in our previous work [19]. All the reactants were provided by Sigma Aldrich. After 
the calcination, the sulfuration procedure was carried out in a quartz reactor containing 
the catalyst to be sulfurized. In particular, the activation step was realized by feeding a 
gaseous stream containing N2 and H2S at 20 vol%, by increasing the temperature from 
ambient temperature up to 200 °C with a heating rate of 10 °C/min for 1 h. Finally, the 
catalysts were reduced to the size 38–180 µm. For simplicity, the catalysts are named in 
the paper as follows: 2.55 V-CeO2, 20 V-CeO2, 50 V-CeO2, where “2.55” means the nomi-
nal V loading (wt%) expressed as V2O5. The sulfurized samples before the testing are 
named “fresh”, while they are named “used” after the catalytic activity test. 

The catalysts were characterized by nitrogen adsorption at 77 K, Raman spectros-
copy and X-ray diffraction. The specific surface area was evaluated with a Costech 
Sorptometer 1040 (Costech International, Firenze, Italy) by using N2 and He, respectively, 
as adsorptive and carrier gas. The powder catalysts were treated at 150 °C for 30 min in a 
He flow prior to testing. A BET method multipoint analysis based on N2 adsorp-
tion/desorption isotherms at 77 K was used to evaluate the specific surface area of the 
fresh and used catalysts. X-ray diffraction (XRD) was performed using a Brucker D2 
Phaser (Germany) using CuKa radiation (λ = 1.5401 A°). Laser Raman spectra of the cat-
alysts were obtained in air with a Dispersive MicroRaman (Invia, Renishaw, Italy), 
equipped with a 514 nm diode-laser, in the range of 100–2000 cm−1 Raman shift. The 
V-content of the fresh catalysts (expressed as V2O5 wt%) was evaluated by X-ray fluo-
rescence (XRF) spectra by using an ARL QUANT’X EDXRF spectrometer (ThermoFisher 
Scientific, Italy). 

3.2. Experimental Apparatus 
The catalytic activity tests were performed in the laboratory plant schematized in 

Figure 11. 

 
Figure 11. Scheme of the apparatus plant. Figure 11. Scheme of the apparatus plant.

All the lines downstream of the reactor were heated at the temperature of 170 ◦C to
avoid sulfur solidification and possible clogging of the mass spectrometer capillary and to
maintain the water in the gas phase for the analysis. The analysis of the gaseous stream
(H2S, O2, N2, SO2, SO3) was performed with the mass spectrometer quadrupole (Hiden
HPR-20) (Warrington, United Kingdom).

Finally, the abatement of unconverted H2S was realized by adsorption on activated
carbons loaded in a special vessel having a capacity of 10 Lt. Furthermore, the entire
apparatus plant was housed under the hood and isolated from the external environment in
order to avoid gas leakage.

The operating conditions of the catalytic activity tests are listed in Table 6.

Table 6. Operating conditions.

Operating Conditions

Temperature 200–367 ◦C
Contact Time 0.6–1 s

Catalyst Volume 3 cm3

Total Flow Rate 180–300 Ncc·min−1

GHSV 3600–6000 h−1

H2SIN concentration 6–15 vol%
O2/H2S 0.5

H2S conversion (x H2S) and the SO2 selectivity (s SO2) were calculated by using the
following relationship (Equations (1) and (2)), by considering the gas phase volume change
to be negligible:

x H2S, % = ((H2SIN − H2SOUT)/H2SIN)·100 (1)

s SO2, % = (SO2
OUT/(H2SIN − H2SOUT))·100 (2)

For the equilibrium calculation, the GasEq program was used, software (0.7.0.9 version,
Chris Morley) based on the minimization of Gibbs free energy, which is able to calculate
the equilibrium product composition of an ideal gaseous mixture when there are a lot
of simultaneous reactions. The thermodynamic analysis was carried out considering the
following chemical species that could be present at equilibrium: H2S, O2, SO2, S2, S6, S8,
H2O, and nitrogen.

Calibration Procedure

The calibration procedure is required in order to measure the concentration of all
the species that could be in the gas stream for analysis and, for this reason, it must be
performed prior to carrying out experimental tests. However, it could be necessary to repeat
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the calibration every time the process conditions are changed (e.g., after the replacement of
the capillary, the filaments, change of pressure chamber value) or when the signal seems to
be affected by derivative effects. The measurements could be affected by interference due
to the presence of ions of different molecules having the same m/z ratio. Each molecule has
a matrix of interference, which defines the “weight” of the disturbance of other molecules
on the partial pressure of the molecule in the phase of calibration. The partial pressure
obtained, net of the relative interference, must be corrected by a response factor, thus
returning the actual partial pressure of each molecule in the stream analyzed. At this point,
it is possible to calculate the correct concentration of each component. The calibration
procedure is characterized by different steps:

(1) Report in a table the partial pressure of the all-mass fragment for each concentration
of the component to calibrate;

(2) Construct the matrix of interference and the response factors table relatively for the
component you are calibrating;

(3) Calculate the concentrations of the component calibrated by considering the relative
interference of other species on the component to calibrate and correcting the measure
by its response factor.

After the calibration, which is carried out in a by-pass position, the feed stream can be
sent to the reactor. The reactor, before each test, is purged with nitrogen to avoid humidity
and/or impurity and is heated up to the reaction temperature at which the feed stream
is sent.

Similarly, at the end of the activity test, the reactor is cooled down with nitrogen to
room temperature.

4. Conclusions

The H2S selective oxidation reaction to sulfur and water was investigated over
vanadium-sulfide-based catalysts supported on CeO2. The catalysts were prepared with
different vanadium loading and were characterized before and after the catalytic tests
with different techniques. X-ray diffraction and Raman analysis showed a good dispersion
of the V-species on the support because the V-sulfide presence was not detected on the
different catalysts. The only vanadium sulfide in VS2 form was observed for the bulk V2O5
after the catalytic tests. Furthermore, the presence of the sulfur was observed especially
over the used catalysts at lower V-loading by Raman and SSA analysis.

From the preliminary screening of the catalysts performed at 327 ◦C, the higher
catalytic activity was observed over the 2.55 V-CeO2 and 20 V-CeO2 catalysts, with H2S
conversion, respectively, of 90% and 92%, and SO2 selectivity of ~4%. No SO3 formation
and catalyst deactivation phenomena by the sulfur deposition were observed. The effect
of the temperature, contact time, and H2S inlet concentration was studied over 20 V-
CeO2 catalysts. By increasing the H2S inlet concentration (up to 15 vol%), the conversion
decreased from 86% to 75% with an SO2 concentration of about 1.5 vol%. The effect of
the contact time was almost negligible on the H2S conversion and SO2 selectivity, while
the temperature had a significant influence. In the range of temperatures investigated
(300–370 ◦C), the H2S conversion was very close to the equilibrium values while the SO2
selectivity was below the equilibrium calculation, evidencing that the catalyst is effectively
able to inhibit SO2 formation.

Based on the obtained results, the ceria-supported vanadium catalysts could be con-
sidered good candidates to carry out the selective oxidation of H2S to sulfur by an H2S-lean
gas stream (e.g., natural gas, Claus process tail gas) at very low temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11060746/s1: Figure S1: Raman Spectra of CeO2, V2O5 and 2.55, 20, 50 V-CeO2 fresh
catalysts; Figure S2: Raman Spectra of fresh and used catalysts CeO2 (a), 2.55 V-CeO2 (b), 20 V-
CeO2 (c), 50 V-CeO2 (d).
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Abstract: Hydrogen sulfide (H2S) should be removed in the early stage of biogas purification as it
may affect biogas production and cause environmental and catalyst toxicity. The adsorption of H2S
gas by using activated carbon as a catalyst has been explored as a possible technology to remove H2S
in the biogas industry. In this study, we investigated the optimal catalytic preparation conditions
of the H2S adsorbent by using the RSM methodology and the Box–Behnken experimental design.
The H2S catalyst was synthesized by impregnating commercial activated carbon (CAC) with zinc
acetate (ZnAc2) with the factors and level for the Box–Behnken Design (BBD): molarity of 0.2–1.0 M
ZnAc2 solution, soaked temperature of 30–100 ◦C, and soaked time of 30–180 min. Two responses
including the H2S adsorption capacity and the BET surface area were assessed using two-factor
interaction (2FI) models. The interactions were examined by using the analysis of variance (ANOVA).
Hence, the optimum point of molarity was 0.22 M ZnAc2 solution, the soaked period was 48.82 min,
and the soaked temperature was 95.08 ◦C obtained from the optimum point with the highest H2S
adsorption capacity (2.37 mg H2S/g) and the optimum BET surface area (620.55 m2/g). Additionally,
the comparison of the optimized and the non-optimized catalytic adsorbents showed an enhancement
in the H2S adsorption capacity of up to 33%.

Keywords: adsorption; adsorbent; purification; H2S removal; response surface methodology (RSM)

1. Introduction

Agricultural industries, livestock ranches, and fuel industries generally generate some
natural wastewaters and wastewaters that have a tremendous effect on the debate and
pollution of water [1]. The anaerobic digestion of natural wastewater and wastewater does
not mitigate this degradation; instead, it creates biogas, fertilized solids, and filtered sewage
for subsequent beneficial use [2–4]. For example, biogas can be efficiently used for heat
and energy substitution for gasoline in transport applications [5]. The biogas composition
typically consists of roughly 40–75% of methane (CH4), 25–40% of carbon dioxide (CO2),
0.5–2.5% of nitrogen (N2), 10–30 ppm(v) of ammonia (NH3), and 1000–3000 ppm(v) of
hydrogen sulfide (H2S) [6,7]. These compositions, however, depend on the differential
sources of the organic substrates.

In practice, the elimination of hydrogen sulfide (H2S) in the oil and gas or biogas pro-
cessing industries remains one of the key obstacles to the sustainable growth of profitable
technologies [8]. H2S is toxic at low concentrations (<1 ppm(v)), impacting the production
of biogas and has life-threatening effects at higher concentrations (500 ppm(v)) [9,10]; hence,
it is imperative to eliminate H2S in the early stages of the purification system [11]. Several
methods have been implemented to eliminate H2S, such as the Clauss technique, which is
primarily used in the oil and gas industries [12] that typically produce high concentrations
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of H2S (>10,000 ppm(v)). Several technologies that are commonly used and commercial-
ized for H2S removal include chemical absorption [13], physical adsorption [14], biological
treatment [15–18], and membrane technology [19,20].

The H2S capture via a biological treatment is efficient and cost-effective; however, it
needs a large upfront investment as compared to the dry-based processes. Even though
this method is an environmentally friendly system, the separation and purification of H2S
may be difficult to carry out. In contrast, the liquid-based and membrane techniques for
H2S removal are not economically or energetically viable technologies [13]. However, the
adsorption technology is the best and superior for H2S removal even at low concentrations
and temperatures [21–23]. Adsorption is the most commonly used technique for both
large-scale and small-scale applications. All of these technologies are summarized and
compared with the most relevant and alternative technology for H2S removal in Table 1.
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Adsorption techniques [25–27] to remove H2S typically involve mesoporous materials
(activated carbon, zeolites, and/or silica) that are also widely known as catalysts because
of their surface chemistry, high degree of microporosity, and developed surface area (which
can exceed 1000 m2/g) [28]. On both the macro and nanoscales, these materials may have
crystalline and/or amorphous structures [16], but they can be further changed to adjust
their physicochemical properties, thus improving their adsorption ability against the target
molecules. As commercial activated carbon (AC) is often impregnated to increase the ca-
pacity of the adsorbents to absorb the adsorbates, it is also subjected to surface modification.
The improvement was primarily based on increasing the basic surface area and the porous
structure of the mesoporous materials by using chemical activation methods.

Impregnated adsorbents such as catalytic adsorbents, widely applied several chemi-
cals based on alkalis (NaOH, KOH, and KI) [29–33], carbonate compounds (Cu), transition
metal oxide compounds (Zn, Fe, and Cu), or metal acetic acid compounds (Zn) [14,34] can
be used as solid catalysts or be dispersed as small grains on the surface of a supporting
material. Selecting the precursors of active components as well as any necessary promot-
ers and stirring them in a solvent is the first step in producing a supported catalyst. In
the end, the active metal or precursor from the solvents is dispersed on the adsorbents’
surface. In contrast to raw activated carbon (AC), impregnated adsorbents with both of
these chemicals have a higher specific surface area, smaller particle sizes, and increased
H2S capability [32]. Despite this, a metal-supported catalyst (ZnAc2/CAC) demonstrates
favorable associations between the adsorbent’s capabilities in capturing the adsorbate and
develops better surface area. The dispersion of ZnAc2 on the CAC surface normally acts
as active sites to capture the adsorbate particles efficiently. Moreover, ZnAc2 leads to an
increase in the specific surface area by decreasing the particle size, which results in an
increase in the H2S adsorption capacity, as reported on the basis of the ZnO impregnated
performance [35]. Impregnation from both chemicals (ZnAc2 and ZnO) enhanced the
adsorbent’s capabilities through surface area and adsorption capacities.

For example, a study on the optimization of the CAC performance evaluated the
optimal response using certain factors (molarity, time, humidity, temperature, and pH) and
responses (adsorption capacity, surface area, selectivity, and percentage utilization). All the
information obtained from these factors and responses can be used in an interaction study
to determine the proposed optimization. Normally, the interaction parameters (condition
variables) can be analyzed using two types of methods, namely univariate and multivariate
optimization. Univariates have the slightest remedial effect relative to multivariates because
of the capacity of the univariates to rely on one optimization variable; thus, the multivariate
approach requires a design that adjusts all levels of variables simultaneously. For expository
systems, this phase is crucial and the optimal operating conditions are determined using
complex test designs, the Doehlert lattice (DM), central composite design (CCD), and three-
level designs such as the Box–Behnken design (BBD) [36–38]. The relationship between
the explanatory variables and the response variables [39] can be evaluated graphically by
using the empirical data sufficient for the optimal area, thereby allowing new models to be
developed and identified and the current product designs to be updated [40].

Therefore, in this study, we applied the BBD by using response surface methodology
(RSM) to assess the influence of factors with a minimal number of experiments by evaluat-
ing and controlling the Zn acetate CAC impregnation. The response to the selected factors
determined the H2S adsorption capacity and characterizes the surface morphologies via
the BET surface area of the impregnated CAC on the basis of the BBD recommendation.

2. Materials and Methods
2.1. Adsorbent Preparation

Effigen Carbon Sdn. Bhd, Malaysia, supplied granular commercial coconut activated
carbon (CAC), which was sieved to obtain a particle size in the range of 3–5 mm. The
selected CAC impregnation compound was zinc acetate (ZnC4H6O4), which was pur-
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chased from Friendemann Schmidt Chemicals (Malaysia) and used as obtained without
prior purification.

The impregnated CAC surface was prepared with 600 mL of distilled water for a
0.2–1.0 M zinc acetate solvent at 30–100 ◦C. In brief, 350 g of CAC was soaked into the
solvent for 30–180 min before the distribution of the zinc acetate compound on the surface.
The wet CAC was drained and dried at 120 ◦C overnight before being used for H2S
adsorption testing and is indicated as ZnAc2/CAC. Moreover, the design of experiments
(DOE) recommendation was submitted on the basis of the chosen molarity, soaked time,
and soaked temperature for the preparation of the adsorbents.

2.2. Characterization

The surface area and the pore structure were analyzed by a Brunauer–Emmett–Teller
(BET) surface area analysis using Micrometric ASAP 2010 Version 4.0.0. The surface area
was obtained from the measurement of the BET isotherm, while the pore volumes and
the standard pore volumes were calculated at P/Po of 0.98 by using the N2 adsorption
isotherm. Meanwhile, the micropore volume was calculated using the t-plot method. After
degassing for 4 h at 150 ◦C, the textural properties of the sorbents were determined by N2
adsorption–desorption at 196 ◦C with Quantachrome Autosorb 1 ◦C. The exact surface was
extracted from the estimation of the BET.

The surface morphology and the chemical structure characterization for the optimized
and non-optimized adsorbents were analyzed using the CARL ZEISS EVO MA10 and
energy dispersive X-Ray analysis (EDX) with EDAX APOLLO X model. This characteriza-
tion method was used to visualize the details of the adsorbent properties in terms of the
structural morphology and to identify the elemental composition of the materials present
on the surfaces of the adsorbent under an accelerating voltage of 10 kV.

2.3. H2S Adsorption Test

In this study, the H2S adsorption test was implemented using a laboratory-scale set-up
of a single stainless-steel column (height and diameter of 0.3 m and 0.06 m, respectively), as
shown in Figure 1. In brief, 75 g of the impregnated adsorbent (ZnAc2/CAC) was loaded
into the adsorber column and fed in with a commercial mixed gas H2S/N2 (5000-ppm(v)
H2S with balanced N2). The adsorption test operated at ambient temperature, the flow
rate and pressure gauge were mounted at 5.5 L/min and 1 bar. Due to the tolerable range
for the gas exposed to the atmosphere and fuel cell devices, the H2S breakthrough gas
concentration at the outlet stream was set at 5–10 ppm(v) [41–43]. The outlet H2S gas
was detected using a customized portable H2S analyzer (model GC310), which directly
imported the data into the computer program. Then, the adsorption capacity of H2S for each
DOE suggestion was calculated according to the equation reported by Zulkefli et al. [44].
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Figure 1. H2S adsorption system [32]: (a) schematic diagram and (b) experimental H2S adsorption
test set-up.

2.4. Regeneration of Adsorbents

The desorption process for the adsorbents was followed by set-up in a previous study
by Zulkefli et al. [32]. The spent adsorbents underwent a three-step purging process. In the
first step, the spent adsorbents were run through an air blower for 30 min at 150 ◦C and
a flow rate of 100 L/min. Secondly, the same operating parameters were applied to the
column at ambient temperature for 30 min. In the final step, the N2 gas was introduced
into the stream; it was fed at 5.5 L/min for 30 min to purge out and stabilized the active site
on the adsorbent surface before use in the next adsorption operation up to several cycles of
adsorption–desorption.

2.5. Control Factors and Level Selection

It is possible to test the effect of quadratic interactions by using a BBD combined
with response surface modeling and quadratic programming. This experimental approach
used the regression design to show the result as a predictive function of variables with
an impartial and limited variance. In this strategy, the graphical profile illustrates the
summary of the response surface being examined [45]. The effects of three preparation
factors were investigated: (A) ZnAc2 solution molarity (M), (B) soaked time (min), and (C)
soaked temperature (◦C) on the CAC surface as well as the capture of the H2S gas. Two
responses were used, namely the H2S adsorption capacity and the BET surface area, as a
reference to the preparation factors.

The typical variables are coded separately as +1, −1, and 0 for the high, low, and
center points; therefore, the units of the parameters are not relevant. Real variables (Xi) are
coded by direct transformation as follows:

χi =
xi − x0

∆x
i = 1, 2, 3 (1)

where χi is the encoded value of an independent variable, xi is the actual value of an
independent variable, x0 is the actual value of a center point independent variable, and
∆x is the phase shift value of an independent variable [46]. The process factors and factor
levels of the adsorbent preparation state are described in Table 2.
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Table 2. Process factors and factor levels of the adsorbent preparation state.

Factors
Level

−1 0 +1

A Molarity (M) 0.2 0.6 1.0
B Soaked period (min) 30 105 180

C Soaked temperature
(◦C) 30 65 100

The data from the BBD were analyzed by multiple regression to fit the following
quadratic polynomial model:

Y = α0 +
3

∑
i=1

αixi +
3

∑
i=1

αiix2
i +

2

∑
i=1

3

∑
j=2

αijxixj + ε (2)

where Y is the response variables, α0 is the model constant, αi represents the linear
coefficient, αii denotes the quadratic coefficient, αij is the interaction coefficient, and ε is
the statistical error. The least-squares method is used to solve this set of Equation (2). BBD
is a common experimental design for the technique of response surfaces in statistics and is
a type of second-order rotatable or nearly rotatable design based on three-level incomplete
factorial designs. Each design is a combination of a two-level (full or fractional) factorial
design with an incomplete block design [47].

Both combinations for factorial design are placed through a certain number of factors
in each block, while the other factors are held at the central values. The BBD is a good design
for this technique because (1) it enables the calculation of the parameters of the quadratic
model, (2) there are no runs where all the variables are at either +1 or −1 levels, and (3) the
number of experiments (N) needed for the BBD to evolve is defined as follows [48]:

N = 2k(k − 1) + CN (3)

where the number of variables is k and the number of center points is CN. On the basis of
Equation (3), the runs will be reduced to 17 with 3 major variables and 5 times the repetition
in the center point to reduce the magnitude of error (k = 3 and CN = 5). Three conditions
were investigated, namely the molarity state, soaked time, and the soaked temperature;
hence, 17 runs were executed.

2.6. Steps for Process Parameter Optimization

The steps followed for process optimization are shown in the flow chart in Figure 2.
In this optimization, the molarity, soaked period, and the soaked temperature of the
adsorbents were entered as the explanatory variables and the optimal adsorption capacity
with the BET surface area of the adsorbents as the response variable.
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Figure 2. Process optimization.

Step 1. CAC impregnated with ZnAc2 as suggested by the design tools.
Step 2. There were 17 run trials conducted, with the BBD matrix consisting of 12 dif-

ferent level combinations of the independent variables as well as three center point runs
used to fit a second-order response surface and provide a measure of process stability and
inherent variability [49]. The BBD design matrix along with the experimental values of the
responses are shown in Table 2 (in terms of the coded factors).

Step 3. The adsorption capacity was calculated using an H2S adsorption test and was
determined for each of the 17 runs of the adsorbents.

Step 4. The BET surface was determined for each of the 17 runs.
Step 5. RSM simulation, including second-order regression and analysis of variance

(ANOVA), was conducted.
Step 6. The optimal conditions for the different molarities were traced on the basis of

the contour and the surface plots of the RSM simulation.
Step 7. The simulation and experimental results were verified.
Step 8. The standard parameter conditions were duplicated for different molar ratios

and impregnated materials.

3. Results and Discussion
3.1. Box–Behnken Model Evaluation

Based on Equation (3), with three main factors and five replications at the center point
to reduce the magnitude of error (k = 3 and Co = 5), the runs were limited to 17, as detailed
in Table 3. The obtained breakthrough curves for the three soaked periods, i.e., 30, 105, and
180 min, are presented in Figure 3a–c, respectively. The breakthrough curves are shown
in three figures because of the large number of runs and for an easier understanding and
interpretation of the obtained results. Thus, differences between the relative concentrations
of the H2S curves of the runs could be understood more easily. To decide about the
adequacy of the model for the H2S adsorption capacity, three different tests, namely the
sequential model sum of squares, lack of fit test, and model summary statistics, were
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carried out in the present study. The data of the H2S adsorption capacity in this research
were subjected to a regression analysis to estimate the effect of the process variables.

Table 3. Box–Behnken and experimental data of responses’ adsorption capacity and BET surface area.

No. of Run ZnAc2 Molarity, M
(A)

Soaked Period, min
(B)

Soaked Temperature, ◦C
(C)

Adsorption Capacity, mg
H2S/g (Y1)

BET Surface Area, m2/g
(Y2)

1 0.20 105.00 30.00 1.81 842.74

2 1.00 105.00 30.00 2.03 584.01

3 0.60 105.00 65.00 0.47 544.52

4 0.60 30.00 30.00 0.67 765.23

5 1.00 105.00 100.00 0.56 757.80

6 0.20 30.00 65.00 1.75 692.65

7 0.60 105.00 65.00 1.84 737.64

8 1.00 180.00 65.00 1.47 698.38

9 1.00 30.00 65.00 0.58 825.52

10 0.60 30.00 100.0 2.37 198.31

11 0.60 180.00 30.00 1.36 694.21

12 0.60 105.00 65.00 1.48 726.12

13 0.20 180.00 65.00 2.11 612.05

14 0.60 105.00 65.00 2.23 473.72

15 0.60 180.00 100.00 1.70 485.28

16 0.20 105.00 100.00 2.14 555.00

17 0.60 105.00 65.00 0.89 731.88

The results shown in Table 3 can be compared with those of a previous study by
Zulkefli et al. [32]. On the basis of [32], the adsorption capacity and the BET surface area
were obtained at 1.83 mg H2S/g and 656.75 m2/g, respectively, at 0.2 M of ZnAc2, soaked
temperature of 65 ◦C, and soaked period of 30 min. Under similar conditions, the obtained
values in this study were slightly different at 1.75 mg H2S/g and 692.65 m2/g for the
adsorption capacity and the BET surface area, respectively, which was probably because
of the differences in the preparation process. The decrease in the BET surface area in the
adsorbent was caused by the blocking of some micropores with the chemical compound of
ZnAc2. This characterization of the pore structure influenced the adsorption profiles [50,51].
In contrast, the data in Table 3 show similar trends to those reported by Nakamura et al. [52].
The BET surface area decreased with an increase in the ZnAc2 molarity, even though the
BET surface area was slightly different for both cases because of the differences in the
preparation conditions.

91



Catalysts 2021, 11, 545

Figure 3. Breakthrough curve of H2S versus ZnAc2 molarity for a constant soaked time: (a) 30 min,
(b) 105 min, and (c) 180 min.

3.2. ANOVA

The results were analyzed using the analysis of variance (ANOVA), a regression
model, coefficient of determination (R2), adjusted R2, coefficient of variation (CV), and
statistical–diagnostic and response plots. The analysis of variance (ANOVA) test is a robust
and common statistical method in different applications. The ANOVA provides a statistical
procedure that determines whether the means of several groups are equal or not. The
Fisher’s variance ratio, F-value, is used to test the significance of the model, individual
variables, and their interactions [53,54]. Mean square (MSS) is the sum of squares divided
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by the degrees of freedom, for each source. The F-value is defined as MSSvariable/MSSresidual
and shows the relative contribution of the sample variance to the residual variance [55]. If
the ratio deviates increasingly from 1, the samples are not from the same population, with
more confidence.

The results of the ANOVA based on experimental data are shown in Figure 4 and
Table 4. The model summary statistics showed that the excluding cubic model was aliased
and the 2FI model was found to have the maximum adjusted R2 values. Therefore, the 2FI
model was chosen for further analysis.

Figure 4. Design matrix evaluation for response surface of 2FI model.

Table 4. Adequacy of model for adsorption capacity response.

Source Sum of Squares DF Mean Square F Value Prob > F

Mean 38.14 1 38.14 Suggested
Linear 1.56 3 0.52 1.36 0.30

2FI 1.35 3 0.45 1.25 0.34 Suggested
Quadratic 0.15 3 0.05 0.10 0.96

Cubic 1.47 3 0.49 0.98 0.49 Aliased
Residual 2.00 4 0.50

Total 44.66 17 2.63
lack of fit

Linear 2.97 9 0.33 0.66 0.72
2FI 1.62 6 0.267 0.54 0.76 Suggested

Quadratic 1.47 3 0.49 0.98 0.49
Cubic 0 0 Aliased

Pure error 2.00 4 0.50

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 0.62 0.24 0.06 −0.29 8.41
2FI 0.60 0.45 0.11 −0.58 10.29 Suggested

Quadratic 0.70 0.47 −0.21 −3.08 26.64
Cubic 0.71 0.69 −0.22 + Aliased

Next, the ANOVA of the adsorption capacity of H2S is summarized in Table 5. If
the calculated value of F is greater than that in the F table at a specified probability level,
a statistically significant factor or interaction is obtained [56,57]. The F is defined as
F = MSF/MSE, where MSF and MSE are the mean square of factors (interactions) and the
mean square of errors, respectively. The ANOVA test revealed that the factors A, B, and C,
and the interactions A × C and B × C proved to have a statistically significant effect on the
H2S adsorption capacity. The F value is an indication of the level of significance. A higher
F denotes a more significant effect on the response.
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Table 5. Analysis of variance (ANOVA) of adsorption capacity response.

Source Sum of Squares DF Mean Square F-Value F-Value from
Table (p = 0.05) Prob > F

Model 2.91 6 0.49 1.34 3.22 0.32 Not significant
A 1.26 1 1.26 3.48 4.96 0.09
B 0.20 1 0.20 0.57 4.96 0.47
C 0.099 1 0.099 0.27 4.96 0.61

AB 0.070 1 0.070 0.19 4.96 0.67
AC 0.82 1 0.82 2.26 4.96 0.16
BC 0.46 1 0.46 1.29 4.96 0.28

Residual 3.61 10 0.36 0.54 2.98 0.76
Lack of fit 1.62 6 0.27 Not significant
Pure error 2.00 4 0.50
Cor total 6.53 16

We can compare the F-value from the calculations with the F-value obtained from the
F-distribution table with the degree of freedom (DF) from the model and the error to discern
the significance and the adequacy of the model [48]. An effect is statistically significant if
the calculated F-value for the effect is greater than the F-value extracted from the table at
the desired probability level. On the basis of the calculated p-value (prob > F), all the three
factors, namely molarity, soaked period, and soaked temperature, and their interaction
effects were found to be significant (Table 4). The regression equation obtained after the
variance analysis yielded the level of the H2S adsorption capacity. It included a linear
relationship between all the main effects and the response. The final quadratic polynomial
equations in terms of the coded and the actual variables are presented as follows:

Adsorption capacity, Qcoded = 1.50 − 0.40xA + 0.16xB + 0.11xC + 0.13xAxB − 0.45xAxC − 0.34xBxC (4)

Adsorption capacity, Qactual = −0.21 + 0.65xA + 0.008xB + 0.04xC + 0.004xAxB − 0.03xAxC − 0.00013xBxC (5)

As seen in statistical studies, the values of prob > F below 0.05 signify that the model
terms are significant. In this case, as shown in Table 5, models B and AC were significant
with the value of prob > F of 0.05 and 0.03, respectively. The Fisher’s F-value and the
probability value of the regression model were found to be 1.34 and 0.32, respectively.
This implied that the terms in the model had a significant effect on the response. The
tabular F-value with the degree of freedom, DFmodel = 6 and DFerror = 10, respectively,
at the significance level of 0.05 (F0.05,(6,10) = 3.22) was higher than the calculated F-value
(F0.05,(6,10) = 1.34), implied that most of the variation in the response could not be explained
by the regression equation.

Then, the coefficient of determination, R2, indicated the overall predictive capability
of the model. From Table 6, the R2 value of the model was determined to be 0.45. Therefore,
we assumed that 45% of the total variations in the response can be explained by the model.
However, this value of R2 did not necessarily imply that the regression model was a suitable
one. A negative prediction R2 was defined as a better predictor of the H2S adsorption
capacity response for the current model. In this case, an adequate R2 value of 4.40 was more
than 4 as the ratio desirability, which indicated that the model navigated the design space.
As was observed, the adjusted R2 was close to R2, emphasizing the high significance of the
model. Another method to describe the variation of a model is to calculate the coefficient
of variation (CV). While the values presented in Table 5 are not logically significant for the
H2S adsorption capacity, the low value of the coefficient of variation (C.V.% = 40.14) might
reflect the fact that this model could have high reliability and good fitness.
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Table 6. Model reliability analysis of adsorption capacity response.

Source Result

Standard deviation 0.60
Mean 1.50

Coefficient variation (%), C.V 40.14
PRESS 10.29

R2 0.45
Adjusted R2 0.11
Prediction R2 −0.58

Adequate precision 4.40

The response to the BET surface area also suggested the use of the 2FI model for further
analysis through the ANOVA study based on the highest value obtained for the adjusted R2

(0.35). Meanwhile, the F value obtained was an indication of the model significance level.
As presented in Table 7, the 2FI model had the highest F value (2.65) of the considered
models. Moreover, the highest values of the adjusted R2 and the predicted R2 could be a
reason for the suggestion of the use of the 2FI model for further analysis.

Table 7. Adequacy of the model for BET surface area response.

Source Sum of Squares DF Mean Square F-Value Prob > F

Mean 7,813,331 1 7,813,331
Linear 57,607.09 3 19,202.36 1.62 0.23

2FI 68,436.96 3 22,812.32 2.65 0.11 Suggested
Quadratic 10,032.71 3 3344.236 0.31 0.82

Cubic 13,827.22 3 4609.073 0.30 0.83 Aliased
Residual 62,118.94 4 15,529.74

Total 8,025,354 17 472,079.7
Lack-of-Fit Tests

Source Squares DF Square Value Prob > F
Linear 92,296.88 9 10,255.21 0.66036 0.7227

2FI 23,859.93 6 3976.654 0.256067 0.9323 Suggested
Quadratic 13,827.22 3 4609.073 0.29679 0.8270

Cubic 0 0 Aliased
Pure error 62,118.94 4 15,529.74

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 108.99 0.27 0.10 −0.21 257,363.7
2FI 92.72 0.59 0.35 0.21 167,922.1 Suggested

Quadratic 104.16 0.64 0.18 −0.50 318,296.4
Cubic 124.62 0.71 -0.17 + Aliased

Based on the calculated p-value (prob > F), all the three factors and their interaction
effects were found to be significant, as presented in Table 8. The regression equation
obtained after the variance analysis provided the level for the BET surface area response.
It also included a linear relationship between all the main effects and the response. The
factors A, B, and C, and the interactions A × C and B × C proved to have statistically
significant effects on the BET surface area. The final quadratic polynomial equations of the
coded and the actual variables are presented in the equation below:

BET surface area (coded) = 677.94 + 20.41xA − 73.97xB − 36.22xC − 11.63xAxB + 115.38xAxC − 60.50xBxC (6)

BET surface area (actual) = 957.86 − 443.97xA + 0.74xB − 3.56xC − 0.39xAxB + 8.24xAxC − 0.02xBxC (7)
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Table 8. Analysis of variance (ANOVA) of BET surface area responses.

Source Sum of Squares DF Mean Square F-Value F-Value from Table
(p = 0.05) Prob > F

Model 1.3 × 105 6 2.1 × 104 2.44 3.22 0.10 Not significant
A 3.3 × 103 1 3.3 × 103 0.39 4.96 0.55
B 4.3 × 104 1 4.4 × 104 5.09 4.96 0.05
C 1.0 × 104 1 1.0 × 104 1.22 4.96 0.30

AB 541.25 1 541.25 0.06 4.96 0.81
AC 5.3 × 104 1 5.3 × 104 6.19 4.96 0.03
BC 1.5 × 104 1 1.5 × 104 1.70 4.96 0.22

Residual 8.6 × 104 10 8.6 × 103 2.98
Lack of fit 2.4 × 104 6 4.0 × 103 0.26 0.93 Not significant
Pure error 6.2 × 104 4 1.6 × 104

Cor total 2.1 × 105 16

The Fisher’s F-value and the very low probability value of the regression model
were found to be 2.44 and 0.10, respectively. This implied that the terms in the model
had a significant effect on the response. The tabular F-value with a degree of freedom,
DFmodel = 6 and DFerror = 10, respectively, at the significance level of 0.05 (F0.05,(6,10) = 3.22)
was higher than the calculated F-value (F0.05,(6,10) = 2.44), indicating that the variation in
the response was not significant.

As shown in Table 9, the R2 value obtained was 0.59, which could be assumed to be
59% of the total variation in the BET surface area response. The coefficient of variation
(CV) indicated a lower value than that of the H2S adsorption capacity response, which is
13.68% and had the highest chance for reliability and good fit of the model. The value of
prediction R2 = 0.21 was in reasonable agreement with the adjusted R2 = 0.35. The adequate
precision normally measures the signal-to-noise ratio. As shown in Table 9, the adequate
precision marked at 5.10 and the ratios were more than 4, which indicated that the model
was adequate for navigating the design space.

Table 9. Model reliability analysis of adsorption capacity response.

Source Result

Standard deviation 92.72
Mean 677.94

Coefficient variation (%) 13.68
PRESS 16800

R2 0.59
Adjusted R2 0.35
Prediction R2 0.21

Adequate precision 5.10

3.3. Contour Plots for H2S Adsorption Capacity and BET Surface Area Responses

Response surface plots and contour plots are useful for the model equation image and
perceiving the nature of the response surface. These plots are also useful in the study of
the effect of process variables on the H2S adsorption capacity and the BET surface area
in a wider range of preparation conditions of the adsorbents. Furthermore, they can be
used for designing the optimum conditions for adsorbent synthesis. Equations (5) and
(7) were used to construct the contour plots for the H2S adsorption capacity and the BET
surface area against the molarity, soaked period, and soaked temperature, as shown in
Figures 5 and 6. They depict the interaction of three main factors by keeping the other at
its central level for two types of responses based on the refitted Equations (4) and (5) with
the experimental data.
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Figure 5. Contour plot describing the adsorption capacity response in soaked temperature function of ZnAc2 molarity and
soaked period (Soaked temperature: 65 ◦C).

Figure 6. Contour plot describing the BET surface area response in soaked temperature function of
molarity and soaked period (soaked temperature: 65 ◦C).

As shown in Figure 6, the constant soaked temperature shows the increments of the
H2S adsorption capacity with an increase in the ZnAc2 molarity and the soaked period.
The steepness of the increase in the H2S adsorption capacity ranged from 0.2 M to 1.0 M
for the soaked period of 30 min to 180 min. Figure 6 shows the effect of the interaction of
the factors with the constant soaked temperature on the BET surface area. The decreases
in the molarity with the lowest soaked period resulted in the highest BET surface area of
721.04 m2/g, while at the lowest molarity (0.2 M) and a higher soaked period (>142.50 min),
there was a reduction in the BET surface area.

Figure 7 presents the normal residual probability plot from the least squares fit, with
both the predicted and the experimental data relatively similar to the straight line of 45◦

and the remaining points obeying the normal pattern of distribution. Hence, there was a
high correlation and adequacy of the proposed model to predict the optimal conditions for
preparing a highly efficient H2S adsorbent.
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Figure 7. Normal probability plot: (a) adsorption capacity and (b) BET surface area response.

3.4. Optimization and Validation

The key goal of the optimization process was to identify the variable values at which
the adsorption capacity of the H2S and the BET surface area were optimal. Consequently,
the Behnken configuration box was used to evaluate the best operating mode. Figure 8
displays the proposed model, showing that the highest adsorption capacity was 2.52 mg
H2S/g and the BET surface area was 620.55 m2/g at the optimum molarity of 0.22 M,
soaked time of 48.82 min, and soaked temperature of 95.08 ◦C. The desirability factor was
1.0, as shown in Figure 9, which reflected the most favorable or perfect response value [58].

Figure 8. Optimum conditions according to the BBD statistical method.
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Figure 9. Individual and combined desirability functions.

For a comparison that quantified the acceptability of the model, an experimental study
on H2S adsorption was performed using the suggested optimum parameter conditions.
The catalytic adsorbents were prepared using 350 g of CAC with a 0.22-M ZnAc2 solution
by soaking the CAC for up to 49 min at 95 ◦C. The experimental and theoretical verification
was carried out using two responses, namely the H2S adsorption capacity and the BET
surface area, as shown in Figure 10.

Figure 10. (a) Experimental plot for H2S adsorption and (b) 3D contour plot for optimum theoretical condition for H2S
adsorption study.

The experimental data were collected through the synthesis of adsorbents based on
the optimum parameter conditions as suggested at the end of BBD results. As a result, the
adsorption capacity for H2S was 2.12 mg H2S/ g, whereas the theoretical data suggested a
capacity of 2.52 mg H2S/g. Moreover, the experimental BET surface area was 649.56 m2/g,
and the theoretical BET surface area was 620.55 m2/g. Then, the relative error between
the experimental and the theoretical values was approximately 16.2% for the adsorption
capacity and 4.7% for the BET surface area. Therefore, the results obtained were in the
range of acceptance, as the adsorption capacity and BET surface area were closer at the
optimum condition of the variable for both the experimental and the theoretical data.

3.5. Adsorbent Characterization

Figure 11 presents the SEM images for the exhausted adsorbents for two types of adsor-
bents, namely the optimized (ZnAc2/CAC_O (E)) and the non-optimized (ZnAc2/CAC_N
(E)) adsorbents. The optimized adsorbents were prepared under the optimum conditions
from the Box–Behnken model suggestion. While the non-optimized adsorbents were pre-
pared using a 0.2 M ZnAc2 solution with a soaked period of 30 min at 65 ◦C. Both sample
syntheses were tested with a commercial mixed gas up to the exhausted point and analyzed.
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Next, the samples were assessed to visualize the details of the adsorbent properties in terms
of the structural morphology images and the percentage of the elemental composition
material presence on the adsorbent surface prepared.

Figure 11. SEM analysis of exhausted ZnAc2/CAC adsorbent: (a) ZnAc2/CAC_O (E) and (b)
ZnAc2/CAC_N (E) at 2.5 k × (10 µm).

Table 10 indicates the weight percentage (wt. percentage) of the element composition
in a particular region of the optimized and non-optimized adsorbents for fresh (F), ex-
hausted (E) and after desorption (D) compared to that fresh CAC (without impregnation).
The EDX analysis was conducted on elements C, Ca, Na, K, Zn, O, and S (Table 10). The
C content was different because of the composition of the volume of chemicals coated
on a particular adsorbent surface. The presence of the Ca, Na, and K elements in the
ZnAc2/CAC adsorbents normally observed on the activated carbon as similar data was
obtained in a previous study by Zulkefli et al. [32] and Moradi et al. [48]. Meanwhile, the
difference of concentration between ZnAc2 for optimized and non-optimized adsorbents
were 0.22 M and 0.2 M, respectively, which is about 10% difference. For soaked time and
soaked temperature, the difference was about 18.8 min and 30 ◦C, respectively. Based on
these optimized conditions for optimized adsorbent, the Zn element increased about 80%.
As a result, the ZnAc2/CAC_O (E) had a slightly higher S element by about 50% compared
to that ZnAc2/CAC_N (E) at exhausted adsorbent as shown in Table 10. This could be due
to the presence of higher Zn which can help to improve the interaction between adsorbent
and H2S, and hence more H2S can be adsorbed than the non-optimized adsorbents.

Table 10. Semi-quantitative chemical analysis of selected points in weight percent through EDX
analysis.

Adsorbents C Ca Na K Zn O S

CAC (F) 81.41 3.87 0.25 6.93 0.21 6.35 0.98
ZnAc2/CAC_O (F) 85.75 0.75 0.02 0.43 7.72 5.14 0.19
ZnAc2/CAC_O (E) 79.04 0.49 0.00 0.62 5.14 8.56 6.15
ZnAc2/CAC_O (D) 87.21 0.63 0.00 0.39 6.01 5.53 0.23
ZnAc2/CAC_N (F) 89.24 0.88 0.00 0.38 5.28 3.98 0.24
ZnAc2/CAC_N (E) 86.04 0.37 0.00 0.52 2.84 4.81 5.42
ZnAc2/CAC_N (D) 89.66 0.67 0.00 0.24 4.97 4.16 0.30

In the case of the exhausted adsorbents, the adsorbents were purged through the
process of the desorption of air and N2 gas, revealing the presence of sulfur (S) in the EDX
analysis. The S element appeared on the surface for both optimized and non-optimized
adsorbent as the H2S adsorb during adsorption process. Similar findings were reported
by Isik-Gulsac et al. [59] because of the inclusion of the S element on the surface of the
adsorbents. Based on Table 10, it indicated the increment of S element from the fresh (F)
to the exhausted (E) adsorbents. After the desorption process, the S element decreased
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to almost similar composition with the fresh adsorbent as indicated the physisorption
occurred during the adsorption process.

Meanwhile, based on Table 10, the higher presence of the element composition of
O on the adsorbent was obtained for optimized adsorbent which could be due to the
increment of molarity of ZnAc2. Based on Rodriguez et al., the composition of O normally
had electrostatic interactions between the dipole of H2S, and the ionic field generated by
the charges in O might play a secondary role in accelerating and improving the adsorption
process [60]. Hence, it would enhance the capability of the adsorbent to adsorb the H2S
gas as shown in the higher S element for optimized adsorbent in Table 10. Moreover, the
presence of moisture and oxygen might affect the adsorption capacity of the activated
carbons, and numerous studies have investigated their impact on the H2S uptake. The
presence of oxygen also increased the breakthrough time of H2S adsorption for the latter
adsorbents [61–63].

As shown in Table 11, the analysis of the BET surface area was conducted for the
ZnAc2/CAC_O and ZnAc2/CAC_N adsorbents. In order to determine the specific sur-
face area and the pore size distribution, an analysis was carried out of the N2 adsorp-
tion/desorption for the fresh and the exhausted samples denoted as ZnAc2/CAC_O (F),
ZnAc2/CAC_N (F), ZnAc2/CAC_O (E), and ZnAc2/CAC_N (E). The surface area was
calculated using a BET isotherm calculation, while the pore volume and the average pore
volume were calculated at P/Po of 0.98 through the N2 adsorption isotherm. The pores
included all the micropore, mesopore, and macropore volumes.

Table 11. Porous properties for regeneration of optimized and non-optimized adsorbents.

Adsorbents BET Surface Area,
m2/g

Total Pore Volume,
m3/g (×10−7)

Vmicro/Vtotal
(%)

Pore Size,
Å

ZnAc2/CAC_O (F) 713.81 3.49 0.78 19.33
ZnAc2/CAC_O (E) 649.56 2.92 0.74 18.04
ZnAc2/CAC_N (F) 717.41 3.48 0.77 19.26
ZnAc2/CAC_N (E) 656.75 2.94 0.74 17.93

Upon the adsorption–desorption of H2S, the BET surface area was influenced by
the impregnation of ZnAc2 as chemical compound in CAC and the presence of H2S and
its elements on the adsorbent which cause pores blocking by the H2S components as
previously observed [32]. The optimized adsorbents (ZnAc2/CAC_O) showed a slightly
lower BET surface area than the non-optimized adsorbents (ZnAc2/CAC_N) because of
the different parameter conditions for the prepared catalytic adsorbents. It is suggested the
decrease in the BET surface area could be due to the increase of ZnAc2 molarity used, hence
blocking of some micropores on the adsorbent as mentioned previously. The exhausted
adsorbents also showed a decrease in the BET surface area, total pore volume, volume
ratio, and pore size, as a result of the interaction of H2S with adsorbents which cause a
blocking of the pores.

3.6. Performance of Adsorption–Desorption Cycle

The performance of the adsorbents was investigated through the adsorption degrada-
tion in the adsorption–desorption regeneration cycle. As ZnAc2 composited as a catalyst on
the adsorbents’ surfaces was synthesis and observed the adsorption capacity performance
through adsorption–desorption regeneration cycle. The adsorption capacity was calculated
using the adsorption breakthrough time with the concentration change known as the mass
transfer zone through downwards within the bed till further away from the inlet stream.

The H2S adsorption capacity was compared between the optimized and the non-
optimized adsorbents in order to observe the adsorbents’ performance, as illustrated
in Table 12 and Figure 12. Thus, the optimized adsorbents (ZnAc2/CAC_O) showed
excellent performance based on the adsorption capacity, which was higher than that of
the non-optimized adsorbents (ZnAc2/CAC_N) with an adsorption capacity difference
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of 49.3%. However, the performance of the optimized and the non-optimized adsorbents
exhibited a degradation of up to 16% and 23% in the adsorption capacity throughout the
regeneration cycle.

Table 12. Comparison of adsorption capacity in regeneration of adsorption–desorption H2S.

Cycle Adsorption Capacity, mg H2S/g
ZnAc2/CAC_O

Adsorption Capacity, mg H2S/g
ZnAc2/CAC_N

1 2.12 1.42
2 1.89 1.16
3 1.78 1.09

Figure 12. Regeneration adsorption–desorption curve for (a) optimized adsorbent and (b) non-
optimized adsorbent.

In actual operation, the impregnation of activated carbon could involve physisorp-
tion and chemisorption which are both important for accelerating the adsorption process
through physical forces or to catalyze the oxidation. Since the chemisorption probably
can happen during the adsorption process, the degradation of the adsorbent could oc-
cur [64]. However, in this study, the adsorbent can still be regenerated in several adsorption–
desorption cycles as shown in the capability of the adsorbent to adsorb the H2S in the
following cycles as shown in Figure 12. As discussed in a previous study, the presence
of S elements throughout H2S adsorption–desorption cycle can effectively remove the
S elements on the adsorbent’s surface up to 98% [30]. In this study, based on previous
EDX analysis as shown in Table 10, after the desorption process, the S element decreased
to almost similar composition with the fresh adsorbent as indicated the physisorption
occurred during adsorption process as mentioned previously. However, there are slightly
remaining S elements (as compared to the fresh adsorbent) which could be due to insuffi-
cient desorption process, i.e., non-optimized conditions for the desorption process, and
probably due to complex mechanisms that happen during H2S adsorption-desorption
process. Hence, it probably could lead to a degradation of the H2S adsorption capabilities
for the following cycle of adsorption–desorption [62] as shown in Table 12 and Figure 12.

However, the degradation was low in each cycle, and the H2S adsorption capacity
could be enhanced by using a different desorption method in future works. Therefore, as
proven by the previous characterization study, the performance of the optimized adsorbents
improved the capabilities of the adsorbents as compared to the non-optimized adsorbents.

4. Conclusions

The performance of catalytic adsorbents for H2S captured using the adsorption tech-
nique was examined through the impregnation of ZnAc2 on the activated carbon surfaces.
The optimization was carried out using RSM and the Box–Behnken experimental design to
determine the optimum conditions for the adsorbent synthesis. Several factors and levels
were evaluated, including the ZnAc2 molarity, soaked period, and soaked temperature,
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along with the response of the H2S adsorption capacity and the BET surface area. From
the statistical analysis, the optimum points for ZnAc2 molarity, soaked period, and soaked
temperature were obtained as 0.22 M, 48.82 min, and 95.08 ◦C, respectively. Furthermore,
the optimized adsorbents (ZnAc2/CAC_O) improved the adsorbent efficiency by up to 49%
of the adsorption capacity as compared to the non-optimized adsorbents (ZnAc2/CAC_N).
The optimized ZnAc2 as the active catalyst dispersed onto the microporous materials of
the activated carbon and improve the interaction of H2S on adsorbent during the adsorp-
tion process. It was observed that the S element increase with the exhausted adsorbent
from fresh adsorbent and the S element of optimized adsorbent was higher compared
to that non-optimized. Based on the adsorption–desorption cycle, it was revealed the
adsorbent slightly degraded by referring the calculated H2S adsorption capacity up to
16% and 23% for optimized and non-optimized adsorbents, respectively throughout the
cycles. It is suggested the degradation could be due to insufficient desorption process, i.e.,
non-optimized conditions, and probably due to complex mechanisms that happen during
the adsorption–desorption process. Hence, comprehensive studies are required in the
future to analyze the adsorbent degradation by optimizing the conditions of the desorption
process and analyze the mechanism of adsorption-desorption of H2S on the adsorbent.
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Nomenclature List

χi Encoded value of an independent variable
xi Actual value of an independent variable
x0 Actual value of a center point’s independent variable
∆x Phase shift value of an independent variable
Y Response variable
α0 Model constant
αi Linear coefficient
αii Quadratic coefficient
αij Interaction coefficient
ε Statistical error
N Number of runs
k Number of variables

103



Catalysts 2021, 11, 545

CN Number of center points
MSS Mean square
MSF Mean square of factors (interactions)
MSE Mean square of errors
A Molarity
B Soaked period
C Soaked temperature
Q Adsorption capacity, mg H2S/g
R2 Coefficient of determination
DF Degree of freedom
Prob Probability
PRESS Predicted residual error sum of squares
C.V Coefficient variation
F-value Fisher’s variance ratio
Prob > F Probability value
C Outlet concentration
CO Inlet concentration
BET Brunauer–Emmett–Teller
SEM Scanning electron microscopy
EDX Energy dispersive X-ray analysis
CAC Commercial coconut activated carbon
AC Activated carbon
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Abstract: Wettability is an important factor affecting the performance of catalytic oxidative desul-
furization. In order to develop an efficient catalyst for the extractive coupled catalytic oxidative
desulfurization (ECODS) of fuel oil by H2O2 and acetonitrile, a novel family of imidazole-based
polyoxometalate dicationic ionic liquids (POM-DILs) [Cn(MIM)2]PW12O40 (n = 2, 4, 6) was synthe-
sized by modifying phosphotungstic acid (H3PW12O40) with double imidazole ionic liquid. These
kinds of catalysts have good dispersity in oil phase and H2O2, which is conducive to the deep
desulfurization of fuel oil. The catalytic performance of the catalysts was studied under different
conditions by removing aromatic sulfur compound dibenzothiophene (DBT) from model oil. Results
showed that [C2(MIM)2]PW12O40 had excellent desulfurization efficiency, and more than 98% of
DBT was removed under optimum conditions. In addition, it also exhibited good recyclability,
and activity with no significant decline after seven reaction cycles. Meanwhile, dibenzothiophene
sulfone (DBTO2), the only oxidation product of DBT, was confirmed by Gas Chromatography-Mass
Spectrometry (GC-MS), and a possible mechanism of the ECODS process was proposed.

Keywords: polyoxometalate; dicationic ionic liquids; extraction; oxidative desulfurization; diben-
zothiophene

1. Introduction

With the development of the economy, traditional fossil fuels still occupy a large
proportion of supply and demand in the market [1]. Some sulfur compounds contained
in fuel oil, such as mercaptan, thioether, thiophene and their derivatives, will produce
sulfur oxides during combustion, which can lead to a series of environmental problems
such as acid rain and haze [2–4]. Therefore, many countries are constantly strengthening
the control standards of sulfur content in fuel oil. Improving the technology to produce
high quality fuel oil in accordance with the standards has become a top priority for re-
fineries [5,6]. Hydrodesulfurization (HDS) is the most mature technique and has been
applied in industry [7–10]. It can efficiently eliminate aliphatic sulfur compounds, such as
mercaptan and thioether. However, in addition to the harsh operation conditions, HDS is
not effective for removing aromatic sulfur compounds and their derivatives with steric hin-
drance [11,12]. In this context, as a nonhydrodesulfurization technology that can achieve
deep desulfurization of fuel oil under mild conditions, the ECODS process has become
a main focus due to its simplicity and effectiveness [13–16]. Although various types of
solvents and oxidants have been used in the desulfurization process, and also play an
important role, the biggest challenge for a successful ECODS process is to use catalysts
with high activity.

Polyoxometalates (POMs), represented by H3PW12O40, have been widely used as
the catalysts for oxidative desulfurization under mild conditions of the model oil sys-
tem due to their strong Bronsteic acidities and redox properties [17–20]. On the other
hand, ionic liquids (ILs), as a prominent catalyst/extractant with low vapor pressure,
good thermal stability, recyclability and environmental friendliness, are also usually
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used in desulfurization reactions [21]. However, the shortcomings of POMs and ILs
are the main obstacles to their industrial application. For example, the small specific
surface area of POMs (<10 m2/g) makes their catalytic activity low [22], and the liquid
properties of ILs make them difficult to separate and recover. In order to solve those
problem, according to the characteristics that specific ILs with different properties can
be designed by the combination of different cations and anions [23], and the catalytic
performance of POMs can be regulated by the electrostatic interaction and hydrogen
bonding between the cations of specific ionic liquids and the anions of POMs [24], a
new type of POM-IL with different physical and chemical properties, which is formed
by the combination of heteropolyanions and organic cations, has attracted widespread
attention. Huang et al., synthesized a heteropolyanionic-based ionic liquid catalyst [(3-
sulfonic acid) propylpyridine]3PW12O40·2H2O ([PSPy]3PW12O40·2H2O) by the reaction of
N-Propanesulfone pyridinium with an aqueous solution of H3PW12O40, which showed
high catalytic activity and excellent recyclability in the oxidative desulfurization of fuel
oil [25]. Our groups successively synthesized a kind of POM-IL, [Hmim]5PMo10V2O40 [26],
[C3H3N2(CH3)(CnH2n)]5PMo10V2O40 ([Cnmim]PMoV n = 2, 4 and 6) [27], by the reaction
of molybdovanadophosphoric acid (H5PMo10O40) with N-methylimidazole and imida-
zole bromides, respectively, and applied it as a catalyst to the desulfurization process
with H2O2 as the oxidant. The results showed that 99.1% and 100% of dibenzothiophene
(DBT) in the model oil are removed, respectively, and the catalytic activity of POM-ILs
decreased slightly after six cycles. However, these systems still need more catalysts and
a relatively long reaction time to achieve ideal desulfurization efficiency. Therefore, it is
necessary to find other methods to improve the economic applicability and effectiveness of
the catalysts. In recent years, many other types of POM-ILs have been used as catalysts for
oxidative desulfurization, such as [C11H9N(CH2)4SO3H]3PW12O40 (PhPyBs-PW) [28], [3-
(pyridine-1-ium-1-yl)propane-1-sulfonate]3(NH4)3Mo7O24·4H2O ([PyPS]3(NH4)3Mo7O24)
[C6H5NO2CH2(CH2)2CH3]7PMo12O40 ([29] and (NKBu)7PMo12O42) [30], which can effec-
tively improve the desulfurization efficiency in a short period of time with a small amount
of catalyst. However, it is rarely reported that POM-based dicationic ionic liquids with
higher thermal stability, good wettability and high activity are used as catalysts for oxida-
tive desulfurization. DILs are a new type of ionic liquid compound with higher stability
and lower toxicity, which consists of two monomers linked by alkyl or aryl groups [31–34].
Compared with the traditional monocationic ILs, DILs have a larger cationic volume,
which makes the π-π interaction between cations and aromatic sulfides stronger, and can
effectively remove aromatic sulfides in fuel oil. In addition, through electrostatic interaction
and hydrogen bonding, the double cation can be well connected with the anion, so as to
improve the overall catalytic activity of the catalyst. Due to their unique properties, DILs
have been successfully used and achieved ideal effects in esterification, supercapacitor,
biodiesel catalysis and extractive desulfurization as eutectic solvents/catalysts, electrolyte
additives, catalysts and extractant, respectively [35–38]. In our group’s recent research
results, a series of novel binuclear magnetic ionic liquids (MILs) [Cn(MIM)2]Cl2/mFeCl3
(n = 2, 4 or 6 and m = 1, 2 or 3) were synthesized and used as catalysts for the desulfuriza-
tion with oxidant H2O2 and extractant acetonitrile [39]. The results showed that 97.07%
desulfurization efficiency can be achieved in 10 min, showing ultrahigh catalytic activity
of MILs.

Inspired by the above research, we are deeply interested in the preparation of novel
POM-DILs and their application in the field of catalytic oxidative desulfurization. In this
work, in order to give full play to the advantages of POMs and DILs, we prepared a new
kind of POM-DIL catalyst [Cn(MIM)2]PW12O40 (n = 2, 4, 6) with H3PW12O40 modified
by imidazole-based DILs, and the catalyst was further applied in ECODS system, which
was constructed with H2O2 as the oxidant and acetonitrile as the extractant. The optimum
reaction conditions and parameters were determined. In addition to their high thermal
stability, the catalysts also showed high catalytic activity for the removal of DBT from
model oil due to their excellent wettability. At the same time, the recycling performance of
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the catalyst was also explored. Finally, based on the corresponding characterization results,
the possible mechanism of the desulfurization process was proposed.

2. Results and Discussion
2.1. Characterization of Catalyst

Fourier transform infrared spectroscopy (FT-IR) is a suitable technique to prove the
success of catalyst synthesis. The FT-IR spectra (wavelength range from 4000 to 500 cm−1)
of catalysts [C2(MIM)2]PW12O40, [C4(MIM)2]PW12O40, [C6(MIM)2]PW12O40 are shown
in Figure 1a. The absorption peak near 2950 cm−1 was attributed to the C-H stretching
vibration of imidazole ring. The stretching vibration absorption peaks around 1630 and
1564 cm−1 were attributed to C=C and C=N skeleton vibrations on the aromatic ring,
respectively. The peaks at 1463, 1408 cm−1, 1341 and 1253 cm−1 were related to C–N
heterocycles. In the range of 870-1100 cm−1, four characteristic absorption peaks of Keggin
structure were observed in all three catalysts, which were 1084 (P-O), 983 (W=O), 898
(W-Oc-W corner-sharing) and 800 cm−1 (W-Oe-W edge-sharing), respectively. This was
consistent with the characteristic peaks of H3PW12O40 in Figure 1b, which showed that the
catalysts still had the Keggin structure of PW12O40

3−.

Figure 1. Cont.
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Figure 1. Characterizations of the samples. (a) FT-IR spectra of catalysts; (b) FT-IR spectra of
H3PW12O40; (c) XRD patterns of catalysts; (d) XRD patterns of H3PW12O40; (e) Ultraviolet visible
(UV-vis) spectra of catalysts; (f) Thermogravimetric (TG) curve of catalysts.

X-ray diffraction (XRD) also provided strong evidence to support the successful
synthesis of catalysts. Compared with the XRD pattern (2θ from 5◦ to 50◦) of catalysts
(Figure 1c) and H3PW12O40 (Figure 1d), some diffractive peaks of the three catalysts were
obtained at near 10◦, 21◦ and 32.8◦. This was due to the disappearance of coordination
water H5O2

+ and H3O+ which interact with the anions of the Keggin structure by replacing
the secondary structure proton of H3PW12O40 with [Cn(MIM)2]2+ (n = 2, 4, 6).

UV-vis spectroscopy is a rapid and accurate method to determine the molecular
structure of organic compounds and the charge transfer behavior of catalysts. The UV-vis
spectra of the catalysts are shown in Figure 1e. There were two characteristic peaks in
the range of 190–400 nm near the ultraviolet region, which were related to the electronic
properties of the center metal atoms in the anions of the catalyst structure. This structure
was similar to [PW12O40]3− [40]. The absorption peaks at 203, 196 and 191 nm of the three
catalysts were caused by O→P transition, and the strong absorption peaks at 266, 266
and 267 nm of the three catalysts were considered to charge the transfer of metal atoms
(O2−→W6+), where W atoms were located in W-Oe-W intrabridges between edge-sharing
WO6 octahedra in the Keggin units.

By recording the TG curve of the synthesized catalysts, the thermal stability of the
catalysts can be clearly displayed in Figure 1f. The first mass loss occurred at 100 ◦C,
which was caused by the disappearance of physical water and crystallization water in the
catalyst. With the increase in temperature, the weight loss within the range of 300 to 800 ◦C
was related to the decomposition of catalysts. The [Cn(MIM)2]2+ cation was decomposed
first; the initial decomposition temperature of the three POM-DIL catalysts was 495 ◦C for
[C2(MIM)2]PW12O40, 420 ◦C for [C4(MIM)2]PW12O40 and 427 ◦C for [C6(MIM)2]PW12O40.
Then, the PW12O40

3− anion was decomposed at about 600 ◦C [25]. From the results, it can
be concluded that the reasons for the high thermal stability of POM-DIL catalysts were
not only the cation symmetric structure of the double imidazole ring but also the Keggin
structure of the anion. At the same time, the carbon chain length of cations had no obvious
effect on the thermal stability of the catalysts.

In order to further accurately determine the moisture in the samples, the content of
free water in the samples was determined by the Karl Fischer Titrator (KFT) Ipol method
with the Karl Fischer Moisture Titrator (870 KF Titrino plus), and the results are listed in
Table 1. From the test results, the moisture content in the sample was extremely small, and
the purity of each sample could reach 99%.
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Table 1. The moisture in the samples.

Samples First Determination
(%)

Second Determination
(%)

Average Value
(%)

[C2(MIM)2]PW12O40 0.43 0.47 0.45
[C4(MIM)2]PW12O40 0.83 1.32 1.08
[C6(MIM)2]PW12O40 0.19 0.19 0.19

X-ray photoelectron spectroscopy (XPS) characterization is a powerful technique
to determine the composition, content and molecular structure of catalysts [41]. The
composition of the catalyst [C2(MIM)2]PW12O40 was analyzed by XPS, as can be seen from
the survey spectrum of the sample (Figure 2a), the catalyst was mainly composed of C, N,
O, P and W elements. The contents of each element are listed in Table 2. The results showed
that [C2(MIM)2]PW12O40 was mainly composed of C and O elements. At the same time,
the higher O content indicated that there were abundant oxygen-containing groups in the
catalyst, which was consistent with the characterization results of FT-IR. The XPS spectrum
of C1s (Figure 2b) can be fitted into three peaks with binding energies of 285.3, 284.5 and
283.3 eV, respectively, which were attributed to C=N–C, C–C/C=C and C=N. In the XPS
spectra of N 1s, O 1s and P 2s (Figure 2c–e), the corresponding binding energies were 400,
529.5 and 132.9 eV, which correspond to C-N, O2− and P-O, respectively. The two peaks at
36.7 and 34.6 eV (Figure 3f) were attributed to W 4f5/2 and W 4f7/2. Compared with the
existing literature [42,43], due to the electrostatic interaction between the cation and the
anion, significant electron shift was observed in the W4f spectra. The results showed that
the surface electron density of the catalysts was effectively enhanced, which was conducive
to the formation of hydroxyl radicals, thus improving the overall ECODS performance.

Table 2. Element composition and content of [C2(MIM)2]PW12O40.

Elements Atomic (%)

C 27.29
N 10.03
O 47.93
P 3.12
W 11.63

Figure 2. Cont.
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Figure 2. XPS spectra of [C2(MIM)2]PW12O40; (a) Survey of the catalyst; (b) C 1s; (c) N 1s; (d) O 1s;
(e) P 2p; (f) W 4f.

Figure 3 shows the results of hydrophilicity and hydrophobicity tests of the catalysts.
The instantaneous contact angles of a water droplet on the three POM-DIL catalysts were all
less than 90◦. The contact angle of [C2(MIM)2]PW12O40 was also measured with n-octane
as the testing droplet. The results showed that the instantaneous contact angle between the
oil droplet and the catalyst surface was almost 0. These results indicated that the catalysts
have good wettability for both H2O2 and n-octane, which can effectively improve the
utilization rate of the oxidant and the overall desulfurization efficiency.

2.2. Catalytic Activity of Catalyst

Table 3 summarizes and compares the effects of different kinds of POM-IL catalysts on
the DBT removal effect in fuel oil under major reaction parameters, such as the H2O2/DBT
molar ratio (n(H2O2)/n(S)), reaction temperature and reaction time. The results showed
that increasing the length of the carbon chain in catalyst cation has no obvious effect on
the desulfurization effect under the same reaction conditions. However, when the volume
of cation increased, the desulfurization effect was obviously improved. On one hand, the
catalyst had good wettability in the oil phase and H2O2, which can rapidly interaction with
H2O2 and oil. When the catalyst was fully contacted with the oxidant, it could decompose
more active substances [44], which was more conducive to the removal of sulfide. On the
other hand, the large cations had higher aromatic π electron density, which could effectively
enhance the π-π interaction between the double imidazole ring and the thiophene ring, thus
making POM-DILs have excellent desulfurization performance. Considering the economic
factors and desulfurization effect, [C2(MIM)2]PW12O40 was selected for the subsequent
desulfurization research.
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Figure 3. Contact angles of water droplets on the surface of the catalyst: (a) [C2(MIM)2]PW12O40; (b)
[C4(MIM)2]PW12O40 and (c) [C6(MIM)2]PW12O40. Contact angles of n-octane droplets on the surface
of the catalyst: (d) [C2(MIM)2]PW12O40.

Table 3. Comparison of different catalysts for removal of dibenzothiophene (DBT) in model fuel.

Catalyst Reaction Conditions S-Removal (%) Ref

[C2(MIM)2]PW12O40
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; 50 ◦C; 60 min;

acetonitrile = 0.5 mL; V(model oil) = 5 mL 98.4 This work

[C4(MIM)2]PW12O40
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; 50 ◦C; 60 min;

acetonitrile = 0.5 mL; V(model oil) = 5 mL 97.0 This work

[C6(MIM)2]PW12O40
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; 50 ◦C; 60 min;

acetonitrile = 0.5 mL; V(model oil) = 5 mL 95.5 This work

[C4mim]3PW12O40 m(catalyst) = 0.03 g, 60 ◦C, 30 min, n(H2O2)/n(DBT) = 3 11.4 [45]
[C8mim]3PW12O40 m(catalyst) = 0.03 g, 60 ◦C, 30 min, n(H2O2)/n(DBT) = 3 10.3 [45]
[C16mim]3PW12O40 m(catalyst) = 0.03 g, 60 ◦C, 30 min, n(H2O2)/n(DBT) = 3 12.5 [45]
Cs2.5H0.5PW12O40 60 min; 60 ◦C; O/S = 15; acetonitrile = 60 mL 70.5 [46]

[C16mim]3PW12O40 m(catalyst) = 0.01 g; 60 ◦C; 1 h; O/S = 3; [Bmim]BF4 = 1 mL 21.4 [47]

The solubility of catalysts in different solvents is an important factor to be considered
in their application. Therefore, the solubility of the catalyst in model oil and acetonitrile
was tested. According to the results in Table 4, the catalysts were slightly dissolved in
n-octane and acetonitrile, and tended to be dissolved in acetonitrile with relatively strong
polarity. Combined with the desulfurization effect in Table 3, the partial dissolution of the
catalyst in solvent had little effect on desulfurization efficiency and oil quality, which can
be almost ignored.
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Table 4. Solubility of catalyst in n-octane and acetonitrile.

Catalyst Solvent Solubility
(g/100 g) Solvent Solubility

(g/100 g)

[C2(MIM)2]PW12O40 n-octane 0.0276 Acetonitrile 0.0325
[C4(MIM)2]PW12O40 n-octane 0.0193 Acetonitrile 0.0275
[C6(MIM)2]PW12O40 n-octane 0.0166 Acetonitrile 0.0250

Condition: m(catalyst) = 0.005 g; V(solvent) = 5 mL; T=50 ◦C; t = 60 min.

After the ECODS system was established, the initial reaction conditions were opti-
mized to ensure the best desulfurization efficiency. The effect of reaction temperature
on the removal of sulfide DBT from model oil was investigated, and the results are dis-
played in Figure 4. When the temperature increased from 20 to 80 ◦C, the desulfurization
efficiency showed a trend of increasing first and then decreasing. This was because the
oxidation reaction was limited by kinetics and POM-DILs could not effectively catalyze
desulfurization at low temperature [48]. With the increase in reaction temperature, the
activity of the catalyst and oxidant was gradually enhanced, and the oxidation rate of DBT
into DBTO2 was accelerated. However, with the further increase in reaction temperature,
the desulfurization efficiency would decrease slightly due to the gradual decomposition
of H2O2 and the deactivation of active components [16,49]. Therefore, the best reaction
temperature was determined to be 50 ◦C.

Figure 4. Effect of reaction temperature on desulfurization. Reaction conditions: V(oil) = 5 mL;
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; V(acetonitrile) = 0.5 mL; t = 60 min.

It can be seen from Figure 5, the desulfurization efficiency increased greatly in the
initial stage of the reaction. After the reaction for 60 min, the desulfurization efficiency
reached the maximum. This may be because the sulfide content in the model oil was
highest in the initial reaction stage, so both the extraction rate and oxidation rate were
much higher than the other reaction stage. Then, with the increase in reaction time, the
overall desulfurization reaction tended to equilibrium, and the desulfurization efficiency
did not increase significantly, or even slightly decreased, which was due to the partial
volatilization of n-octane in a longer reaction time. Therefore, taking into account the effect
of reaction time, the t = 60 min was selected to be used in the rest of the experiments.
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Figure 5. Effect of reaction time on desulfurization. Reaction conditions: V(oil) = 5 mL;
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; V(acetonitrile) = 0.5 mL; T = 50 ◦C.

The influence of the catalyst amount on the desulfurization effect was also considered.
As shown in Figure 6, without catalyst, the desulfurization effect was 67.11%. When the
molar ratio of catalyst to sulfide was increased to 0.025, the desulfurization effect was
increased to 98.35%. According to the reported literature [50], the high catalytic efficiency of
H3PW12O40 composites in oxidative desulfurization (ODS) was mainly due to the existence
of catalytic active center W=O. Therefore, we speculated that with the increase in the
amount of catalyst, the active sites provided for oxidative desulfurization increased, which
promoted the effective removal of DBT. When the molar ratio of catalyst to sulfide was
further increased, the desulfurization effect did not change obviously. Therefore, 0.025 was
a suitable molar ratio of catalyst to sulfide.

Figure 6. Effect of the mole ratio of catalyst to sulfide on desulfurization. Reaction conditions:
V(oil) = 5 mL; n(H2O2)/n(S) = 6; V(acetonitrile) = 0.5 mL; t = 60 min; T=50 ◦C.

The effect of oxidant dosage on the removal of sulfide DBT from model oil was pre-
sented in Figure 7. When the desulfurization system was carried out in the absence of H2O2,
the desulfurization efficiency was only about 67.48%. However, when the n(H2O2)/n(S)
was increased from 0 to 4, the conversion of DBT was improved significantly. After further
increasing the n(H2O2)/n(S) to 6, the removal of DBT could reach 98.35%. According
to the stoichiometric reaction, the oxidation of 1 mol DBT to the corresponding sulfones
requires 2 mol of H2O2 [51]. In theory, the excessive amount of H2O2 was beneficial to
fully oxidize DBT to sulfones. In practice, considering the desulfurization efficiency and
excessive oxidant may cause oil pollution, n(H2O2)/n(S) = 6 was appropriate.
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Figure 7. Effect of the mole ratio of oxidant to sulfide on desulfurization. Reaction conditions:
V(oil) = 5 mL; n(catalyst)/n(S) = 0.025; V(acetonitrile) = 0.5 mL; t = 60 min; T = 50 ◦C.

The effect of the extractant dosage on DBT removal from model oil is shown in Figure 8.
When the desulfurization test was conducted without acetonitrile as the extractant, the re-
moval rate of DBT in the model oil reached 69.49%, which was the result of the combination
of oxidant and catalyst. With the increase in the dosage of extractant, the desulfurization
effect was significantly improved. This was because when the catalyst, oxidant and extrac-
tant were added to the reactor, an environment similar to the emulsion was formed. This
environment could effectively increase the contact among the catalyst, oxidant and sulfide,
so as to improve the desulfurization efficiency. When the amount of extractant became
greater than 0.5 mL, the desulfurization efficiency was slightly improved. Therefore, 0.5 mL
extractant was suitable for sulfide extraction.

Figure 8. Effect of extractant dosage on desulfurization efficiency. Reaction conditions: V(oil) = 5 mL;
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; t = 60 min; T = 50 ◦C.

Many ILs have been developed which are used as both the catalyst and extractant.
Usually, the cation side of ILs influences the extraction ability of this material for DBT
removal [38]. Therefore, the extraction ability of DILs was investigated. The results in
Table 5 show that the DILs also exhibited a certain extraction ability. Due to the higher
aromatic π-electron density of DILs, a stronger π-π interaction could be formed between
the cations of DILs and aromatic sulfides, so DILs have a higher extraction efficiency than
monocationic ionic liquids and ordinary organic solvents.
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Table 5. Effect of different extractants on the removal of DBT.

Entry Extractants Sulfur Removal (%)

1 [C2(MIM)2]Cl2 68.67
2 [C4(MIM)2]Cl2 60.66
3 [C6(MIM)2]Cl2 57.21
4 Acetonitrile 48.37
5 Methanol 31.68
6 BMIMBF4 55.17
7 BMIMPF6 56.86

Reaction conditions: V(oil) = 5 mL; V(extractant) = 0.5 mL; t = 60 min; T = 50 ◦C.

2.3. Recycling of Catalysts

The recyclability of the POM-DIL catalyst in the reaction system was further investigated
from the perspective of economic cost. After the reaction, the upper oil phase was taken
for analysis. The solvent in the system was separated by the decanting method, and the
catalyst was dried at 100 ◦C to remove the residual H2O2, acetonitrile and model oil. Then,
the catalyst was reused for the next cycle by the addition of fresh model oil, oxidant and
extraction agent. Each group of data was repeated at least three times, and the standard
deviation was less than 1.2. As results show in Figure 9, the desulfurization rate was still up
to 89.42% after seven cycles of the catalyst. Compared with the catalytic performance of the
fresh catalyst, the desulfurization effect was only slightly reduced (<10%), indicating that the
catalyst [C2(MIM)2]PW12O40 had good recycling performance. In addition, the compounds
in the oil phase before and after desulfurization were tested by gas chromatography-flame
ionization detection (GC-FID). It can be seen from the results in Figure 10 that the oxidation
product DBTO2 of DBT was detected in the oil phase after the reaction, which indicated that
some oxidation products were still in the oil phase. It could be inferred from the results that
with the increase in the number of cycles, the decrease in desulfurization efficiency might be
partly due to the presence of oxidation product in the oil phase, which resulted in the blocking
of mass transfer in the reaction process. Figure 11 shows the infrared spectrum analysis of the
recycled catalyst and fresh catalyst. After recycled tests, the structure of the catalyst was not
destroyed, indicating that the catalyst has excellent stability.

Figure 9. Desulfurization efficiency of recycling system. Reaction conditions: V(oil) = 5 mL;
n(catalyst)/n(S) = 0.025; n(H2O2)/n(S) = 6; t = 60 min; T = 50 ◦C; V(acetonitrile) = 0.5 mL.
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Figure 10. GC-FID of the model oil containing DBT before and after desulfurization in the
proposed system.

Figure 11. FT-IR spectra of fresh and recycled [C2(MIM)2]PW12O40.

2.4. Oxidation Product and Reaction Mechanism

The oxidation product of DBT was further verified by Gas Chromatography-Mass
Spectrometry (GC-MS), and the results are shown in Figure 12. From the analysis results, it
can be concluded that the oxidation product of DBT in model oil was DBTO2 (m/z = 216.0).
Based on our research and the related literature reports [52], we hypothesized the reaction
mechanism of ECODS, as shown in Scheme 1. It was assumed that DBT was first extracted
into the extraction phase by acetonitrile and POM-DILs with the extraction function. In
the process of catalytic oxidation, [PW12O40]3− in the catalyst was oxidized by H2O2
to the intermediate product [PO4{W(O)(O2)2}4]3− with strong oxidation, and H2O2 was
activated to form ·OH (the catalytically active O species). Then, by a redox reaction between
DBT and the intermediate product and hydroxyl radical, DBT was selectively oxidized
to DBTO2, and [PO4{W(O)(O2)2}4]3− was reduced to the original [PW12O40]3−. As the
reaction proceeded, DBT was continuously oxidized and extracted, and the content of
DBT in the oil phase was continuously reduced, while the oxidation product DBTO2 was
continuously accumulated in the extraction phase until the end of the reaction.

Figure 12. Gas Chromatography-Mass Spectrometry (GC-MS) analysis of catalyst after reaction.
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Scheme 1. Proposed mechanism for the oxidation of DBT in the ECODS.

3. Materials and Methods
3.1. Materials

1-Methylimidazole, 1,2-dichloroethane, 1,4-dichlorobutane, 1,6-dichlorohexane, DBT
and H3PW12O40 were purchased from MACKLIN (Shanghai, China). Acetone, H2O2 (30%),
acetonitrile, ethanol and n-octane were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All the reagents and chemicals were directly used in experiments
without any purification.

3.2. Synthesis of Catalyst

POM-DIL catalysts were prepared by a two-step method. Take [C2(MIM)2]PW12O40
as an example, and the synthesis steps are shown in Scheme 2. 1-methylimidazole (3.284 g,
0.04 mol) and 1,2-dichloroethane (1.9792 g, 0.02 mol) were charged into a 100 mL round-
bottomed flask with a condensation reflux device. Under solvent-free conditions, the
reaction mixture was stirred at 90 ◦C for 2–4 h until white solid appeared. The white
solid intermediate product [C2(MIM)2]Cl2 was washed repeatedly with acetone to re-
move nonionic residues and dried at 80 ◦C in a vacuum for 6 h. Then, [C2(MIM)2]Cl2
(0.3946 g, 1.5 mmol) and H3PW12O40 (2.8800 g, 1.0 mmol) were dissolved in 30 mL dis-
tilled water and stirred for 2 h at room temperature. After centrifugation and drying, the
final catalyst [C2(MIM)2]PW12O40 was obtained. Preparation of [C4(MIM)2]PW12O40 and
[C6(MIM)2]PW12O40 was similar to that of [C2(MIM)2]PW12O40. The results of 1H nuclear
magnetic resonance (1H NMR) spectroscopy (400 MHz, DMSO) characterization were as
follows: [C2(MIM)2]PW12O40: δ 8.98 (s, 2H), 7.72 (s, 2H), 7.57 (s, 2H), 4.65 (s, 4H), 3.86 (s,
6H), 3.37 (s, 6H), 2.52 (s, 2H). [C4(MIM)2]PW12O40: δ 9.07 (s, 2H), 7.72 (s, 2H), 4.20 (s, 4H),
3.86 (s, 6H), 3.37 (s, 6H), 2.50 (s, 2H). 1.79 (s, 2H). [C6(MIM)2]PW12O40: δ 9.07 (s, 2H), 7.72
(s, 2H), 4.20 (s, 4H), 3.86 (s, 6H), 3.48 (s, 6H), 2.52 (s, 4H), 1.81 (s, 2H), 1.30 (s, 2H).
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Scheme 2. Synthetic route of [C2(MIM)2]PW12O40.

3.3. Characterization
1H NMR spectra were obtained on BRUKER AVANCE 400 (Karlsruhe, Germany)

using dimethyl sulfoxide (DMSO) as the solvent. Fourier transform infrared spectroscopy
(FT-IR) analyses were performed on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher,
Waltham, MA, USA) using KBr pellets at room temperature. XRD was performed on an
Empyrean X-ray diffractometer (PANalytical B.V., Almelo, The Netherlands) equipped
with Cu-Kα source. The scan speed and step size were 5◦/min and 0.02◦, respectively. UV-
vis spectra were obtained with a UV-vis spectrometer (UVmini-1280, Shimadzu, Suzhou,
China) in acetonitrile. TG analyses were carried out on Microcomputer differential thermal
balance HCT-3 instrument (Beijing Hengjiu Scientific Instrument Factory, Beijing, China)
from 35 to 800 ◦C, with a heating rate of 10 ◦C /min in N2 atmosphere. The moisture
content was determined on a Karl Fischer Moisture Titrator (870 KF Titrino plus, Heirishau,
Switzerland). The main components of KF reagent were I2, SO2, pyridine (buffer) and
methanol (solvent). XPS was carried out on ESCALAB250xi (Thermo Scientifle, Waltham,
MA, USA) with a monochromatic Mg-Kα source with 1487 eV of energy to explore the
surface composition. The contact angle tests were conducted on a contact angle instrument
(JC2000D, Shanghai Zhongchen Digital Technic Apparatus Co. Ltd., Shanghai, China). The
oxidation product of DBT in the model oil was measured by GC-MS (Agilent 5975C, Santa
Clara, CA, USA) and the signals were collected from 4 to 16 min.

3.4. Oxidative Desulfurization Process

Model oil containing specific sulfide was selected for the test. In this experiment, DBT
(500 mg/L) was used as model oil substrate and n-octane as solvent to form model oil.
Firstly, a certain amount of catalyst, H2O2 (30%) and acetonitrile were added to a 100 mL
round bottomed flask containing 5 mL of model oil. Then, the mixture was magnetically
stirred for a period of time in a thermostatic water bath. After the reaction, the mixture
precipitated for a certain time, the upper oil phase was taken and the sulfide content was
determined by GC-FID (VF-1column type; 30 m× 0.25 mm× 0.25 µm; column temperature:
230 ◦C; the temperature was raised from 100 to 230 ◦C at the rate of 20 ◦C /min and kept
for 2 min; injection temperature: 300 ◦C; detector temperature: 320 ◦C). Each group of data
was repeated at least three times. According to the initial and final sulfur content in the
model oil, the desulfurization efficiency can be calculated as follows: S-removal efficiency
(%) = (1 − S1/S0) × 100%, where S0 is the initial sulfur content in model oil (mg/L); S1 is
the final sulfur content in the model oil (mg/L).

4. Conclusions

In this study, three kinds of imidazole-based POM-DIL catalysts were synthesized by a
two-step method and applied to the removal of DBT from model oil with acetonitrile as the
extractant and H2O2 as the oxidant. Compared with the previous POM-IL desulfurization
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system, the experimental conditions of the present work were greatly optimized. Under
the optimum reaction conditions—n([C2(MIM)2]PW12O40)/n(S) = 0.025; n(H2O2)/n(S) = 6;
V(acetonitrile) = 0.5 mL; T = 50 ◦C; t = 60 min—the removal rate of DBT reached above 98%.
Meanwhile, [C2(MIM)2]PW12O40 could be reused seven times without obvious catalytic
activity loss, and the original Keggin structure of the POM-DIL catalyst was undamaged.
The results showed that the catalyst displayed good catalytic activity, stability and recycling
performance. This is because the double cation can effectively regulate the interaction
between the catalyst and sulfide, oxidant, which has a great impact on enhancing its
desulfurization performance. In addition, increasing the carbon chain lengths of the
catalysts with short carbon chain displayed no significant effect on the desulfurization
efficiency due to the good wettability for both H2O2 and model oil. Finally, the oxidation
product of DBT was proved to be DBTO2 by GC-MS. Detailed analysis of the ECODS
mechanism found that the W=O in the catalyst was the active center to activate H2O2 to
generate ·OH, which was beneficial to desulfurization process. This study provided a new
reference for the development of an efficient catalyst for catalytic oxidative desulfurization.
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Abstract: Chicken eggshell (ES) is a waste from the food industry with a high calcium content
produced in substantial quantity with very limited recycling. In this study, eco-friendly sorbents from
raw ES and calcined ES were tested for sulfur dioxide (SO2) and hydrogen sulfide (H2S) removal.
The raw ES was tested for SO2 and H2S adsorption at different particle size, with and without the
ES membrane layer. Raw ES was then subjected to calcination at different temperatures (800 ◦C
to 1100 ◦C) to produce calcium oxide. The effect of relative humidity and reaction temperature
of the gases was also tested for raw and calcined ES. Characterization of the raw, calcinated and
spent sorbents confirmed that calcined eggshell CES (900 ◦C) showed the best adsorption capacity
for both SO2 (3.53 mg/g) and H2S (2.62 mg/g) gas. Moreover, in the presence of 40% of relative
humidity in the inlet gas, the adsorption capacity of SO2 and H2S gases improved greatly to about
11.68 mg/g and 7.96 mg/g respectively. Characterization of the raw and spent sorbents confirmed
that chemisorption plays an important role in the adsorption process for both pollutants. The results
indicated that CES can be used as an alternative sorbent for SO2 and H2S removal.

Keywords: chicken eggshell; waste valorization; adsorption; biogas; flue gas

1. Introduction

Sulfur dioxide (SO2) and hydrogen sulfide (H2S) are both considered toxic gases. SO2
is mainly part of the flue gases while H2S is naturally present in many fossil fuels and
quickly oxidizes to SO2 upon burning. Direct release of these acidic gases to the open air can
cause serious environmental repercussions [1,2]. SO2 can be removed from flue gas in many
ways and this process is named as flue gas desulfurization (FGD). The adsorption processes
are already used and are well known for SO2 removal as well as for H2S removal. Common
sorbents for SO2 removal are mostly calcium-based oxide/hydroxide (CaO/Ca(OH)2), zinc
oxide-based (ZnO), sodium hydroxide based (NaOH) and ammonia-based [3]. Limestone,
slaked lime or a mixture of slaked lime with fly ash is commercially used in FGD systems [4].
There is a lot of room for improvement in the traditional FGD technologies as they consume
a large quantity of water and at times CO2 leakage to the environment [5,6]. Therefore,
recently, many alternative sorbents such as red mud and various modified carbonaceous
catalysts, have been developed with the aim to reduce the cost, promote principles of
circular economy, and improve energy efficiency [7,8].

The removal of H2S, on the other hand, is considered a crucial step in the biogas
industry because of its toxic and corrosive nature [9]. Effective utilization of biogas as
biomethane is a challenge because of its costly purification steps [10]. Many technologies
such as adsorption, alkaline washing (absorption), membrane separation, and cryogenic
distillation have been tested to efficiently removes H2S [11]. The most common type of
sorbent used for adsorption process is impregnated activated carbon [10]. Activated car-
bon has been reported to have H2S removal capacities in the range of 150–650 mg/g [12].
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However, adsorption of SO2 or H2S using activated carbon generates secondary waste,
which is acidic and difficult for landfilling. Apart from activated carbons, various types
of waste-based sorbents derived from municipal waste sludge, fly ash, forestry, slaughter-
house, etc. have been also tested for H2S removal [10]. Nevertheless, these sorbents are
either not re-generable or has a very low removal efficiency. Thus, recently researchers are
focusing on developing new cost-effective and regenerative sorbents for H2S removal.

Chicken eggshell (ES) is a waste product from the food industry and is mostly disposed
in landfills in Malaysia. It contains about 90–95% of calcium carbonate in the form of calcite,
1% magnesium carbonate, 1% calcium phosphate and some organic compounds [13,14]. Ac-
cording to Food and Agriculture Organization (FAO) of the United Nations, approximately
70.4 million tons of chicken eggs were produced worldwide in 2015 and the production
is estimated to increase to 90 million tons by 2030 [15]. In Malaysia, about 642,600 tonnes
of chicken eggs are produced annually which produces approximately 70,686 tonnes of
ES waste [16]. Considering the volume of ES waste produced, its reutilization is still very
limited and a greater part of it is disposed in landfills. ES has been reported to be used
occasionally as a soil conditioner, fertilizer, and additive for animal feed [17]. Recently
in the literature, ES waste has been valorized in many innovative applications such as
special materials for bone tissue restoration, as a sorbent for metal ions in wastewater
treatment and also as a catalyst in different applications [18]. Recently, ES based sorbent
was used for CO2 adsorption and the removal capacity was reported as 10.47 mg/g at
1 bar and 30 ◦C [19]. Sethupathi et al. (2017) had also carried out a preliminary study on
the SO2 removal from the gaseous stream using CES (950 ◦C) and achieved maximum
adsorption capacity of 2.15 mg/g [20]. One of the latest literatures reported a carbonized
hybrid sorbent (ES and lignin) to remove SO2 from the air [21]. In this study, the possibility
of replacing conventional calcite-based sorbents with raw and calcined chicken eggshell
for acidic gases removal at low temperature was appraised. Adsorption experiments were
conducted in a lab-scale adsorption rig and SO2 and H2S were mixed with nitrogen gas
with fixed concentration separately. Various characterization techniques like FTIR, XRD,
EDX, and FESEM were used to further investigate the adsorption mechanism.

2. Results and Discussions
2.1. Characterization of Raw and Calcined Eggshell before and after Adsorption Tests

The morphology of ES sorbents was examined with Field Emission Scanning Electron
Microscope (FESEM) images. Figure 1a shows the outer shell of ES and its FESEM images
at different magnification. It can be seen that the outer shell of ES has a smooth surface
with cracks. Figure 1b is the inner ES with the membrane. FESEM images clearly show
fibrous network morphology of protein which is very porous in nature. Figure 1c shows
the actual image of powdered (<90 µm) raw eggshell (RES) and FESEM images at different
magnification. The porous nature of RES can be clearly seen with the pore hole like
structures on the particles. Pore structures of ES sorbents are categorized as Type II
as per Brunauer, Deming and Teller classification, stating their characteristics belong to
macroporous material, nonporous materials, or materials with open voids.
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Figure 1. Digital camera and FESEM images of raw eggshell. (a) Outer at 300× and 5000× magnification, (b) inner at 300× 
and 5000× magnification, and (c) particle size of <90 µm at 10,000× and 30,000× magnification. 

Figure 2a,b show FESEM images of (CES 900 °C) and (CES 1100 °C). The images for 
900 °C show a stable and structured particle compared to the one calcined at 1100 °C. (CES 
900 °C) shows well-arranged particles with smooth surfaces on each particle. (CES 1100 
°C) was totally the opposite, particles lose their shapes, and each particle shows intensive 
surface cracks due to the sintering process. 

 
Figure 2. FESEM images of calcined eggshell at (a) 900 °C and (b) 1100 °C with 3000× and 30,000× magnification. 
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Figure 1. Digital camera and FESEM images of raw eggshell. (a) Outer at 300× and 5000× magnification, (b) inner at 300×
and 5000×magnification, and (c) particle size of <90 µm at 10,000× and 30,000×magnification.

Figure 2a,b show FESEM images of (CES 900 ◦C) and (CES 1100 ◦C). The images for
900 ◦C show a stable and structured particle compared to the one calcined at 1100 ◦C. (CES
900 ◦C) shows well-arranged particles with smooth surfaces on each particle. (CES 1100 ◦C)
was totally the opposite, particles lose their shapes, and each particle shows intensive
surface cracks due to the sintering process.
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Figure 2. FESEM images of calcined eggshell at (a) 900 ◦C and (b) 1100 ◦C with 3000× and 30,000×magnification.
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BET surface area values of the CES sorbents in comparison to RES are shown in Table 1.
BET surface area of RES was reported as 0.56 m2/g and the readings were increasing as RES
was calcined. However, the values decrease when the temperature was further increased
up to 1000 ◦C and 1100 ◦C. The highest BET surface area of 6.74 m2/g was recorded at
900 ◦C. The BET surface area of CES was low compared to commercial-grade CaO whose
BET surface area is in the range of 11–25 m2/g [22].

Table 1. BET surface area of calcined eggshell at different temperature.

Calcination Temperature (◦C) BET Surface Area (m2/g)

800 2.98
900 6.74
950 6.54

1000 6.30
1100 2.68

Figure 3 shows the nitrogen-adsorption isotherm for CES. The isotherm is of Type IV.
As per IUPAC standard, this kind of isotherm is obtained for a combination of microporous
and mesoporous structure which is formed at a higher relative pressure. The low BET
surface area of CES could be due to eggshell structure and impurities.
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The elemental content of RES, CES, and their respective spent sorbents are shown in
Table 2. The presence of the sulfur element in the spent RES and CES affirms the adsorption
of SO2 and H2S and the occurrence of chemisorption.

Table 2. The differences in elemental content of raw eggshell and (CES 900 ◦C) before and
after adsorption.

Sample EDX Figure Elements Percentage

RES
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The Ca content in the CES is more compared to the one in raw eggshell (RES) because,
during the calcination, CO2 and other volatile matters are released. It is also evident that
the contents of other impurities in ES such as Zn, Mg, Al, and Cu remain almost the same
in RES, CES and spent sorbents. This shows that these impurities were not involved in the
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sorption process. In the spent adsorbent, the content of Ca was reduced. This indicated the
conversion of Ca into sulfite complex.

FTIR spectra of RES, (CES 900 ◦C) and the spent sorbents are presented in Figure 4.
The wideband approximately at 3430 cm−1 in the RES is attributed to the stretching of the
OH bond [23]. The two well-defined bands at 1413 cm−1 and 874 cm−1 are distinctive to the
bending of C–O bond of CaCO3 while the band at 712 cm−1 is related to Ca–O bond [24].
These indicate that RES comprises of calcite [25]. For (CES 900 ◦C), the well-defined band
at approximately 3630 cm−1 corresponds to the vibration of OH bonds probably attached
to the surface of CaO [24]. The peak at 1413 cm−1 is sharper in (CES 900 ◦C) showing a
higher percentage of CaO and more prevailing than RES. New peaks were not detected
in the spent RES sorbents. Nevertheless, there were changes in the intensity of the peaks.
This could be due to the contact of the acidic gases. However, a new peak at 1080 cm−1

was visible for (CES 900 ◦C) spent sorbents. This affirms the presence of sulfite [26].

Catalysts 2021, 11, x FOR PEER REVIEW 6 of 20 
 

 

 

S 0.21 

Others 0.69 

The Ca content in the CES is more compared to the one in raw eggshell (RES) because, 
during the calcination, CO2 and other volatile matters are released. It is also evident that 
the contents of other impurities in ES such as Zn, Mg, Al, and Cu remain almost the same 
in RES, CES and spent sorbents. This shows that these impurities were not involved in the 
sorption process. In the spent adsorbent, the content of Ca was reduced. This indicated 
the conversion of Ca into sulfite complex. 

FTIR spectra of RES, (CES 900 °C) and the spent sorbents are presented in Figure 4. 
The wideband approximately at 3430 cm−1 in the RES is attributed to the stretching of the 
OH bond [23]. The two well-defined bands at 1413 cm−1 and 874 cm−1 are distinctive to the 
bending of C–O bond of CaCO3 while the band at 712 cm−1 is related to Ca–O bond [24]. 
These indicate that RES comprises of calcite [25]. For (CES 900 °C), the well-defined band 
at approximately 3630 cm−1 corresponds to the vibration of OH bonds probably attached 
to the surface of CaO [24]. The peak at 1413 cm−1 is sharper in (CES 900 °C) showing a 
higher percentage of CaO and more prevailing than RES. New peaks were not detected in 
the spent RES sorbents. Nevertheless, there were changes in the intensity of the peaks. 
This could be due to the contact of the acidic gases. However, a new peak at 1080 cm−1 was 
visible for (CES 900 °C) spent sorbents. This affirms the presence of sulfite [26]. 

 

(a) 

Catalysts 2021, 11, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 4. FTIR spectra of (a) raw eggshell and (b) calcined eggshell (900 °C) before and after adsorption. 

The proximate analyses of RES and CES are listed in Table 3. The moisture content 
and volatile matter of CES were much lesser than RES due to the high-temperature calci-
nation process. The residue for CES was far greater than RES which shows the stability of 
CES at high temperature and amount of CaO produced. 

Table 3. Proximate analysis of raw and calcined eggshell (900 °C). 

Temperature (°C) Proximate Analysis RES (%) CES (%) 
25–120 Moisture  1.03 0.28 
120–450 Volatile content 4.18 8.01 
450–800 CO2 43.17 1.63 
800–900 Residue (CaO) 51.62 90.08 

Figure 5 show X-ray diffraction (XRD) of RES, (CES 900 °C) and the spent sorbents. 
RES showed a major peak at 2θ = 29.5° which indicates that CaCO3 is a major constituent 
of the waste ES. In the (CES 900 °C), regular peaks were obtained at 2θ = 32°, 34°, 37.5°, 
and 54°, showing the conversion of CaCO3 to CaO [23]. It is noted that peak at 2θ = 29.5° 
is no longer visible in the (CES 900 °C), which implies a complete conversion of CaCO3 to 
CaO. 

(b) 

Figure 4. FTIR spectra of (a) raw eggshell and (b) calcined eggshell (900 ◦C) before and after adsorption.

130



Catalysts 2021, 11, 295

The proximate analyses of RES and CES are listed in Table 3. The moisture content and
volatile matter of CES were much lesser than RES due to the high-temperature calcination
process. The residue for CES was far greater than RES which shows the stability of CES at
high temperature and amount of CaO produced.

Table 3. Proximate analysis of raw and calcined eggshell (900 ◦C).

Temperature (◦C) Proximate Analysis RES (%) CES (%)

25–120 Moisture 1.03 0.28
120–450 Volatile content 4.18 8.01
450–800 CO2 43.17 1.63
800–900 Residue (CaO) 51.62 90.08

Figure 5 show X-ray diffraction (XRD) of RES, (CES 900 ◦C) and the spent sorbents.
RES showed a major peak at 2θ = 29.5◦ which indicates that CaCO3 is a major constituent
of the waste ES. In the (CES 900 ◦C), regular peaks were obtained at 2θ = 32◦, 34◦, 37.5◦,
and 54◦, showing the conversion of CaCO3 to CaO [23]. It is noted that peak at 2θ = 29.5◦

is no longer visible in the (CES 900 ◦C), which implies a complete conversion of CaCO3
to CaO.
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Figure 5. XRD pattern of (a) raw eggshell and (b) calcined eggshell (900 ◦C) before and
after adsorption.

For the spent RES, it can be seen that there was no significant difference in the
crystalline structure after the adsorption of SO2 and H2S. It shows no chemical interaction
between the sorbent and the gases. Thus, it can be concluded that for RES the adsorption
was merely physical. However, for spent (CES 900 ◦C), the initial peaks at 2θ = 32◦, 34◦,
37.5◦, and 54◦ have disappeared and new peaks were formed at 2θ = 17◦ and 29◦. The peak
at 34◦ in the (CES 900 ◦C) corresponds to CaO. This peak reduced in the spent sorbent,
indicating the presence of unreacted CaO in the spent sorbent. The small peaks at 2θ = 17◦,
28◦, 28◦, and 2θ = 34◦, 47◦, 52◦, and 54◦ may correspond to CaSO3 and Ca(OH)2 respectively
for the spent (CES 900 ◦C). These spread-out peaks show that the crystallinity of (CES
900 ◦C) after adsorption has dropped. Similar peaks were reported by others as well [27].

pH values of the RES and CES before and after adsorption are tabulated in Tables 4 and 5
to show the reactivity of the acidic gases on RES and CES. There was a clear increase in
pH with the increase in calcination temperature because of the formation of CaO which is
basic in nature. Whereas for RES, the sorbents with membrane have slightly higher pH
compared to the one without membrane. This is due to the different types of protein in the
membrane. It was noticed that for all cases, spent sorbent’s pH values dropped one level,
indicating successful adsorption of acidic gases.

Table 4. Adsorption capacity and saturation time of raw eggshell with and without membrane at different particle size.

Sample Particle Size (µm)
Saturation Time (min) Adsorption Capacity (mg/g)

Original pH

pH
(after Adsorption)

SO2 H2S SO2 H2S SO2 H2S

Raw eggshell
with

membrane

<90 32.2 44.0 1.09 0.65
9.2 ± 0.2 8.7 ± 0.2 8.9 ± 0.290–125 29.0 20.5 0.89 0.19

125–180 15.3 8.0 0.61 0.08

Raw eggshell
without

membrane

<90 29.8 33.0 0.98 0.26
8.9 ± 0.2 8.4 ± 0.2 8.6 ± 0.290–125 25.5 17.5 0.66 0.14

125–180 13.3 7.5 0.54 0.05
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Table 5. Adsorption capacity and pH of calcined eggshell at different temperature.

Calcination
Temperature (◦C)

BET Surface Area
(m2/g)

Adsorption Capacity (mg/g)
Original pH

pH
(After Adsorption)

SO2 H2S SO2 H2S

800 2.98 2.12 1.30 10.9 ± 0.2 10.1 ± 0.2 10.3 ± 0.2
900 6.74 3.53 2.62 11.8 ± 0.2 10.9 ± 0.2 11.1 ± 0.2
950 6.54 3.22 2.35 12.0 ± 0.2 11.2 ± 0.2 11.4 ± 0.2
1000 6.30 2.69 1.85 12.1 ± 0.2 11.3 ± 0.2 11.5 ± 0.2
1100 2.68 2.55 1.66 12.3 ± 0.2 11.4 ± 0.2 11.5 ± 0.2

2.2. Effect of the Eggshell Membrane and Particle Size

Three different particle sizes (<90 µm, 90–125 µm, and 125–180 µm) of RES with and
without membrane were tested for the SO2 and H2S removal. During this analysis, other
parameters such as sorbent dosage (1 g), flow rate (300 mL/min), humidity (0%), gas inlet
concentration (300 ppm), pressure (1 bar), and reaction temperature (ambient temperature,
29 ◦C) were all kept constant. Table 4 shows the adsorption capacity and saturation time
of SO2 and H2S adsorption by RES with and without membrane. It was noticed that for
both H2S and SO2 the adsorption capacities were less than 1.1 mg/g on dry basis. The
breakthrough point was not detected which indirectly shows that there was no immediate
chemical interaction between the gas and sorbent. It is known that CaCO3 is a highly stable
material at ambient conditions. Thus, RES with or without membrane could have similar
behavior. RES with membrane recorded higher adsorption capacity and longer saturation
time for both H2S and SO2 gas compared to the one without membrane. According to Tsai
et al. (2006), ES membrane comprises of a grid of fibrous proteins which contributes to its
large surface areas and these fibrous proteins have higher BET surface area compared to
the shell itself [28]. In the literature, the role of ES membrane in the removal of reactive
dyes, heavy metals, phenols, and various other substances was reported and in most of the
cases, it was reported that the adsorption capacity was better with membrane compared to
one without membrane [29,30]. Thus, in this study, it was found that RES with membrane
enhanced the sorption of H2S and SO2.

As for the effect of particle size, as anticipated, the smallest particle size i.e., <90 µm
shows the best results for both RES with and without membrane. The calculated adsorption
capacity values followed the following sequence for both gases: 90 µm > 125 µm > 180
µm. Witoon (2011) had stated that the smaller particle size of calcined ES had higher CO2
capture capacity because it provides a greater exposed surface for the adsorption [23].
Similarly, in this study, smaller particles can offer a greater surface area for gas–solid
interactions. The macro-pores and pits are irregularly dispersed over the surface of the
RES, which could be one of the factors for low adsorption capacity as evident from the
FESEM image. At high temperature, CaCO3 breaks down to CaO(s) and release CO2. The
Ca+2 of CaO is unstable and reacts with SO2(g) replacing oxygen at high temperature. The
reaction of SO2 gas on CaCO3 can be shown by the following chemical reaction [31];

CaCO3(s) + SO2(g) → CaSO3(s) + CO2(g). (1)

However, calcium sulfate (CaSO4) is only formed from the reaction between calcium
carbonate (CaCO3) and SO2 gas when the temperature is more than 750 K in presence of
oxygen (O2) as illustrated below [31];

CaCO3(s) + SO2(g) +
1
2

O2(g) → CaSO4(s) + CO2(g). (2)

As the experiments were carried out in room temperature and O2 was not induced in
this study, the only possible reaction would be the formation of calcium sulfite (CaSO3)
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rather than CaSO4. For the reaction between CaCO3 of RES and H2S, the following direct
sulfidation reaction is expected [32]:

CaCO3(s) + H2S(g) → CaS(s) + CO2(g) + H2O(v). (3)

However, at room temperature, CaCO3 is very stable and the chances of the above
reactions are very slim. However, for RES only physical adsorption has happened for
both SO2 and H2S which is the main reason for its low adsorption capacities. As physical
adsorption is happening, so the particle size and surface porosity played an important role.

2.3. Effect of Calcination Temperature

The influence of various calcination temperature on RES and their effect on SO2 and
H2S adsorption were tested using dried and powdered (<90 µm) RES with membrane.
Other adsorption parameters were kept the same as in section “Effect of the eggshell
membrane and particle size”. Figure 6a,b shows the breakthrough curves of SO2 and H2S
versus calcination temperature of ES. Among the calcination temperature, 900 ◦C shows
a prominent outstanding curve. Breakthrough points were very short however, it has a
longer saturation time (84 min and 77 min for SO2 and H2S, respectively) for both gases.

Table 5 tabulates the adsorption capacity of the CES at different temperatures. (CES
900 ◦C) shows the highest adsorption capacity i.e., 2.63 mg/g and 3.53 mg/g for H2S
and SO2 respectively. High adsorption capacity at 900 ◦C calcination could be due to the
complete conversion of calcium carbonate (CaCO3) to calcium oxide (CaO). It is noted
that complete conversion takes places around 930 ◦C [32,33]. Thus, at temperature 800 ◦C,
lower adsorption capacity was noticed for both gases. Moreover, the 800 ◦C calcined ES
was visibly grayish in color compared to the ones calcined at a higher temperature which
were whitish confirming the incomplete calcination. At higher temperature i.e., >900 ◦C,
the adsorption capacities for both SO2 and H2S decreased. Moreover, the saturation time
was shorter and there was no breakthrough point. The decrease in adsorption capacity is
due to the sintering effect. Similar work on SO2 adsorption by calcined limestone reported
that pore size distribution is greatly affected by the calcination temperature.

It was reported that 950 ◦C was the optimized calcination temperature for limestone
and at this temperature, the pores of CaO have the least diffusion resistance and highest
activity for SO2 removal [34]. Another similar work mentioned that sintering of CaO
derived from pure CaCO3 starts at 800–900 ◦C and it becomes more severe after 950 ◦C. ES
is less pure than the commercial limestone, where for each 100 g of air-dried of ES waste
only 88 g are of CaCO3 [35], which corresponds to an increase in the rate of sintering [36,37].
Also, it was proven that a breakdown of the pores occurs for 1100 ◦C. These statements can
be confirmed using BET surface area readings, and FESEM images.
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2.4. Effect of Reaction Temperature and Humidity

The influence of reaction temperature on SO2 and H2S adsorption by RES and (CES
900 ◦C) was evaluated using two different reactor temperatures (100 ◦C and 200 ◦C). Other
parameters such as sorbent dosage (1 g), flow rate (300 mL/min), gas inlet concentration
(300 ppm), and pressure (1 bar) were all kept constant. Table 6 shows the adsorption capac-
ity for the effect of reaction temperature and humidity. Figure 7 shows the breakthrough
curve for the effect of reaction temperature on H2S and SO2 removal. The trend was
comparatively better than the ones done at the room temperature (29 ◦C) earlier. However,
the impact was very minimal for (CES 900 ◦C). Meanwhile, for RES, the adsorption capacity
was doubled when the reactor temperature was increased from 30 ◦C to 200 ◦C. It was
claimed that an increase in reaction temperature, increases the chemical interaction of SO2
and H2S with limestone-based CaCO3 or CaO or Ca(OH)2 sorbents [38–40]. The effects
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of reactor temperature in the range of room temperature to 200 ◦C is considered low in
magnitude. At a temperature below 200 ◦C, only calcium sulfite will be formed during the
reaction of SO2 with CaCO3 and CaO [41]. Calcium sulfite, however, is stable at around
200 ◦C and only becomes unstable at a temperature above 727 ◦C decomposing to form
calcium sulfate and calcium carbide [42]. Though, at a temperature above 100 ◦C the rate of
calcium sulfite formation tends to increase [41]. There are limited data on SO2 and H2S by
CaCO3 and CaO at temperature < 250 ◦C. Most of the studies have been done at elevated
temperatures, i.e., >400 ◦C.

Table 6. Adsorption capacity of raw and calcined (900 ◦C) eggshell at different reaction temperature
and 40% relative humidity.

Reaction Condition
Raw Eggshell

(mg/g)
Calcined Eggshell (900 ◦C)

(mg/g)

SO2 H2S SO2 H2S

Reaction Temperature (100 ◦C) 1.43 0.77 3.93 3.37
Reaction Temperature (200 ◦C) 2.03 1.20 4.30 4.22

Humidity (40%) 8.89 1.42 11.68 7.96

These analyses illustrated that there are some interactions between SO2 and H2S with
RES and CES even at low temperature. A lower temperature will be favorable for SO2
and H2S removal because the temperature of flue gas going to the stack is around 150 ◦C
and the working temperature of is about 55 ◦C [43,44]. However, at a higher temperature,
the reaction could be further enhanced. A study of SO2 adsorption by lime (80% CaO)
reported that the conversion rate gets double when the temperature increases from 400 ◦C
to 800 ◦C [45]. Moreover, during the reaction of CaCO3 with H2S, complete conversion
of CaCO3 to CaS is only feasible if sulfidation is carried out at a temperature above its
calcination temperature [46]. Thus, it can be concluded that a more conducive environment
is created for the sulfidation of both RES and (CES 900 ◦C) by increasing the reaction
temperature up to 200 ◦C.
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Figure 8 shows the breakthrough curves of RES and (CES 900 ◦C) with a response to
the effect of humidity. All other parameters were kept constant. It was noticed that with
the addition of 40% relative humidity (RH), the performance of both RES and (CES 900 ◦C)
improved significantly. The adsorption capacity of SO2 and H2S by (CES 900 ◦C) increased
almost triple with humidity. There were significant improvements in the breakthrough
time as well as saturation time for both SO2 and H2S. The breakthrough point was clearly
noticeable for (CES 900 ◦C). For RES, a great increase was noticed for SO2, however, for
H2S, only small improvement was noticed. Results can be compared from Tables 4–6. The
presence of humidity in the inlet gas improved the adsorption capacity of SO2 more than
the H2S for RES. This could be due to the solubility of SO2. The solubility of SO2 in water
is about 16 times more than the solubility of H2 as per the data published by [47]. The
chemical reaction of SO2 and CaCO3 in the presence of RH is as shown below;

CaCO3 (s) + H2O (g)→ Ca(OH)(CO3H) (4)

Ca(OH)(CO3H) + SO2 (g)→ CaSO3 + H2CO3. (5)

Carbonic acid (H2CO3) is a product of this surface reactions, not alike the one without
RH which produces carbon dioxide [31]. Between 30% and 85% RH, SO2 and CaCO3
reaction are improved significantly, approximately by 5 to 10 fold for single crystal CaCO3
(calcite) in the presence of moisture [48]. A slight improvement is noticed because of the
humidity which made the contact possible between CaCO3 and the acidic gases [49]. It
is known that CaO reaction in the presence of water vapor will form Ca(OH)2. At low
temperature, it is expected that only sulfite hemihydrate will be formed when SO2 is
present [41]. The following reaction could occur;

Ca(OH)2 + SO2 → CaSO3·0.5H2O + 0.5H2O. (6)

The chemisorption process of SO2 onto the sorbent surface as described Equation (6)
chemical reaction increases with increasing RH [41]. It has been reported that moisture
can enhance the adsorption capacity of carbonates and oxides for atmospheric gases [31].
For example, in a humid air condition, the deposition velocity of SO2 gas onto calcite
and dolomite increases [31]. Moreover, SO2 can oxidize to SO3, to form sulfuric acid [50].
Similarly, for H2S, there was a small increase in the adsorption capacity although the gas is
not readily soluble in water. This increase is attributed to the contact time between CaO
sorbent and water vapor. H2S partly dissolves in water to form a weak acid and CaO would
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readily attract a water molecule to convert to a more stable form of calcium hydroxide
(CaOH)2. Yet, the chances of additional reaction between CaOH and H2S to form CaS are
low as this reaction could only happen at high temperature, i.e., above 900 ◦C [51].
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2.5. Comparison Study

Table 7 shows a comparison of various sources of Ca-based sorbents and its potential
to adsorb SO2 and H2S respectively. It can be seen that the adsorption capacity of the
CES is comparable to that of the Ca-based sorbents. Lower adsorption capacity could be
due to the low BET surface area, impurities in ES, and the unstable nature of ES. Some
of the Ca-sorbents reported in the literature were modified with chemicals which further
enhanced the adsorption capacity. No one has reported ES in the form of CaCO3. If it has
been tested in the raw form maybe the reported adsorption capacity readings would be
much lower compared to ES. Thus, it is expected that if ES is further modified to calcined
ES, it could definitely perform better than the ones reported in the literature. The only
one who has done similar work on ES is Witoon (2011) who tried for CO2 capture at
various temperatures by TGA method [23]. The carbonation rate was around 35% at 750 ◦C
of calcination temperature. Thus, there is a big potential for calcined ES to be used for
pollutant gases removal.

Table 7. Comparison of raw and calcined (900 ◦C) eggshell with other Ca-based sorbents for SO2 and H2S.

Gas Sorbent Conditions Adsorption Capacity/
Removal Efficiency Ref.

SO2

Ethanol treated calcined limestone
(CaO)

(BET = 35.5 m2/g)

Reaction temperature = 1050 ◦C
SO2—2000 ppm by volume

Residence time = 1 s
Ca/S ratio = 3

Around 55% [52]

Commercial Ca(OH)2 mixed with rice
husk ash

(BET = 106.10 m2/g)
Reaction temperature—100 ◦C

SO2 = 1000 ppm
NO =500 ppm

CO2 = 12%
N2 = balance

10.72 mg/g

[53]

Commercial Ca(OH)2 mixed oil
palm ash

(BET = 88.3 m2/g)
5.36 mg/g

Commercial Ca(OH)2 mixed with coal
fly ash

(BET = 62.2 m2/g)
4.29 mg/g
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Table 7. Cont.

Gas Sorbent Conditions Adsorption Capacity/
Removal Efficiency Ref.

Ca(OH)2 obtained from oyster shell
(BET = 12.9 m2/g)—CaO

content = 53.8%

Reaction temperature—150 ◦C)
SO2 = 1800 ppm
NOx = 250 ppm

O2 = 6%
Water vapors = 10%

0.78 mmol/g [54]

Hydrated Lime (BET = 8.76 m2/g)

Reaction temperature = 70 ◦C
NO2 = 249 ppm
SO2 = 906 ppm

Relative humidity = 60%

25% (SO2) [55]

Ca(OH)2 mixed with fly ash in ratio of
1:3 with additional treatment with

KMnO4 (BET = 19.04 m2/g)

Reaction temperature = 80 ◦C
SO2 = 500 ppm
NO = 200 ppm

O2 = 5%
Relative Humidity = 80%

60–80% [56]

Oxidant enriched Ca(OH)2 (BET = 11
to 14 m2/g)

Reaction temperature—80 ◦C
SO2—600 ppm
NO—300 ppm

O2—8%
H2O—10.5%

80–100 mg/g [57]

Calcined eggshell (BET = 6.74 m2/g)

Reaction temperature—30 ◦C
SO2—300 ppm

N2-balance
Relative humidity—40%

11.68 mg/g This work

H2S

CaO from waste CaCO3
(BET < 3 m2/g)

Reaction temperature—20 ◦C
H2S—50 ppm in air

TGA Analysis
Reaction time 55 min

55%

[10]

CaCO3 from waste (BET < 3.98 m2/g)
Reaction temperature-Ambient

Biogas with 200 ppmv H2S
Reaction time 400 min

85%

Dried fly ash (BET = 17.71 m2/g)
Reaction temperature-Not Given

H2S—300 ppm in air 10.4 mg/g

Australian red soil (BET = not given)
Reaction temperature-Not Given

H2S = 2000 ppm
N2-balance

18.8 mg/g

Calcined eggshell (BET 6.74 m2/g)

Reaction temperature—30 ◦C
H2S—300 ppm

N2-balance
Relative humidity—40%

7.96 mg/g This work

3. Materials and Methods
3.1. Sorbent Preparation

Chicken eggshell waste (brown in color classified as Grade B and C) was collected
from the student’s food court in the university campus. It was thoroughly soaked and
washed with tap water until a clean eggshell were obtained. Two types of raw eggshell
were prepared i.e., with the membrane (RES) and without the membrane. For the samples
without the membrane, the membrane was carefully removed after soaking in water. The
ES samples were then dried in an UF 110 oven (Memmert, Schwabach, Germany) at
105 ◦C for 24 h to remove the excessive moisture. Finally, the samples were ground to
different particle sizes using a MX-GM1011H dry blender (Panasonic, Selangor, Malaysia).
The powdered ES samples were then sieved using a WS TYLER RX29 vibrating sieve
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(Fisher Scientific, Pittsburgh, PA, USA). Three different particle sizes were isolated (<90 µm,
90–125 µm and 125–180 µm). Calcined ES (CES) samples were prepared by heating the
powdered RES at different temperatures (800 ◦C, 900 ◦C, 950 ◦C, 1000 ◦C, 1100 ◦C) for 2 h
using a LEF-103S model muffle furnace (LabTech, Debrecen, Hungary). The retention time
for calcination was chosen based on preliminary studies.

3.2. Adsorption Tests

The adsorption tests were performed in a lab-scale adsorption reactor as shown
in Figure S1 (Supplementary Material). SO2 and H2S gas flow from the gas cylinders
(2000 ppm, 99% purity) were controlled automatically using SDPROC mass flow controllers
and flow meters (Aalborg, New York, NY, USA). The gas flow rates of both gases into the
reactor were kept at 300 mL/min throughout the experiments. H2S and SO2 concentrations
were kept constant at 300 ppm by introducing nitrogen gas as balance. Low flowrate and
concentration were chosen for the overall safety of the lab. A down-flow fixed bed reactor
made of stainless steel with an internal diameter of 9 mm and a height of 180 mm was
prepared to fill the sorbents. The reactor was fixed inside an oven (Memmert, Schwabach,
Germany) for temperature study. In each run, 1 g of sorbent was placed inside the reactor.
The initial and outlet concentrations of H2S and SO2 gas were measured using Biogas
5000 Portable Gas Analyzer (Geotech, Chelmsford Essex, UK) and Vario-Plus Industrial
Gas-Analyzer (MRU Instruments Inc., Humble, TX, USA) respectively. SO2 and H2S
analyzers recorded the gas concentrations every second. The adsorption capacity was
calculated from the following equation [58] using the breakthrough curve generated during
the experiment:

Q =
CoMw q

1000w Vm

∫ t

0

(
1− C

Co

)
dt (7)

where Q is adsorption capacity (mg/ g), co is the initial inlet concentration (ppm), Mw is the
gas molecular weight (g/mol), q is the total flow rate (L/min), w is the weight of sorbent
(g), Vm is the molar volume (L/mol), c is the outlet concentration of the gas (ppm) at time t
(min). The adsorption capacity calculation was based on an average of 3 repetitions of the
adsorption breakthrough curve. The differences between the 3 readings were less than 3%.

3.3. Process Parameters Study

In the process study, the effects of the relative humidity in the inlet gas and reaction
temperature were evaluated for both RES and CES sorbents. Only optimized sorbents (both
RES and CES) were selected for the process study. The reactor was fixed inside the oven and
the temperature of the oven was varied from room temperature (approximately 30 ◦C) to
200 ◦C to study the effect of temperature on adsorption tests. Whereas the humidity in the
inlet gas was created by passing the inlet gas through an airtight conical flask which was
submerged in a temperature-controlled water bath before it could enter the reactor at room
temperature. Required humidity in the inlet gas was created as the gas passing through
the water bath was saturated with water vapor at the set temperature. The temperature
of the water bath was set based on the steam tables formulation to create 40% relative
humidity in the inlet gas. 40% of relative humidity was selected as it can be generated at
room temperature and also to protect the gas sensors in the analyzer.

3.4. Characterization of the Sorbents

Morphology of the RES and CES were analysed by field emission scanning elec-
tron microscope (FESEM), model JEOL JSM-6701F (JEOL, Akishima City, Japan). The
energy-dispersive X-ray spectroscopy (EDS) (JEOL, Akishima City, Japan) was employed
to detect the specific elements on the surface of the materials. Fourier Transform Infrared
(FTIR) Lambda 35 (Perkin Elmer, Waltham, MA, USA) was used to determine the surface
functional groups of the sorbents. The spectra were recorded in the spectral range of
400–4000 cm−1 with a resolution of 4 cm−1 by mixing a small quantity of the sorbent with
potassium bromide. pH was measured by preparing a solution in the ratio of 0.1 g of
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sorbent in 20 mL deionized water and stirred for 1.5 hr. A digital pH meter was used
(Hanna Instruments, Woonsocket, RI, USA). X-ray diffraction model Lab X XRD-6000
(Shimadzu, Tokyo, Japan) was used to identify the XRD patterns of the sorbents at room
temperature at 2θ with a step size of 0.02. The Brunauer–Emmett–Teller (BET) surface
area and pore size distribution were calculated using nitrogen adsorption and desorption
isotherms conducted at 77 K with micromeritics, ASAP 2020 V4.02 (Micromeritis, Norcross,
GA, USA) volumetric gas adsorption instrument. Thermogravimetric analysis (TGA) of
RES and CES was done with TGA/DSC 3+ (Mettler Toledo, Ohio, OH, USA) for proximate
analysis. Nitrogen gas was used at 20 mL/min at a heating rate of 10 ◦C /min until 900 ◦C.
Original images of ES were taken with a smartphone.

4. Conclusions

RES and CES sorbents were tested for SO2 and H2S adsorption. It was found that
RES with membrane and having the smallest particle size i.e., <90 µm showed the best
adsorption capacity for both SO2 and H2S. (CES 900 ◦C) showed the best adsorption
capacity among the other calcination temperature and RES. It can be concluded that
physical adsorption was dominant over the chemical adsorption for both RES and CES
sorbents. The characterization study shows the existences of sulfur element in the spent
adsorbents which further verifies the adsorption of SO2 and H2S by CES. The presence of
the relative humidity in the inlet gas and increasing reaction temperature improved the
performance of both RES and CES sorbents. (CES 900 ◦C) showed a greater adsorption
capacity compared to RES with the addition of humidity. The best adsorption capacity of
SO2 and H2S was recorded as 11.68 mg/g and 7.96 mg/g respectively using (CES 900 ◦C)
with 40% RH. These results indicate that chicken eggshell have great potential to be used as
sorbents upon modification for the removal of pollutant gases such as SO2 and H2S from
contaminated air.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/2/295/s1, Figure S1: Schematic diagram of adsorption experimental setup.
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Abstract: Carbon-based nanomaterials, particularly in the form of N-doped networks, are receiving
the attention of the catalysis community as effective metal-free systems for a relatively wide range of
industrially relevant transformations. Among them, they have drawn attention as highly valuable
and durable catalysts for the selective hydrogen sulfide oxidation to elemental sulfur in the treatment
of natural gas. In this contribution, we report the outstanding performance of N-C/SiC based
composites obtained by the surface coating of a non-oxide ceramic with a mesoporous N-doped
carbon phase, starting from commercially available and cheap food-grade components. Our study
points out on the importance of controlling the chemical and morphological properties of the N-C
phase to get more effective and robust catalysts suitable to operate H2S removal from sour (acid) gases
under severe desulfurization conditions (high GHSVs and concentrations of aromatics as sour gas
stream contaminants). We firstly discuss the optimization of the SiC impregnation/thermal treatment
sequences for the N-C phase growth as well as on the role of aromatic contaminants in concentrations
as high as 4 vol.% on the catalyst performance and its stability on run. A long-term desulfurization
process (up to 720 h), in the presence of intermittent toluene rates (as aromatic contaminant) and
variable operative temperatures, has been used to validate the excellent performance of our optimized
N-C2/SiC catalyst as well as to rationalize its unique stability and coke-resistance on run.

Keywords: mesoporous N-doped carbon coating; silicon carbide composites; gas-tail desulfurization
treatment; BTX contaminants; elemental sulfur

1. Introduction

Natural gas (NG) is certainly the cleanest fossil fuel employed for energy purposes. At
odds with other natural sources (i.e., petroleum and charcoal) [1], NG holds important envi-
ronmental merits because it can produce more heat and light energy by mass while keeping
its environmental impact significantly lower in terms of carbon footprint and other pollu-
tants that contribute to smog and unhealthy air. The primary constituent of NG is methane
(CH4) but, depending on its origin, it may also contain higher hydrocarbons, including
aromatics and sulfur-containing compounds, N2, CO2, He, H2S and noble gases to various
extents [2]. In this regard, a complex but effective sequence of thermal and catalytic trans-
formations have been implemented for NG processing as to remove undesired compounds
and preventing the diffusion of corrosive and potentially hazardous substances for human
health and environment. In particular, organic and inorganic S-compounds removal from
natural gas is a mandatory step before any gas manipulation/processing [3–5]. Indeed,
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their presence besides being highly risky for the toxicity of selected species (e.g., H2S) can
led to undesired phenomena such as the fouling or even the permanent deactivation of
catalysts employed in the gas processing. Although current catalytic technologies allow
a selective and almost complete (up to 99.9%) hydrogen sulfide conversion into elemen-
tal sulfur [6], they still suffer from technical limitations linked to a progressive catalyst
deactivation when desulfurization process is operated under harsh reaction conditions
(gas hourly space velocity (GHSV) close to those employed in industrial plants), or in
the presence of contaminants such as heavy hydrocarbons and aromatics (i.e., benzene,
toluene and xylene (BTX)) [2] that are commonly present in untreated natural gas streams.
Such impurities deeply impact the performance, stability, and lifetime of catalysts and
detrimentally burden on the overall process economy balance. BTX (C ≥ 7) in particular
can lead, throughout the desulfurization process, to the formation of carbonaceous or
heavy carbon-sulfur deposits [7] whose incomplete removal translates into catalyst fouling
phenomena with the subsequent alteration of its performance or—in worst cases—to the
complete catalyst deactivation. Reduction of BTX concentration in acid gas streams is
therefore a mandatory step before that gaseous streams reach the catalysts surface, thus
increasing the process complexity as well as that of the reactor setup. Complementary
and equally valuable technological options such as the use of either amine or solvent
enrichment units (Acid Gas Enrichment units—AGE) [8] or the use of activated carbon
beds [9] housed upstream of the catalytic desulfurization (SRU) unit, have successfully
been implemented for BTX fractions removal.

Whatever the option at work, regeneration treatments of AGE or activated carbon
units are periodically needed along with the downstream treatment of BTX wastes. These
phases are costly and can cause the change of feed conditions in the desulfurization plant
or even the complete feed shut down.

There are little doubts on the relevance of the selective H2S oxidation to elemental
sulfur from both an environmental and commercial viewpoint [10] (~75 Mt/year of elemen-
tal sulfur are globally produced from oil and gas processing units). However, the search
for robust, highly effective and selective catalysts for the process remains a challenging
area of research for the chemistry and engineering community engaged in the field. In
particular, the development of robust and durable catalysts suitable to operate the selective
H2S oxidation under variable acid concentrations and showing an excellent resistance to
aromatics deactivation is a highly challenging task and thus a widely investigated subject
of research.

The last years have witnessed a growing interest of catalysis community towards
the use of carbon nanomaterials as pure C-networks or light-heterodoped matrices (i.e.,
nanotubes (CNTs), nanofibers (CNFs) or thin-carbon film deposits, including N-doped
counterparts) as metal-active phase supports or single-phase, metal-free catalysts for a
wide series of chemical and electrochemical transformations [11,12]. Metal-free systems of
this type have successfully been scrutinized as selective and efficient catalytic materials
for a number of industrially relevant oxidation [13–18] and reduction [19–22] processes or
as valuable promoters of other challenging catalytic transformations [23,24]. Nanocarbon-
based materials, particularly in the form of N-doped networks, have already been exploited
as effective metal-free systems for the selective hydrogen sulfide oxidation to elemental
sulfur from natural gas tails [16,25–33]. The unique features of these single-phase systems
(e.g., the absence of a metal active-phase, the prevalent basic surface character of the
N-doped samples together with reduced production cost and environmental impact)
have largely contributed to overcome the drawbacks classically encountered with metal
nanoparticles-based catalysts. The absence of metal nanoparticles rules out unwanted
sintering and leaching phenomena of the active phase occurring on heterogeneous catalysts
typically operating under harsh reaction conditions. Moreover, their basic surface character
can largely prevent the occurrence of cracking side-processes responsible for the rapid
catalyst fouling with subsequent permanent alteration of its performance. This aspect
is of particular relevance for catalytic materials operating in the presence of variable
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concentrations of aromatics whose ultimate and detrimental effects are well known for
metal-based catalysts of the state-of-the-art.

In recent years, our group has proposed a versatile technology for the coating of
3D-shaped materials (including open-cell foam structures with variable void fractions),
with thin and highly N-enriched mesoporous carbon deposits [15,26,34]. Accordingly,
selected 3D hosting matrices underwent successive soaking/impregnation cycles using
an aqueous solution of cheap and food-grade components, followed by controlled dry-
ing/calcination/annealing steps. Such an approach to the N-C coating of macroscopically
shaped networks, besides reducing the formation of toxic by-products typically encoun-
tered with more conventional Chemical-Vapor-Deposition (CVD)-based synthetic schemes,
offers a versatile and straightforward tool to the easy upscale of challenging metal-free
catalytic materials.

The combination of this coating technology with a non-oxide ceramic support (i.e.,
silicon carbide—SiC) has generated ideal catalyst candidates suitable to operate the selec-
tive H2S desulfurization efficiently under relatively high acid gas concentrations and in
the presence of high contents of aromatics as contaminants (0.5 vol.% ≤ (H2S) ≤ 2 vol.%;
1000 ppm ≤ (tol) ≤ 20,000 ppm) [35,36]. SiC as a support for the N-C active phase was
selected in light of its high chemical inertness and stability under acidic/oxidative or
basic environments along with its excellent mechanical resistance that made it the ideal
choice for the target process. Moreover, its medium thermal conductivity [37] prevents or
reduces the generation of local temperature gradients (hot spots) while operating highly
exothermic transformations [27,38,39]. This additional feature, not available with more
classical oxide-based ceramics, contributes to the ultimate catalyst stability and its lifetime
on stream.

This contribution takes advantage from our recent findings in the area of metal-
free catalysts for the highly efficient and selective H2S desulfurization and it aims at
pointing out the importance of controlling the morphological and chemical properties
of the N-C phase to make a step forward in the direction of catalytic materials featured
by improved desulfurization performance and resistance towards deactivation/fouling
phenomena. We have recently demonstrated the excellent performance of a N-C/SiC
catalyst in the presence of relatively high concentrations of toluene (up to 20,000 ppm,
2 vol.%) as contaminant in a desulfurization process operated under relatively harsh
reaction conditions (GHSV up to 2400 h−1). We have also demonstrated the existence of
a beneficial “solvent effect” played by toluene on the process selectivity as a distinctive
feature of these metal-free catalytic materials. With these catalysts, the toluene present
in the gas stream was found to facilitate the desorption and removal of elemental sulfur
from the catalyst surface thus reducing the sulfur residence time in contact with the N-
C network and preserving the process from the occurrence of undesired over-oxidation
paths at the catalyst surface. Hereafter we demonstrate how a more appropriate control
of the soaking/thermal treatment cycles in the N-C phase growth holds beneficial effects
on the chemical and morphological properties of the latter as well as on the ultimate
materials performance in the direct H2S oxidation from sour gases [H2S = 0.3 vol.%;
O2/H2S = 2.5; GHSV up to 3200 h−1) containing aromatic contaminants (i.e., toluene)
at concentrations as high as 40,000 ppm (4 vol.%). It should be pointed out that such a
toluene concentration is markedly higher compared to that traditionally encountered in
sour gas stream (i.e., 1200–2100 ppm) and it has been deliberately employed to validate
the remarkable resistance of our metal-free catalyst towards BTX deactivation phenomena.
To address these goals a new impregnation/thermal sequence for the N-C phase growth on
SiC extrudates is proposed and a comparison with that previously reported by us has been
used to shed light on the ideal chemical and morphological properties of the N-C phase for
the desulfurization process to occur. In addition, N-C/SiC performance has been compared
with that of the benchmark Fe2O3/SiO2 catalyst [40] for the sake of completeness.
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2. Results and Discussion

2.1. Catalysts Characterization and Properties of N-C2/SiC and N-C4/SiC

The SiC coating with the N-C phase was accomplished following two alternative
sequences of the solid support soaking in a standardized impregnation solution and
successive thermal treatments (see Section 3 for details). Figure 1 provides a visual sketch
of the operative sequences employed for the preparation of N-C2/SiC and N-C4/SiC
composites, respectively. At odds with N-C4/SiC, it can be inferred that preparation of
N-C2/SiC follows a simplified synthetic path that includes only two impregnation/drying
steps (green cycles) before undergoing annealing treatment at 900 ◦C for 2 h under inert
atmosphere (red cycle) without passing any intermediate calcination step (orange cycle in
N-C4/SiC sequence).

Figure 1. Quick visual representation of the two alternative synthetic paths used for the preparation
of N-C4/SiC (upper black arrow) and N-C2/SiC (down black arrow) composites, respectively. Green
cycles refer to the impregnation/drying steps, orange cycles refer to the material calcination at 400 ◦C
for 2 h and red cycles refer to the material annealing at 900 ◦C for 2 h under Argon atmosphere.

Although a complete N-C4/SiC characterization and its H2S desulfurization properties
have previously been detailed by us elsewhere, [26,34,36] their comparison with those of N-
C2/SiC is necessary to better highlight the improved properties and catalytic performance
of the latter. Both composites (Figure 2A) were analyzed in terms of specific surface area
(SSA), total pore volume and pore-size distribution by N2 physisorption at the liquid N2
temperature (77 K).

As Table 1 shows, the specific surface areas (SSA) of the two composites are very close
each other and they are almost twice than that measured on the plain SiC support. Both
composites present Type IV isothermal profiles (Figure 2A) with distinctive H2 hysteresis
loops in the 0.45–1.0 P/P0 range, typical of mesoporous networks featured by complex
pore structures of ill-defined shape [41]. Sample N-C4/SiC presents a more pronounced
hysteresis loop that is ascribed to the presence of a large extent of smaller mesopores and
a lower mean pore-size distribution (Table 1) that facilitate the occurrence of capillary
condensation phenomena. This datum is in line with the pore-volume distribution curves
recorded on the three samples at comparison (Figure 2B). From the inspection of these
profiles, it can be deduced a reduced content of small mesopores (in the 2–5 nm range)
in N-C2/SiC compared to its counterpart N-C4/SiC, together with the presence of larger
mesopores (prevalently in the 20-60 nm range) available on the former only. As far as N-C
phase mass content is concerned, thermogravimetric analysis (TGA) on air (50 mL min−1)
on the two samples (Figure 2D) showed only negligible differences on the content of
organic deposit (6.7 wt.% on N-C2/SiC and 6.9 wt.% on N-C4/SiC) whatever the catalyst
preparation sequence adopted (Figure 1). Both profiles evidence a distinctive weight loss
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at 622 and 613 ◦C for N-C2/SiC and N-C4/SiC, respectively, where the derivative of the
thermogravimetric curves (DTG) holds its maximum value.

Figure 2. (A) N2 adsorption-desorption isotherm linear plot of SiC (light grey curve), N-C2/SiC (blue curve) and N-C4/SiC
samples (red curve) recorded at 77 K along with (B) the respective pore-size distributions measured (BJH method). (C) High-
resolution XPS N 1s core level region of N-C2/SiC (up) and N-C4/SiC (down) at comparison, along with the relative curves
fittings. (D) Thermogravimetric/derivative of the thermogravimetric curves (TG/DTG) profiles of N-C2/SiC (left-side
hand) and N-C4/SiC (right-side hand) at comparison. Weight loss is measured arbitrarily in the 200–700 ◦C temperature
range. Operative conditions: Air, 50 mL/min; heating rate: From 40 to 900 ◦C at 10 ◦C/min.

The XPS analysis of the materials at comparison confirmed the same composition
providing largely superimposable survey profiles (Figure S3). The high-resolution N
1s analysis of the two samples has pointed out a slightly changed composition of the
N-configurations available. Table 1 lists the relative % of the different N-species in the
samples. N 1s peaks deconvolution (Figure 2C) accounts for three main components
centered at 398.4 ± 0.2 eV (N-pyridinic—blue line), 399.7 ± 0.2 eV (N-pyrrolic—green
line) and 401.2 ± 0.2 eV (N-quaternary—orange line), along with an additional shoulder
(more pronounced in N-C2/SiC) at higher binding energies (403.0 ± 0.3 eV—red line) and
ascribed to the presence of N-oxidized species.

As Table 1 shows, the relative % of N-species obtained by the two alternative impregna-
tion/thermal sequences (Figure 1) give rise to a redistribution of the N-configurations avail-
able at the materials surface. In particular, reducing the number of impregnation/drying
steps and omitting the material calcination at 400 ◦C for 2 h, the percentage of pyrrole
moieties is nearly doubled, that of N-oxide species increases, while that of basic N-pyridine
sites decreases appreciably.
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Table 1. Selected chemico-physical and morphological properties of catalysts and precursors.

Entry Sample
SSA a

(m2

g−1)

Total Pore
Volume

(cm3

g−1) b

Average
Pore
Size

(nm) c

Surface
Basic Sites

(mmol
g−1) d

N-C
wt.%
(from
TGA)

N
wt.%
(from
EA)

XPS Data, N-Species (%)f

N at.% e

Py
ri

di
ni

c

Py
rr

ol
ic

G
ra

ph
it

ic

O
xi

di
ze

d

1 SiC 30 0.21 27.3 - g - - - - - - -

2 N-
C2/SiC 69 0.11 14.8 0.63 6.7 2.1 5.1 36.8 26.0 25.6 11.6

3 N-
C4/SiC 61 0.18 5.6 0.45 6.9 1.5 4.5 53.1 13.1 26.8 7.0

4 Fe2O3/SiO2 160 0.40 10.3 n.d. - - - - - - -
a Brunauer-Emmett-Teller (BET) specific surface area (SSA) measured at T = 77 K. b Total pore volume determined using the adsorption
branch of N2 isotherm at P/P0 = 0.98. c Determined by BJH desorption average pore width (4V/A). d measured by acid-base titration.
e Determined by XPS analysis. f Determined by high resolution XPS N 1s core region and its relative peak deconvolution. g The pH
value of an aqueous SiC dispersion lies close to pH 6.6 whereas the pH value of aqueous N-Cx/SiC dispersions (x = 2, 4) ranks close to
9.4. Data reported for elemental analysis (EA) and acid-base titration are calculated as the mean values over three independent runs.
n.d. = not determined.

At odds with this trend, a quantitative estimation of basic sites available at the surface
of both catalysts carried out by acid-base titration (see Section 3) has unveiled the higher
basic character of N-C2/SiC (0.63 mmol g−1) respect to N-C4/SiC (0.45 mmol g−1). This
discrepancy can be justified by the higher N-content of the N-C phase in N-C2/SiC. In-
deed, according to the N-C wt.% measured by TGA on the two samples (see Table 1 and
Figure 2D) and the N wt.% measured by EA (Table 1), the N wt.% content normalized to
the weight of N-C coating was calculated in 22 N wt.% and 31 N wt.% for N-C4/SiC and
N-C2/SiC, respectively. In spite of a reduction in the percentage of basic pyridine sites for
N-C2/SiC, its markedly higher N-content reasonably accounts for its higher basic surface
character [26,42].

2.2. Desulfurization Performance of N-C2/SiC and N-C4/SiC in the Presence of a Relatively High
Vol.% of Toluene as Acid Gas Contaminant

The catalysts screening in the sour gas desulfurization starts from the awareness
that aromatic contaminants like toluene hold a positive “solvent effect” on the catalytic
outcomes of these metal-free systems [36]. Indeed, they favor a faster removal of sulfur
deposits from the material mesopores, thus preventing the occurrence of undesired over-
oxidation paths. In a recent desulfurization report with N-C4/SiC, we have already shown
the remarkably high resistance of this metal-free catalyst towards deactivation/fouling
in the presence of toluene as the acid gas stream contaminant up to 5000 ppm. We also
claimed an increase of the elemental sulfur rate up to 30% compared to selectivity values
recorded for the same metal-free catalyst operated under identical—but toluene-free—
conditions [36]. The comparative study between N-C4/SiC and N-C2/SiC points out on
the importance of controlling the morphology and chemical composition of the N-C phase
in order to get more robust, selective and efficient desulfurization catalysts suitable to
operate the process under severe operative conditions. In this study, toluene was selected
again as a model aromatic contaminant in sour gases [43] and the performance of two
metal-free systems were compared for the sake of completeness with that of the benchmark
Fe2O3/SiO2 catalyst under the same conditions.

Aimed at stressing the relevance of morphological and chemical surface properties of
N-C active phase in the process, we deliberately selected harsh operative conditions since
the beginning of the desulfurization reaction. The process was then followed for a relatively
long time (>200 h) and until the three samples clearly followed distinct catalytic paths.
As a first trial, a mixture of H2S (0.3 vol.%; O2-to-H2S ratio = 2.5; steam: 10 vol.%) and
toluene (40,000 ppm; 4 vol.%) was passed downward the catalyst bed (6 g, Vcat ~7.5 cm3

for N-C4/SiC and N-C2/SiC and 6 g, Vcat ~5.8 cm3 for Fe2O3/SiO2) heated at 210 ◦C and
with a GHSV of 3200 h−1 (STP) (Figure 3A).
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Figure 3. (A) Desulfurization performance on N-C2/SiC, N-C4/SiC and Fe2O3/SiO2 catalysts of an acid gas stream
([H2S] = 0.3 vol.%) in the presence of 40,000 ppm of toluene (4 vol.%) as contaminant in the stream. Catalysis details: 6 g
(Vcat ~ 7.5 cm3 for N-C4/SiC and N-C2/SiC) or 6 g (Vcat ~ 5.8 cm3 for Fe2O3/SiO2); O2-to-H2S ratio = 2.5, [H2O] = 10 vol.%,
He (balance); reaction temperature = 210 ◦C, GHSV (STP) = 3200 h−1. (B) Desulfurization performance on N-C2/SiC at
variable toluene concentrations (10,000, 20,000 and 40,000 ppm or 1, 2 and 4 vol.%).

The long-term desulfurization process (up to 220 h) in the presence of 40,000 ppm of
toluene in the stream served to highlight the excellent sulfur selectivity (SS up to ~94% with
N-C2/SiC at the steady-state-conditions) as well as the remarkably high coke resistance of
both metal-free catalysts under severe and prolonged operative conditions. As Figure 3A
shows, all catalysts ensure a quantitative H2S conversion (100%) within the first 10 h on
stream. Afterwards, H2S conversion (XH2S) decreases appreciably whatever the nature of
the catalyst employed, with the benchmark Fe2O3/SiO2 showing the much faster deactiva-
tion rate compared to its metal-free counterparts. Under these conditions, the iron-based
catalyst shows a quantitative selectivity towards elemental sulfur although the high toluene
content in the gas stream rapidly compromises its H2S conversion capacity that falls below
50% just after 85 h on reaction. In spite of a slightly lower sulfur selectivity (SS in the
93–95% range), N-C2/SiC and N-C4/SiC show a markedly higher deactivation resistance
and follow distinct deactivation paths. The N-C4/SiC starts an appreciable deactivation
only after 25 h on stream. Afterwards, XH2S gradually but constantly decreases down to
65% (after ~200 h on reaction). Noteworthily, N-C2/SiC shows a more rapid deactivation in
the first hours on stream that however reaches a H2S conversion plateau around 160 h that
is almost constantly maintained even after 220 h. As far as sulfur selectivity is concerned,
both metal-free catalysts constantly rank above 90%. According to our previous report,
the positive SS increase is ascribable to a co-solvent action played by toluene. Indeed, it
facilitates the dissolution of sulfur deposits thus reducing their contact time with the N-C
active phase and hence limiting the occurrence of undesired over-oxidation paths. The
higher stability of N-C2 active phase must be searched in the minor but critical chemical
and morphological differences with N-C4 phase and hence within the simplified impreg-
nation/thermal sequence for the synthesis of N-C2/SiC compared to N-C4/SiC. It can be
inferred that a larger mean pore size distribution in N-C2 (Table 1, entry 2 vs. 3), a lower
percentage of small mesopores in favor of larger ones (Figure 2B) together with a higher ba-
sic surface character of the sample (Table 1) account for its improved catalytic performance.
Indeed, larger mesopores reduce the occurrence of pore clogging phenomena, ensure
a more effective reagents access to the catalyst active phase and allow a more effective
toluene scrubbing action towards the formed sulfur deposits. At the same time, a higher
basic surface character creates the ideal microenvironment for the generation of local H2S
gradients and reduces the occurrence of cracking side-processes responsible for undesired
“catalyst coking” [15,44–46]. The ability of N-C2/SiC to stabilize on a relatively high H2S
conversion values is attributed to the simultaneous occurrence of all these phenomena.
Selectivity values up to 94% at the steady-state conditions together with a XH2S constantly
lying on 68% denote an efficient and selective desulfurization process where the toluene
constant rate in the stream no longer affects the catalyst performance. On the other hand, it

151



Catalysts 2021, 11, 226

positively influences the process selectivity and dynamically controls the accumulation of
sulfur that might compromise the catalyst performance, particularly on long-term desulfur-
ization runs. All of this evidence taken together underline the importance of controlling the
chemical and morphological properties of the N-C phase through a rational optimization
of the SiC impregnation/thermal treatment sequences thus allowing a tuning of the active
phase surface properties as a function of its downstream application.

Expectedly, the lower the toluene content in the stream the slower the N-C2/SiC
deactivation rate under desulfurization conditions. This trend is confirmed by the catalyst
deactivation measured with N-C2/SiC in the presence of variable toluene concentrations
(from 1 vol.% to 4 vol.%) within a 115 h desulfurization run (Figure 3B). At the same time,
selectivity follows a similar and positive trend irrespective from the toluene content but
reaching appreciably higher values when the concentration of the latter increases.

As an additional trial, N-C2/SiC desulfurization capacity was investigated as a func-
tion of the reaction temperature and in the presence of variable percentages of toluene as
contaminant. To this aim, N-C2/SiC was initially conditioned at 210 ◦C using a toluene-free
sour gas stream and the process was constantly monitored throughout about 50 h. During
this time, the catalyst showed a quantitative H2S conversion (XH2S) and a sulfur selectivity
(SS %) laying around 55–60% (Figure 4). The addition of toluene (4 vol.%) to the acid
gas stream leads to the rapid increase of the process selectivity (up to 96%) while XH2S
gradually stabilizes to a constant plateau value. An increase of the catalyst temperature
to 230 ◦C results into a rapid XH2S increase that reaches values close to 80% for gradually
dropping down to 72% after additional 100 h on stream.

Figure 4. Effect of the temperature on the desulfurization performance of N-C2/SiC using an acid gas
stream ([H2S] = 0.3 vol.%) in the presence of 40,000 ppm of toluene (4 vol.%) as contaminant. The first
47 h on stream were operated under toluene-free conditions. Catalysis details: 6 g (Vcat ~ 7.5 cm3 of
N-C2/SiC); O2-to-H2S ratio = 2.5, [H2O] = 10 vol.%, He (balance); GHSV (STP) = 3200 h−1. Catalyst
regeneration (last 150 h on stream) occurs upon switching-off the toluene content from the acid
gas stream.

As far as sulfur selectivity is concerned, the reaction temperature and XH2S increase
affect only marginally its mean value that slightly reduces from 96% to 95%. Similarly,
an additional temperature increase from 230 to 250 ◦C gives rise to a further increase of
H2S conversion values that grow over 85% while SS does no longer reduce appreciably.
As Figure 4 shows, the XH2S decreases again and finally stabilizes around 78% after ad-
ditional 120 h on stream together with a mean SS value of 93% that highlight the unique
desulfurization properties of this metal-free catalyst while stressing again its robustness
and durability under quite unconventional conditions. It should be noticed that N-C2/SiC
still maintains a remarkably high XH2S and SS even after more than a 3 weeks (550 h) H2S
desulfurization run operated under continuum mode and severe operative conditions.

Notably, switching-off toluene from the acid gas stream, translates into a gradual but
complete recovery of the pristine catalyst performance (Figure 4, Regeneration section).
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This positive trend in the absence of harsher oxidative conditions, led us to consider the
action of toluene on the performance of our metal-free catalyst as that of an “interfering
solvent” rather than a source of carbon for the growth of coke deposits. Indeed, the
toluene confinement into the pores of the catalyst active phase alters the performance of
the latter reversibly without causing any real catalyst coking and thus any irreversible
deactivation. If the use of steam is known to be functional to the process by creating a
thin water film on N-C surface that favors the diffusion of hydrophilic H2S molecules
into the catalyst pores, [28] the co-existence with a hydrophobic co-solvent (e.g., toluene)
will translate into a depletion of reagents uptake and their diffusion towards the catalyst
active sites. Anyhow, once toluene molecules are gradually desorbed from the pores and
channels of the N-C network by using a toluene-free sour gas stream, the catalyst recovers
its original performance.

The excellent coke resistance of N-C2/SiC catalyst in the presence of relatively high
concentrations of aromatics in the gas stream (40,000 ppm), has been confirmed by the
analysis of the recovered N-C2/SiC (spent catalyst) after 720 h on reaction. Figure 5A
refers to the TGA analysis of the freshly prepared N-C2/SiC (left-side hand) with its spent
(right-side hand) counterpart put at comparison.

Figure 5. (A) TG/DTG profiles of the freshly prepared N-C2/SiC (left-side hand) and its exhaust counterpart (right-side
hand) at comparison. Weight loss is measured arbitrarily in the 200–700 ◦C temperature range and it corresponded to:
6.7 wt. loss % on the fresh N-C2/SiC and 7.6 wt. loss % on the spent N-C2/SiC. Operative conditions: Air, 50 mL/min;
heating rate: from 40 to 900 ◦C at 10 ◦C/min. (B) SEM micrograph of N-C2/SiC after its recovery at the end of a long-term
catalytic run of 720 h. White arrows indicate residual sulfur deposits marked all around by yellow dashed lines.

The spent sample presents a minor shoulder featured by a maximum weight loss
centered around 365 ◦C that accounts for about 0.9% of the overall weigh loss after the
complete N-C active phase burning. Although we cannot definitively rule out the genera-
tion to a certain extent of low-melting coke deposits, we believe that such a little shoulder
in the TGA profile of the exhaust sample is reasonably ascribable to the oxidation of sulfur
residues. In spite of a temperature in the last part of the catalytic run (250 ◦C) that is higher
than the sulfur dewpoint, some residues still remain available on the catalyst surface. In-
deed, the SEM analysis of the recovered N-C2/SiC (Figure 5B) clearly shows their presence
in the form of patchy islands, whose generation is attributed to the residual catalyst activity
during its cooling phase.

3. Experimental Section
3.1. Materials and Methods

β-SiC supports [extrudates (3 × 1 mm; h × ∅), V = ~0.002 cm3, SSA measured by N2
physisorption (at 77 K) of 30 ± 1 m2 g−1] were provided by SICAT SARL
(www.sicatcatalyst.com), thoroughly washed with deionized water in order to remove
powdery fractions, hence dried at 130 ◦C overnight before use. Ammonium carbon-
ate ((NH4)2CO3, MW: 96.09 g mol−1; Lot: A0356079), D-glucose 100% (C6H12O6, MW:
180.16 g mol−1) and citric acid (C6H8O7 anhydrous, ≥99.5%, MW: 192.12 g mol−1) were
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provided by ACROS OrganicTM, MYPROTEINTM and VWR Chemicals, respectively. Un-
less otherwise stated, all reagents and solvents were used as provided by commercial
suppliers without any further purification/treatment. N-C4/SiC sample was prepared
following the literature procedure previously reported by us [26,34,36] (and described in
brief hereafter for the sake of completeness). N-C2/SiC composite was prepared from
the same soaking water solution of food-grade components, using a simplified impreg-
nation/thermal sequence (vide infra). Scanning Electron Microscopy (SEM) was carried
out on an UHR-SEM Gaia 3 FIB/SEM (TESCAN, Brno-Kohoutovice, Czech Republic). A
10 kV electron beam was used for SEM imaging operated in high-vacuum mode, using
BSE and SE detectors. N2 adsorption-desorption measurements were carried out on a
Micromeritics® (Milan, Italy) sorptometer at the liquid N2 temperature and relative pres-
sures between 0.06 and 0.99 P/P0. Each sample was outgassed at 250 ◦C under ultra-high
vacuum for 8 h prior analysis in order to desorb moisture and adsorbed volatile species.
The X-ray Photoelectron Spectroscopy (XPS) was carried out in an ultrahigh vacuum (UHV)
spectrometer (Prevac, Rogów, Poland) equipped with a CLAM4 (MCD) hemispherical elec-
tron analyzer. The Al Kα line (1486.6 eV) of a dual anode X-ray source was used as incident
radiation. Survey and high-resolution spectra were recorded in constant pass energy mode
(100 and 20 eV, respectively). The CASA XPS program with a Gaussian-Lorentzian mix
function and Shirley background subtraction was employed to deconvolute XPS spectra.
Elemental analyses were performed on a Thermo FlashEA 1112 Series CHNS-O analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) and elemental average values were calcu-
lated over three independent runs. Powder Diffraction (PXRD) measurements were carried
out on a Bruker D-8 Advance diffractometer (Bruker, Billerica, MA, USA) quipped with
a Vantec detector (Cu Kα radiation) working at 40 kV and 40 mA. X-ray diffractogram
was recorded in the 10–80◦ 2θ region at room temperature in air. Iron loading for the
benchmark Fe2O3/SiO2 was fixed by Inductively Coupled Plasma Atomic Emission spec-
trophotometry (ICP-AES) after sample acidic mineralization, using an Optima 2000 Perkin
Elmer Inductively Coupled Plasma (ICP) Dual Vision instrument (Perkin Elmer Italia,
Milan, Italy). Thermogravimetric analyses were performed on air (50 mL min−1) from 40
to 900 ◦C (heating rate: 10 ◦C min−1) on an EXSTAR Seiko 6200 analyser (Riga, Latvia).
Acid-base titration was accomplished using the following procedure [47–49]: 10 mg of
N-Cx/SiC (x = 2 or 4) were suspended in 7 mL of a standardized HCl solution (3 × 10−3 M,
standardized with Na2CO3 as primary standard) and stirred at room temperature for 48 h.
After that, three aliquots of the solution were titrated with a standardized NaOH solution
(2.5 × 10−3 M). The basic sites loading was finally calculated as the average value over the
three independent titration runs.

3.2. General Procedure for the Preparation of N-C2/SiC and N-C4/SiC Catalysts

N-C2/SiC and N-C4/SiC catalysts were prepared from the same water soaking solu-
tion for the SiC support but following different impregnation/thermal treatment sequences.
The impregnation solution was prepared by dissolving at room temperature 3 g of D-
glucose and 4.5 g of citric acid in 20 mL of ultrapure Milli-Q water. Afterwards, 3.46 g
of ammonium carbonate were added to the stirred solution during which an efferves-
cence due to CO2 evolution starts (CAUTION! CO2 effervescence needs to be carefully
controlled during this phase by portioning the amount of (NH4)2CO3 added over time).
The as-prepared solution was used for the soaking/impregnation of 20 g of SiC extrudates
whatever the nature of the target composite prepared (N-C2/SiC or N-C4/SiC) [34]. N-
C4/SiC was obtained following previously reported procedures [36]. Accordingly, SiC
was soaked twice in the above water solution and excess of water—remaining after each
impregnation step—was gently evaporated at 40 ◦C for 3 h. Afterwards, the solid was dried
at 130 ◦C overnight before being calcined in air at 400 ◦C for 2 h (heating rate 2 ◦C min−1).
The as-obtained composite underwent identical impregnation/thermal treatment sequence
at the end of which the sample was annealed at 900 ◦C (heating rate: 10 ◦C min−1) for 2 h
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under inert (Ar) atmosphere. As a result, a N-doped and mesoporous C-graphitic coat at
the SiC outer surface was formed.

As far as N-C2/SiC is concerned, it was obtained by soaking SiC twice in the im-
pregnation solution, evaporating the excess of water at 40 ◦C for 2 h, drying the sample
at 130 ◦C overnight before moving it directly to the annealing phase at 900 ◦C under
inert atmosphere.

Fe2O3/SiO2 (2.6 wt.% Fe) was prepared according to literature data [40]. To this aim,
10 g of SiO2 powder were treated by incipient wetness impregnation with an aqueous
solution of iron nitrate (Fe(NO3)3·9H2O, 2.23 g; MW: 404,00 g mol−1) in 10 mL of ultrapure
Milli-Q water. The resulting solid was dried at 130 ◦C overnight before being calcined
in air at 350 ◦C (heating rate: 5 ◦C min−1) and maintained at the target temperature for
additional 2 h before being used as such in catalysis. The final iron loading was measured
by ICP-AES analysis and it was fixed to 2.6 wt.%. The XRD spectrum of the iron catalyst
(Figure S1) was in accord with related literature reports [50].

Although the comparison of a metal-based catalyst with a metal-free one might
appear as a meaningless exercise, Fe2O3/SiO2 is a common benchmark system for the H2S
desulfurization, and its employment under conditions identical to those (hard) operated
with the metal-free composites provides a clear-cut evidence of the superior performance
and stability of the latter. Moreover, the direct H2S oxidation to elemental sulfur in
the presence of aromatics as contaminants in the gaseous stream is almost absent in the
literature. In addition, SiO2 as the metal active phase support was properly selected and
compared with SiC, the latter being naturally coated by a thin layer of SiOxCy/SiO2 once
exposed to air at room temperature [27].

3.3. Selective H2S Desulfurization of Sour Gases to Elemental Sulfur

The H2S oxidation process can be described by Equations (1)–(3) reported below [51,52].
For catalytic trials, 6 g of N-C2/SiC or N-C4/SiC (Vcat ~7.5 cm3) were loaded on a silica
wool pad, housed in a Pyrex tubular (∅ID: 16 mm) reactor housed in a vertical electrical
furnace, and the catalytic reactions were operated isothermally under atmospheric pressure.
A graphical representation of the desulfurization scheme is provided on Figure S2.

2H2S + O2 → 2S + 2H2O ∆H = −187 kJ/mol (1)

S + O2 → SO2 ∆H = −297 kJ/mol (2)

2H2S + 3O2 → 2SO2 + 2H2O ∆H = −518 kJ/mol (3)

The temperature of the furnace was controlled by a K-type thermocouple and a Minicor
regulator. The reactants gas mixture [H2S (0.3 vol.%), O2/H2S = 2.5, H2O (10 vol.%) in
inert He as carrier (balance)] was passed downward through the catalyst bed, being gas
flow rates monitored through Brooks 5850TR mass flow controllers. Steam (10 vol.%)
was ensured by bubbling the inert carrier in a saturator containing hot water at 61 ◦C.
CAUTION! H2S is a colourless, flammable, highly toxic gas. It must be handled—including its
solutions—rigorously under a fume-hood and with all necessary precautions, especially a specific leak
detector installed close to the operating setup. The gas hourly space velocity (GHSV) was fixed
at 3200 h−1 (corresponding to 400 mL min−1 or 4000 mL gcat

−1 h−1) and the O2-to-H2S
molar ratio was kept constant to 2.5. The influence of toluene on the catalyst performance
was investigated by feeding the reactants stream with toluene vapors at concentrations
comprised between 1 vol.% (10,000 ppm) up to 4.0 vol.% (40,000 ppm). Toluene was
fed-up in the stream by flowing He through a saturator containing pure toluene constantly
maintained at 40 ◦C. To this purpose an independent line of He (Figure S2) was used
to feed-up toluene in the reagents stream and its target concentration was adjusted by
regulating the flow of the carrier. The amount of toluene passing through the catalyst
was double checked by measuring the real liquid volume of toluene vaporized per day
of experiment. All catalytic runs were carried out in continuous mode. Hence, most of
the formed elemental sulfur was vaporized (because of the high partial pressure of sulfur
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at the target reaction temperatures) and condensed alongside with steam at the reactor
outlet in a trap maintained at room temperature. The analysis of the inlet and outlet gases
was performed on-line using a Varian CP-3800 gas chromatograph (GC) equipped with a
Chrompack CP SilicaPLOT capillary column and a thermal catharometer detector (TCD)
for the detection of O2, H2S, H2O, and SO2 (down to 30 ppm). H2S and SO2 concentrations
were recalculated on the basis of the corrected flow after steam condensation in a trap
(Figure S2). All connecting lines were wrapped with thermal tapes maintained at 140 ◦C in
order to prevent any condensation phenomena.

4. Conclusions

To summarize, the optimization of the SiC impregnation/thermal treatment sequences
for the control of the surface chemistry and morphology of a highly N-rich carbon phase
coating has been proposed. The new sequence for the N-C2/SiC preparation has pointed
out the importance of controlling the chemico-physical properties of the N-C phase as to get
more efficient, selective and stable metal-free catalysts to be employed in the selective H2S
oxidation of sour gas streams and in the presence of aromatic contaminants concentrations
as high as 40,000 ppm (4 vol.%). In the study, we have demonstrated how larger mesopores
at the N-C active phase along with its higher basic surface character hold largely beneficial
effects on the catalyst performance and its stability on stream. While the former reduces
the occurrence of pore clogging phenomena, ensures a more effective reagents access to the
catalyst active phase and allows a more effective scrubbing/removal action of the sulfur
deposits by the toluene, the latter creates the ideal microenvironment for the generation
of local H2S gradients and reduces the occurrence of cracking side-processes responsible
for the “catalyst coking”. Most importantly, harsh H2S desulfurization conditions in the
presence of an intermittent toluene rate (from 0 to 4 vol.% and again down to 0 vol.%) in the
sour gas stream has allowed to better elucidate the effect of aromatics on the performance
and long-term stability of these metal-free desulfurization catalysts. Our results have
pointed out that metal-free catalysts of this type suffer only marginally of irreversible deac-
tivation caused by the generation of coke deposits. On the other hand, the reduced XH2S
efficiency in the presence of toluene can be reasonably ascribed to a competitive pore-filling
by the toluene as the steam co-solvent. While steam facilitates H2S diffusion into the pores
and channels of the N-C active phase, the hydrophobic toluene can detrimentally compete
with the reagent uptake on the catalyst active phase. However, once toluene molecules
are gradually desorbed from the pores and channels of the N-C network (i.e., purging the
catalyst under a toluene-free sour gas stream), the latter recovers its original performance.

Overall, three catalytic system at comparison (N-C2/SiC, N-C4/SiC and Fe2O3/SiO2)
have served to highlight the role of metal-free catalysts and their surface chemico-physical
properties on their H2S desulfurization performance in the presence of aromatics as contam-
inants. As shown in Figure 3A, while the iron-based catalyst rapidly deactivates because of
the fouling of its active-phase (catalyst coking), the two metal-free systems behave differ-
ently as a function of their chemical and morphological properties. Under these conditions,
the higher the basic surface properties and the higher the density of larger mesopores in
the material, the higher the catalyst stability and durability on run.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/2/226/s1, Figure S1: XRD profile of Fe2O3/SiO2 catalyst (Fe 2.6 wt.%), Figure S2: Schematic
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N-C4/SiC.
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Abstract: The presence of phosphine (PH3) and hydrogen sulfide (H2S) in industrial tail gas results
in the difficulty of secondary utilization. Using waste solid as a wet absorbent to purify the H2S
and PH3 is an attractive strategy with the achievement of “waste controlled by waste”. In this study,
the reaction mechanism of simultaneously removing H2S and PH3 by modified manganese slag slurry
was investigated. Through the acid leaching method for raw manganese slag and the solid–liquid
separation subsequently, the liquid-phase part has a critical influence on removing H2S and PH3.
Furthermore, simulation experiments using metal ions for modified manganese slag slurry were
carried out to investigate the effect of varied metal ions on the removal of H2S and PH3. The results
showed that Cu2+ and Al3+ have a promoting effect on H2S and PH3 conversion. In addition, the Cu2+

has liquid-phase catalytic oxidation for H2S and PH3 through the conversion of Cu(II) to Cu(I).

Keywords: phosphine; hydrogen sulfide; manganese slag; metal ions; reaction mechanism

1. Introduction

The presence of phosphine (PH3) and hydrogen sulfide (H2S) in industrial gases can result in
reduced feed gas quality, excessive equipment corrosion, and catalyst deactivation and poisoning,
limiting industrial gas recovery and utilization [1], especially yellow phosphorus off-gas. In addition,
H2S, as a highly toxic, corrosive gas, can not only cause air pollution but also eye irritation and
breathing problems. Even exposure to small amounts of H2S will pose a serious threat to humans [2].
Additionally, PH3 may cause immediate death if one is exposed to a concentration level of 50 ppm,
according to the National Institute for Occupational Safety and Health (NIOSH) [3]. Therefore, it is
desirable to remove them from the point of view of the highly efficient use of industrial gases and
human health.

Currently, the wet process has more advantages for simultaneously removing H2S and PH3

compared to the dry process, due to lower cost and easier preparation process [4,5]. However, the wet
process for the removal of H2S and PH3 could rapidly consume oxidant, thus leading to a decrease in
removal efficiency [4]. Hence, there is an urgent need to modify the traditional wet method to meet
stricter environmental laws. In recent years, the use of metal ore, tailings, and metal smelting slag to
remove industrial waste gas has attracted the attention of researchers [6–8]. Smelting slag contains a
large number of transition metals such as Fe, Mn, and basic oxides, which could have been favorable
for absorption of PH3 and H2S in the wet process due to the liquid phase catalytic oxidation ability
of transition metals and higher alkalinity of basic oxides such as CaO, MgO, etc. The liquid catalytic
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oxidation by transition metals can be favorable for the oxidation of gas pollutants, thus being conducive
to absorbing H2S or/and PH3 [9–11]. At present, China has become the largest manganese producer,
consumer, and exporter, and has emitted more than 2 × 106 tons of manganese slag (MS) every year,
which mainly originate from the manganese metallurgy process. Piling manganese slag waste has
caused color stain and pollution in the composition of soil and surface water and contaminated
groundwater and rivers due to surface runoff [12]. Therefore, there is a pressing need to dispose of MS
in a green and highly efficient manner. The chemical compositions of MS are rich in Mn-based oxides
and contain a number of basic oxides, which make it possible to become a highly efficient absorbent
for the removal of H2S and PH3.

According to our previous studies [13], modified manganese slag (MS) slurry was used to
remove H2S and PH3 and proved a great absorbent. However, a detailed investigation of the reaction
mechanism was still lacking. Thus, our research extends the knowledge into the reaction mechanism
of H2S and PH3 using modified MS slurry. In this paper, the emphasis was laid on the role of
modified MS slurry in removing H2S and PH3. In addition, to understand the liquid phase catalytic
oxidation ability of modified MS slurry, we simulated the composition of MS slurry in the form
of different metal salt solutions based on the actual composition of electrolytic MS. In addition,
XPS (X-ray photoelectron spectrometer), IC (ion chromatography), and XRF (X-ray fluorescence) and
XRD (X-ray diffraction) techniques were used to investigate the samples’ surface information. Thus,
a mechanism of simultaneous removal of PH3 and H2S using modified MS slurry was proposed.

2. Results and Discussion

2.1. Effect of Different Component Slurry after Acid Leaching on Simultaneous Removal of H2S and PH3

In order to investigate the mechanism of simultaneous removal of H2S and PH3 using modified
MS slurry, the acid leaching method was used to treat the raw MS. Thus, the majority of soluble metal
ions can be leached and transferred from the solid phase of raw MS to the aqueous solution. It can be
seen from Figure 1 that XRD results show that the main mineral phases of raw MS were 3CaO·SiO2

(C3A), 2CaO·SiO2 (C2A), CaO, Al2O3, and merwinite. These components were acid-soluble, which can
be decomposed by the acid solution. Table 1 also shows that the main elements in raw MS were Si, Ca,
and Mn. Thus, through acid leaching and then filtering, the active components mainly including metal
ions could be removed from the raw MS.Catalysts 2020, 10, x FOR PEER REVIEW 3 of 12 
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Table 1. XRF analysis of electrolytic manganese slag (wt.).

Element Ca Si Mn Al Mg S O

Raw electrolytic manganese slag 25.54 13.09 11.33 4.80 3.54 1.87 37.48

As shown in Figure 2, the 100% H2S removal efficiency of modified MS slurry (MS + CuSO4 group)
can maintain 7 h while the 65% PH3 removal efficiency of modified MS slurry can maintain 5 h.
In addition, the acid leaching residues and CuSO4 slurry can only obtain around 7% H2S removal
efficiency and approximately 9% PH3 removal efficiency. Compared with the simultaneous removal of
H2S and PH3 by modified MS slurry, the acid leaching residue and CuSO4 slurry obtained a poorer
removal efficiency due to the consumption of active components after the acid leaching method.
Additionally, the raw MS and Cu2+ have a synergistic effect on the removal of H2S and PH3. Thus,
leached metal ions in slurry have a leading role in removing H2S and PH3. The mixture of MS and
CuSO4 slurry obtained the best PH3 conversion efficiency while the effect of CuSO4 solution was
not obvious. According to our previous report [13], the increase in PH3 conversion efficiency can be
ascribed to the oxidation ability of Cu2+ and Mn2+ from MS, thus inhibiting the formation of CuS/Cu2S.
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Figure 2. Effects of different component slurry after acid leaching on simultaneous removal of
(a) H2S and (b) PH3 by manganese slag before and after acid leaching. Experimental conditions:
H2S concentration = 800 ppm; PH3 concentration = 400 ppm; gas flow rate = 110 mL min−1;
reaction temperature = 35 ◦C; Oxygen content = 1 vol %; stirring rate = 800 r/min.

2.2. Effect of Simulated Modified MS Slurry on Simultaneous Removal of H2S and PH3

The metal ions leached from MS during the reaction period played a leading role in removing
H2S and PH3. Thus, to gain more insight, the modified MS slurry was simulated in the form of
metal salts based on the real component composition. The various simulated metal salts species
(including metal nitrates, metal chlorides, and metal sulfates) were investigated and the simulated
contents were listed in Table 2. The H2S and PH3 removal efficiency by simulated modified MS slurry is
shown in Figure 3. The results showed that the three groups obtained a 100% H2S conversion efficiency;
whereas Group 3 (metal chlorides) obtained the higher PH3 removal efficiency relative to those of the
other groups, with the order being metal chlorides > metal nitrate > metal sulfates. In order to achieve
a better understanding of the variation in PH3 and H2S conversion by different metal salts, the reaction
products in aqueous solutions were detected by the IC method. The IC results, as shown in Figure 4,
showed that the generated PO3

− and SO4
2− concentrations in Group 3 increased with the reaction

proceeding, which indicated that the H2S and PH3 could be converted to PO3
− and SO4

2−, respectively.
Thus, the addition of metal sulfates inhibited higher H2S and PH3 conversion efficiency because the
generation of SO4

2− was accelerated and inhibited the oxidation of PH3 when the copper concentration
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was at relatively high concentration, according to our previous study [13]. In other words, more sulfates
existing in the solution led to lower PH3 conversion efficiency. Hence, the metal chloride was chosen
for the following experiments.

Table 2. Composition of simulated modified manganese slag slurry.

Samples Composition (wt.%), Total Mass = 3 g, Balanced in SiO2

Ca2+ Mg2+ Mn2+ Al3+ Extra Added Cu2+

Group 1 (metal nitrates) 25.54 3.54 11.33 4.80 0.01 mol
Group 2 (metal chlorides) 25.54 3.54 11.33 4.80 0.01 mol
Group 3 (metal sulfates) 25.54 3.54 11.33 4.80 0.01 mol
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2.3. Effect of Single and Multi-Metal Ions on Simultaneous Removal of H2S and PH3

To further explore the role of metal ions in removing H2S and PH3, we provide a series of
experiments to examine the effect of metal ions on H2S and PH3 removal. It can be seen from Figure 5
that all groups can achieve 100% H2S removal efficiency. The highest PH3 conversion efficiency of
Cu2+ + Al3+, Cu2+ + Ca2+, Cu2+ + Mg2+, and Cu2+ + Mn2+ were 95.52%, 89.45%, 87.43%, and 81.63%,
respectively. The Al3+ + Cu2+ group obtained higher PH3 conversion efficiency relative to that of Cu2+

alone, which indicated that the Al3+ and Cu2+ have a synergistic effect on PH3 removal. The addition
of Mg2+, Ca2+, and Mn2+ slightly reduced the PH3 conversion efficiency compared to those of the
Cu2+ group and Al3+ + Cu2+ group. Thus, the analysis emphasis was laid on the Al3+ + Cu2+ group,
and the reaction products in long-term experiments are analyzed in the next section (Section 2.4).
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2.4. Reaction Mechanism of Metal Ions to Simultaneous Removal of H2S and PH3

To understand the effect of Al3+ combined with Cu2+ on simultaneous removal of H2S and PH3,
the long-term experiments were carried out and the variation in the pH value of solution, solid or
aqueous products is analyzed in this section. For the Cu2+ group, Figure 6a shows that the PH3

conversion efficiency increased initially and then decreased with the reaction proceeding, accompanied
by a gradual decrease in the pH value. The XRD results in Figure 6b indicate that the main
reaction product was CuS, Cu8S5, and CuCl, which resulted from the reaction between H2S and Cu2+

(Equation (1)). Meanwhile, the H+ ion was increased, thereby leading to a decrease in pH value.
The Al3+ + Cu2+ group showed a similar conversion trend for H2S and PH3. However, the reaction
products of the Al3+ + Cu2+ group became different. It can be seen from Figure 6d that the Al2(SO4)3,
CuSO4, Cu4(SO4)(OH)6·2H2O, and CuS were the main reaction products for removing H2S while AlPO3,
AlP, and Cu5O2(PO4)2 were the main reaction products for removing PH3. When Al3+ was added into
the solution, the pH value slowly decreased during 5 h of initial reaction time, which indicated that Al3+

could inhibit the rapid decline of pH value, although the pH value subsequently decreased dramatically.

Cu2+ + H2S → CuS + 2H+ (1)
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To gain more insight, we conducted several XPS studies for the reaction products of the Cu2+

group and Al3+ + Cu2+ groups with the reaction proceeding. For the Al3+ + Cu2+ group, as shown
in Figure 7a, the binding energy (B. E.) centered at about 159.4 eV for S 2p3/2 could be attributed to
S2− [14], which indicated that CuS was generated in the Al3+ + Cu2+ group. In addition, the B. E.
located at 164.2 eV may be ascribed to polysulfide species [15], which indicated that CuS/Cu8S5 was
oxidized in the existence of oxygen. With the reaction further proceeding, the sulfate was formed
as evidence that the B. E. of 169.8 eV appeared [16] and the sulfate content further increased from
7 h to complete reaction, which indicated that CuS was further oxidized to CuSO4 by oxygen in the
presence of the water environment [17]. This was consistent with the XRD results as shown in Figure 6d.
For the Cu2+ group, the variation in S valence state in the initial reaction period was similar to the
Al3+ + Cu2+ group. However, with further increase of the reaction time, the content of the polysulfide
species (53.2%, calculated by XPS data as shown in Table 3) was the same as the sulfate content (46.8%);
whereas the sulfate content (91.4%) was dominant in the Al3+ + Cu2+ group. This can be explained by
noting that the addition of Al3+ could effectively accelerate the CuS oxidation, thus generating more
sulfate species.
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Table 3. XPS data of Al3+ + Cu2+ group and Cu2+ group with different reaction time for surveys of
S 2p; P 2p, and Cu 2p.

Sample Element Parameter

1 h 4 h Complete Reaction

Cu2+ Group

S
Position (eV) 164.7 159.6 169.1 164.0 169.6 163.9 162.6

Atomic ratio (%) 68.2 31.9 40.4 59.6 46.8 46.5 6.7
Substance Sn

1 S2− SO4
2− S SO4

2− Sn Sn

P
Position (eV) 134.2 131.3 134.2 131.4 134.1

Atomic ratio (%) 39.9 60.1 64.7 35.3 100.0
Substance PO4

3− P3− PO4
3− P3− PO4

3−

Cu
Position (eV) 935.1 932.7 932.8 935.3 932.3 934.6

Atomic ratio (%) 87.9 12.1 15.2 84.8 70.2 29.8
Substance CuSO4 CuS CuS CuSO4 CuS CuSO4

Sample Element Parameter

1 h 4 h Complete Reaction

Al3+ + Cu2+ Group

S
Position (eV) 164.2 159.4 169.8 164.9 169.7 163.6

Atomic ratio (%) 78.4 21.6 74.2 25.8 91.4 8.6
Substance Sn S2− SO4

2− S Sn Sn

P
Position (eV) 133.6 131.0 134.0 131.5 134.1 131.0

Atomic ratio (%) 51.7 48.3 69.8 30.2 94.4 5.6
Substance PO4

3− P3− PO4
3− P3− PO4

3− P3−

Cu
Position (eV) 934.9 932.6 935.2 932.9 935.0 932.6

Atomic ratio (%) 83.5 16.5 86.5 13.5 73.6 26.4
Substance Cu(II) Cu(I) Cu(II) Cu(I) Cu(II) Cu(I)

1 Sn refers to the polysulfide species.

As shown in Figure 7c, when the Al3+ + Cu2+ group reacted for 1 h, phosphate was formed,
since the peak at 134.6 eV could be attributed to PO4

3− while the B. E. of 131.0 eV may be ascribed
to P3−. With an increase in reaction time, the PO4

3 content increased from 51.7% to 69.8%, up to 94.4%
in the final. The variation of the P valence state in the Cu2+ group as shown in Figure 7d was the same
as for the Al3+ + Cu2+ group; but the generation rate of phosphate in the Cu2+ group was slower than
that of the Al3+ + Cu2+ group. When the reaction time was for 1 h, the relative phosphate content
in the Cu2+ group was 39.9%, thus leading to a slower increased PH3 conversion efficiency than the
Cu2+ group. The faster conversion of PH3 to phosphate resulted in accelerated PH3 absorption in the
initial period of reaction.

It can be seen from Figure 7e that the B. E. located at around 934.9 and 932.6 eV in the Al3+ + Cu2+

group could be attributed to Cu(II) and Cu(I), respectively [18]. The relative Cu2+ content in
the Al3+ + Cu2+ group was 83.5% for 1 h of reaction time and then decreased to 73.6% until the
complete reaction, which indicated that part of Cu2+ was converted to Cu+ as evidenced by the
formation of CuCl and Cu8S5 by the XRD technique. From Figure 7f, it can be seen that the ratio of
Cu(II)/Cu(I) in the Cu2+ group decreased dramatically relative to the Al3+ + Cu2+ group, which indicated
that Cu2+ ion had a liquid-phase catalytic oxidation effect on removing H2S and PH3 through variation
in the valence state of Cu2+ to Cu+.

Based on the above analysis, the metal ions played a leading role in removing H2S and PH3.
The reaction process can be summarized as follows (Equations (2)–(13)):

H2S ↔ HS− + H+ ↔ S2− + 2H+ (2)

Me2+ + H2S + 2H2O→MeS ↓ +2H+
(
Me2+ = Cu2+

)
(3)

CuS(s)→ Cu2+(aq) + S2− (
Me2+ = Cu2+

)
(4)

8Cu2+ + PH3 + 4H2O → 8Cu+ + PO3−
4 + 11H+ (5)
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4Cu+ + O2 + 2H2O→ 4Cu2+ + 4OH− (6)

Cu+ + O2 → Cu2+ + O−2 (7)

O2 + 2H2S → 2S ↓ +2H2O (8)

S + 1.5O2 + 2H2O → SO2−
4 + 2H+ (9)

(CuS)n + O2 → (CuS)n−1(CuS)•+ + O2
•− (10)

Cu2+ + H2O → Cu+ + H+ + OH• (11)

2OH• → H2O2 (12)

4H2O2 + S2− → SO2−
4 + 4H2O (13)

3. Materials and Methods

3.1. Materials

The manganese slag samples were collected from Wenshan, China. The electrolytic manganese
slag is firstly dried at 105 ◦C in the oven for 12 h, then mechanically ground by ball mill and sieved to
200 mesh (74 µm) for use. The standard gases include N2 (≥99.99%), H2S/N2 (1.00% H2S, v/v), PH3/N2

(1.00% PH3, v/v), and O2 (≥99.99%), all of which were purchased from Dalian Special Gases Co., Ltd.,
Dalian, China.

3.2. Acid Leaching Procedure and Preparation of Modified MS Slurry

First, the electrolytic manganese slag was weighed and transferred into a three-necked flask.
Then, 2 mol L−1 hydrochloric acid solution was taken into the three-necked flask with the connecting
condensing device. The solid-to-liquid ratio of the slag to the acid solution was 1:6. The acid leaching
temperature was set at 100 ◦C for 60 min. After acid leaching, the acid-leached solution was filtered.
Then, filter residue and filtrate were obtained. The obtained filter residue was named as acid
leaching residue. The acid leaching residue was then mixed with deionized water to obtain a 40 mL
acid leaching residue slurry. Furthermore, the acid leaching residue was mixed with 0.01 mol CuSO4,
named as acid leaching residue + CuSO4. The mixture of acid leaching residue and CuSO4 was added
into 40 mL deionized water to prepare the acid leaching residue + CuSO4 slurry. The modified MS slurry
was obtained by a mixture of 3 g MS, 40 mL deionized water, and 0.01 mol CuSO4, named MS + CuSO4.
In addition, the 3 g of raw MS was added to 40 mL deionized water to prepare the raw MS slurry,
named MS. The CuSO4 solution also was prepared by adding a mixture of 40 mL deionized water and
0.01 mol CuSO4, named CuSO4.

3.3. Analytical Method

The solid samples were characterized by XPS technology to obtain the information of S 2p,
P 2p, and Cu 2p that were measured by the ESCALAB 250 X-ray photoelectron spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) with a resolution of 0.45 eV (Ag) and 0.82 eV (PET).
The sensitivity of the instrument is 180 kbps (200 µm, 0.5 eV). The anions in the solutions were detected
by ICS-600 (Thermo Fisher Scientific, Waltham, MA, USA). The ion chromatography is equipped
with an AS12A anion separation column consisting of sodium carbonate and sodium bicarbonate.
The instrument is turned on for 1–2 h, and the background conductance is less than 30 µs to start
measurement. XRD method was used to determine the phase structure of the solid samples prior and
after H2S and PH3 absorption experiments by a D/MAX-2200 X-ray diffractometer (Rigaku, Tokyo,
Japan) with Cu Kα ray, at a voltage of 36 kV, at a current of 30 mA, with scanning range between
10 and 90◦, and at a scanning speed of 5◦/min.
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3.4. Catalytic Activity Test

The experiment device for evaluating the activity of the remover is shown in Figure 8. The simulated
flue gas consists of O2, H2S, PH3, and N2, all of which were supplied by gas cylinders (1a–1d),
and their concentration were 1 vol %, 800 ppm (parts per million by volume), 400 ppm, respectively,
with a total gas flow rate of 110 mL/min. The gas flow in each gas path is controlled by mass
flow controllers (2) (Beijing Seven-Star Electronics Co., Ltd., Beijing, China) with a digital display
(4) (Beijing Seven-star Electronics Co., Ltd., Beijing, China)., then all of the gases were mixed in the
mixing tank (5) (J.K Fluid Technology, Jiaxing, China). The mixed gas will reach the desired concentration
by adjusting the mass flow controllers, and be analyzed by gas chromatography (6) (FULI-9790II
gas chromatography, FULI Instrument Co., Ltd., Taizhou, China). Then, the mixed gas passes
through three-necked flask (10) combined with the constant temperature magnetic stirrer (DF-101S,
INESA Scientific Instrument Co., Ltd., Shanghai, China), contacting the prepared modified manganese
slag slurry in which mixed gas will react with the slurry. During the reaction process, the pH value of
slurry was measured by pH meter (PHS-3C, INESA Scientific Instrument Co., Ltd., Shanghai, China).
Moreover, the tail gas will first be analyzed by a gas chromatography and then be removed in the tail
gas treatment system (9) (scrubbed by the 5 wt.% KMnO4 solution with 5 wt.% H2SO4).
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The calculation method for the conversion efficiency of PH3 and H2S is shown in Equation (14).

PH3(H2S) conversion efficiency % =
PH3(H2S)inlet − PH3(H2S)outlet

PH3(H2S)inlet
× 100 (14)

where PH3 inlet and H2S inlet refer to the inlet concentrations of PH3 and H2S at the initial of the reactor,
respectively, in mg/m3; and PH3 outlet and H2S outlet refer to the outlet concentrations of PH3 and
H2S at the end of the reactor, respectively, in mg/m3.

4. Conclusions

In this study, modified MS slurry was systematically carried out toward simultaneously removing
H2S and PH3. On the basis of different characterization techniques, we investigated the reaction
mechanism of removing H2S and PH3 by modified MS slurry. The main findings of this study are
as follows:
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(1) Through acid leaching experiments, the liquid-phase part after filtration has a leading role in
removing H2S and PH3. The highest PH3 conversion efficiency of leaching residue slurry + CuSO4

group can only obtain 15.14%, which indicated that the main active components were consumed
by the acid leaching method.

(2) By simulation of the modified MS slurry with metal ions based on real chemical composition,
the catalytic activity for H2S and PH3 is relative to the types of metal salts, with the order being
metal chlorides > metal nitrates > metal sulfates. All of the metal salts can obtain 100% H2S
removal efficiency. In addition, the metal chlorides can maintain above 70% PH3 conversion
efficiency for 10.5 h and the highest PH3 conversion efficiency was 86.85%; whereas the highest
PH3 removal efficiency of the metal nitrates and metal sulfates can only obtain 47.36% and 27.24%,
respectively. Furthermore, Al3+ and Cu2+ has a synergistic effect on removing H2S and PH3

compared to Ca2+, Mg2+, and Mn2+ combined with Cu2+ groups.
(3) H2S was oxidized to element S and sulfate due to the reaction between Cu2+ and H2S and part of

the H2S oxidation by O2, while the PH3 was oxidized to PO4
3− by liquid-phase catalytic oxidation

of metal ions with the conversion of Cu2+ to Cu+.
(4) The best PH3 and H2S conversion efficiency was obtained by the modified MS slurry (MS + CuSO4),

and the maximum removal efficiency of H2S and PH3 were 100% and ~78%, respectively.
The simple modification process for raw MS through adding Cu2+ can effectively improve the
H2S and PH3 conversion relative to fresh MS, which can be attributed to the synergistic effect of
different metal ions. However, the added Cu2+ in the modified MS slurry would be consumed by
conversion of Cu2+ to CuS/Cu2S, thereby leading to the deactivation of modified MS slurry.
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Abstract: Acute releases of hydrogen sulfide (H2S) are of serious concern in agriculture, especially
when farmers agitate manure to empty storage pits before land application. Agitation can cause the
release of dangerously high H2S concentrations, resulting in human and animal fatalities. To date,
there is no proven technology to mitigate these short-term releases of toxic gas from manure. In our
previous research, we have shown that biochar, a highly porous carbonaceous material, can float on
manure and mitigate gaseous emissions over extended periods (days–weeks). In this research, we aim
to test the hypothesis that biochar can mitigate H2S emissions over short periods (minutes–hours)
during and shortly after manure agitation. The objective was to conduct proof-of-the-concept
experiments simulating the treatment of agitated manure. Two biochars, highly alkaline and porous
(HAP, pH 9.2) made from corn stover and red oak (RO, pH 7.5), were tested. Three scenarios (setups):
Control (no biochar), 6 mm, and 12 mm thick layers of biochar were surficially-applied to the manure.
Each setup experienced 3 min of manure agitation. Real-time concentrations of H2S were measured
immediately before, during, and after agitation until the concentration returned to the initial state.
The results were compared with those of the Control using the following three metrics: (1) the
maximum (peak) flux, (2) total emission from the start of agitation until the concentration stabilized,
and (3) the total emission during the 3 min of agitation. The Gompertz’s model for determination
of the cumulative H2S emission kinetics was developed. Here, 12 mm HAP biochar treatment
reduced the peak (1) by 42.5% (p = 0.125), reduced overall total emission (2) by 17.9% (p = 0.290), and
significantly reduced the total emission during 3 min agitation (3) by 70.4%. Further, 6 mm HAP
treatment reduced the peak (1) by 60.6%, and significantly reduced overall (2) and 3 min agitation’s
(3) total emission by 64.4% and 66.6%, respectively. Moreover, 12 mm RO biochar treatment reduced
the peak (1) by 23.6%, and significantly reduced overall (2) and 3 min total (3) emission by 39.3%
and 62.4%, respectively. Finally, 6 mm RO treatment significantly reduced the peak (1) by 63%,
overall total emission (2) by 84.7%, and total emission during 3 min agitation (3) by 67.4%. Biochar
treatments have the potential to reduce the risk of inhalation exposure to H2S. Both 6 and 12 mm
biochar treatments reduced the peak H2S concentrations below the General Industrial Peak Limit
(OSHA PEL, 50 ppm). The 6 mm biochar treatments reduced the H2S concentrations below the
General Industry Ceiling Limit (OSHA PEL, 20 ppm). Research scaling up to larger manure volumes
and longer agitation is warranted.
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1. Introduction

Hydrogen sulfide (H2S) is a serious safety concern in agriculture and other industries. Inhalation
of H2S can be harmful to both humans and livestock, and sometimes deadly. The Occupational Safety
and Health Administration (OSHA) recommends the permissible exposure limits (PELs) concentration
for H2S at 20 ppm and an acceptable maximum peak above the acceptable ceiling concentration at
50 ppm, with a maximum duration of 10 min [1].

The mid-western United States has a significant presence of pork production. Many large swine
buildings use deep-pits to store manure under the slatted floor for up to 1 year. When a pit is full,
farmers pump-out most of the manure to fertilize their fields in the fall. Agitating manure prior to
pump-out is required to incorporate sediments and efficiently empty the pits. This routine seasonal
operation generates a high risk of inhalation exposure to gases released from manure. Agitating
the manure can break the entrapped gas bubbles, which causes an instantaneous increase in H2S
concentration (Figure 1) [2]. Fatal accidents have been recorded involving a high concentration of H2S
owing to the agitation of manure in the past several years [3–6].
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Figure 1. Schematic of the agitation process before seasonal manure pump-out from deep-pit storage
under swine barn with a slatted floor. Fatal accidents are known to occur to people and livestock owing
to the dangerous acute release of entrapped gases (e.g., H2S) from stored manure during agitation.

To date, there is no proven technology to mitigate these short-term releases of toxic gas from
manure. Commercial pit manure additives of the microbial mode of operation are used by some swine
farmers to control gaseous emissions. Still, science-based guides, as well as more data, are needed to
evaluate manure additive effect on the mitigation of gases emitted from storage [7]. Recent research on
manure additives such as soybean peroxidase, zeolite, and biochar show the effectiveness of mitigating
H2S, NH3, volatile organic compounds (VOCs), and greenhouse gas (GHG) emissions from swine
manure over extended periods of time [8–13]. Additionally, we evaluated the performance of numerous
commercial manure additives, but there was no overall statistically significant mitigation for gaseous
emissions [14,15].

In our previous research, we have shown that 6 mm and 12 mm thick layer treatment of biochar,
a highly porous carbonaceous material, can float on manure and mitigate gaseous emissions over
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extended periods (days–weeks). The mitigation effects on H2S were typically the greatest on the first
day of application and decreased over the duration of the trial [16]. This observation led us to explore
the possibility of using surficial biochar treatment for short-term mitigation of H2S emissions from
swine manure. In this research, we aim to test the hypothesis that biochar can mitigate H2S emissions
over short periods (minutes–hours) during and shortly after manure agitation. The biochars tested had
similar properties to those used for testing the spatial and temporal effects on pH near the liquid–gas
interface owing to biochar addition to water [17] and manure surface [18].

Biochar has received considerable interest in the recent decade. It was proposed to be used as
a soil amendment, an alternative source of fuel, and an adsorbent [19–21]. Biochar can be made
from abundant biomass and waste through pyrolysis or torrefaction with no oxygen or a low-oxygen
level [20–25]. Biochar’s physicochemical properties vary as a result of differences in feedstock and its
pretreatment, temperature, and time of the process [20–25]. The desired properties (e.g., pH, porosity,
chemical moiety) could be explored to achieve environmental sustainability goals.

The first research question was, what biochar dose should be applied? The second research
question was, how could a farm-scale system (Figure 1) be scaled down for a proof-of-the-concept
experiment? The third research question was, how will the agitation of manure with added biochar
influence the H2S emission rates? Finally, will the mitigation effect be sufficient to meet the OSHA
PELs recommendations, and will the results warrant scale-up research? We hypothesized that a greater
biochar dose (thickness of the surficial layer applied to manure) would increase the H2S mitigation
effect; proof-of-the-concept experiments could use a shorter agitation time and a smaller amount
of manure; and the mitigation effect would be significant and practical enough to warrant further
scale-up research.

2. Results

2.1. Gaseous Emissions Post Biochar Application and Pre-Agitation (Stage 1)

Immediately after applying RO biochar, both scenarios showed a significant reduction in emissions.
The 12 mm biochar treatment reduced the concentration of H2S by 68.3%, and the 6 mm biochar
treatment reduced 65.1% of H2S (Table 1).

Table 1. H2S emissions (expressed as flux) after applying red oak (RO) biochar (6 or 12 mm surficial
dose) to manure surface and before manure agitation.

RO Biochar

Condition Control 12 mm Biochar 6 mm Biochar

Pre-agitation H2S
(mg·m−2·s−1) 0.00181 ± 0.000503 0.000782 ± 0.000388 0.000632 ± 0.000154

Once the HAP biochar was applied, the 12 mm biochar treatment immediately reduced the
concentration of H2S by about 99%, and the 6 mm biochar treatment reduced emissions by nearly 100%
for H2S (Table 2).

Table 2. H2S emissions (expressed as flux) after applying highly alkaline and porous (HAP) biochar
(6 or 12 mm surficial dose) to manure and before manure agitation.

HAP Biochar

Condition Control 12 mm Biochar 6 mm Biochar

Pre-agitation H2S
(mg·m−2·s−1) 0.0146 ± 0.0206 0.00014 ± 0.00011 0 *

* below detection limits.
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2.2. Effect of the Dose on the Apparent Biochar Behavior Post-Agitation

After the agitation process, most of the biochar was still floating on the top of the manure.
Some of the biochar was wetted and mixed with manure (as circled in Figure 2). The treatments with
12 mm biochar dose were visibly wetter and mixed more readily with manure than those treated with
6 mm biochar. Patches of open (not covered) manure were more prevalent to higher biochar dose.
We observed similar dose-dependent behavior with surficially applied soybean peroxidase treatment
to swine manure [11].
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Figure 2. Swine manure surface: Control (left), highly alkaline and porous (HAP) biochar evenly
spread on top of the swine manure (center left), 6 mm thick HAP biochar layer after agitation (center
right), and 12 mm thick HAP biochar layer after agitation (right). Patches of open (uncovered) manure
(red circles) were more apparent when higher biochar dose was used.

2.3. Gaseous Emissions during Agitation (Stage 2)

Both the 6 mm and 12 mm RO biochar treatment significantly (p < 0.0001) reduced the total
emission of H2S by 67.4% and 62.4%, respectively (Table 3, Figure A1). The 6 mm and 12 mm RO
biochar treatment resulted in a 63.0% (p = 0.0511) and 23.6% (p = 0.145) reduction in the maximum
peak flux of H2S, respectively (Table 3).

Table 3. RO biochar treatment: the maximum peak flux and total H2S emission during 3 min agitation
(bold font signifies statistical significance).

RO Biochar during the 3 min of Agitation

Control 12 mm Biochar 6 mm Biochar

Maximum peak flux while
agitating, (mg·m−2·s−1) 0.0504 ± 0.00078 0.0385 ± 0.0138 0.0186 ± 0.00977

% Reduction of maximum peak
flux while agitating − 23.6 (p = 0.145) 63.0 (p = 0.0511)

Total emission during 3 min
agitation, (mg·m−2) 7.18 ± 0.644 2.7 ± 0.698 2.34 ± 0.472

% Reduction of total emissions
during 3 min agitation − 62.4 (p < 0.0001) 67.4 (p < 0.0001)

Both the 6 mm and 12 mm HAP biochar treatment significantly (p < 0.0001) reduced the total
emission of H2S by 66.6% and 70.4%, respectively (Table 3, Figure A2). The 6 mm and 12 mm RO
biochar treatment resulted in 60.6% (p = 0.05804) and 42.5% (p = 0.1249) reduction in the maximum
peak flux of H2S, respectively (Table 4).
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Table 4. HAP biochar treatment: the maximum peak flux and total H2S emission during 3 min agitation
(bold font signifies statistical significance).

HAP Biochar during the 3 min of Agitation

Control 12 mm Biochar 6 mm Biochar

Maximum peak flux while
agitating, (mg·m−2·s−1) 0.0455 ± 0.0192 0.0261 ± 0.00665 0.0179 ± 0.00321

% Reduction of maximum peak
flux while agitating − 42.5 (p = 0.1249) 60.6 (p = 0.05804)

Total emission during 3 min
agitation, (mg·m−2) 6.36 ± 1.23 1.88 ± 0.625 2.12 ± 0.433

% Reduction of total emissions
during 3 min agitation − 70.4 (p < 0.0001) 66.6 (p < 0.0001)

2.4. Gaseous Emissions Post-Agitation (Stage 3)

Once the agitation stopped, the concentrations of H2S started to decrease for both HAP and RO
biochar treatments (Figures A1 and A2). The H2S concentrations were recorded until they reached the
levels before agitation and were stable. Both the 6 mm and 12 mm RO biochar treatment significantly
(p < 0.0001) reduced cumulative H2S emissions by 84.7% and 39.3%, respectively (Table 5).

Table 5. RO biochar treatment: the average flux and cumulative H2S emission after agitation (bold font
signifies statistical significance).

RO Biochar after the 3 min of Agitation

Control 12 mm Biochar 6 mm Biochar

Duration (min) 36 36 36
Average emissions 1

(mg·m−2·min−1)
1.37 ± 0.175 0.831 ± 0.0483 0.209 ± 0.00174

Cumulative emissions 2

(mg·m−2)
49.2 ± 2.63 29.9 ± 1.74 7.52 ± 0.627

% Reduction of cumulative
emissions − 39.3 (p < 0.0001) 84.7 (p < 0.0001)

1 the average emissions were calculated using the cumulative emissions divided by the duration. 2 the cumulative
emissions were calculated based on the same period (post-agitation) (Figure A1).

For HAP biochar treatments, the 6 mm biochar treatment significantly (p < 0.0001) reduced
cumulative emissions of H2S by 64.4%. The 12 mm biochar treatment reduced the cumulative H2S
emissions by 17.9%, yet the reduction was not significant (p = 0.2897) (Table 6).

Table 6. HAP biochar treatment: the average flux and cumulative H2S emission after agitation (bold
font signifies statistical significance).

HAP Biochar after the 3 min of Agitation

Control 12 mm Biochar 6 mm Biochar

Duration (min) 14 14 14
Average emissions 1

(mg·m−2·min−1)
1.00 ± 0.134 0.821 ± 0.0936 0.356 ± 0.0379

Cumulative emissions 2

(mg·m−2)
14.0 ± 1.88 11.5 ± 1.31 4.99 ± 0.531

% Reduction of cumulative
emissions − 17.9 (p = 0.2897) 64.4 (p < 0.0001)

1 the average emissions were calculated using the cumulative emissions divided by the duration. 2 the cumulative
emissions were calculated based on the same period (post-agitation) (Figure A2).
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The H2S in the headspace of RO treated manure needed longer to return to the initial state
compared with the HAP treatment. The H2S release was higher in the experiment testing the RO
treatment (Figure A1) compared with the experiment testing the HAP treatment (Figure A2). The control
concentrations exceeded the limitations of the H2S sensor. The apparent difference in the control
concentrations is the result of the differences in manure used in RO and HAP experiments, that is,
collected at the same farm, yet at two different times for the RO and HAP trials.

2.5. Kinetics of the Post-Agitation Emissions of H2S

The kinetics modeling allowed further evaluation of the effect of biochar type and the dose.
The E0 parameter shows the potential of H2S emission during an ‘infinite’ time. The cumulative
emission during the post-agitation showed that there was no (p > 0.05) significant influence of the
HAP biochar treatment on the potential maximum cumulative flux (Figure 3). However, the lack of the
significance of the differences may be caused by high variability, while still, the apparent potential
for lower emission is visible. The RO application of biochar significantly (p = 0.0086) reduced the
potential of the maximum cumulative emission in the case of the 6 mm dose; however, there were no
differences between the biochar dose (Figure 3, Table A1—Appendix B). For both the RO and HAP
biochar, the lowest values of E0 were determined for 6 mm biochar thickness, implying that a low
biochar dose could be just as effective.
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Figure 3. The differences between the maximum cumulative H2S flux per biochar type and dose
(thickness of the biochar layer). Letters indicate the significant difference within the same group of
biochar types; asterisks indicate significant differences between biochar dose (Table A1). RO, red oak.

The k constant presents the rate of H2S emission. The treatment by application of both types of
biochar did not significantly influence (p > 0.05) the k constant (Figure 4, Table A2—Appendix B).
The lack of significant differences could be caused by high values of the standard deviations. However,
the influence of the biochar dose was observed only in the case of HAP, where the 12 mm biochar
reduced the k value.
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Figure 4. The differences between H2S emission constant rates per the type and dose (thickness of the
layer) of biochar. Letters indicate the significant difference within the same group of biochar types;
asterisks indicate significant differences between thicknesses of the biochar layers (Table A2).

The a1 parameter, the inflection time of the cumulative H2S emission curve, represents the moment
when the emission rate starts to ‘slow’ down. Similar to the k parameter, the treatment by the application
of both types of biochar did not significantly influence (p > 0.05) the inflection time of the H2S emission
(Figure 5, Table A3). The lack of significant differences could be caused by high variability. However,
in this case, the lowest a1 values were observed for 6 mm for both biochar types.
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3. Discussion

Biochar treatments have the potential to reduce the risk of inhalation exposure to H2S. Both 6
and 12 mm biochar treatments reduced the peak H2S concentrations below the General Industrial
Peak Limit (OSHA PEL, 50 ppm). The 6 mm biochar treatments, both HAP and RO, reduced the H2S
concentrations below the General Industry Ceiling Limit (OSHA PEL, 20 ppm) (Figures A3 and A4).

This proof-of-the-concept study shows that biochar has the potential to be an effective treatment
of short-term releases of H2S during and post-agitation of swine manure. From the kinetics of the
post-agitation H2S emissions analysis, only RO biochar has shown the significant (p = 0.0086) reductions
on the maximum cumulative emission (E0). Further, the smaller dosage (6 mm) worked just as well as
the 12 mm dosage. The pH value of HAP was 9.2, while the RO pH was 7.5 [17]. It has been expected
that HAP (more alkalic) would have a greater influence on H2S emissions mitigation, owing to H2S
transformation into S2− ions. Previously, we have found that HAP had a stronger influence on the
water pH increase than RO [17]. The apparent absence of the differences between RO and HAP in the
present experiment, and even (numerically) better performance of RO biochar, could be caused by the
different buffering capacity of the manure used for the experiment [18]. However, the comparison
between these two types of biochars was not the aim of the study.

Biochar treatments did not have much impact on the constant emission rate (k) owing to the
high standard deviations, except for the 12 mm HAP biochar treatment. The high variations could
be caused by high heterogenicity of the stored manure properties (i.e., stratified, biologically-active,
not a well-mixed solution, with local solids aggregates, and zones with different chemical properties).
Therefore, one possible solution is to work with artificial surrogate manure (if a particular mechanism
behind the mitigation needs to be isolated). The inflection time (a1) of the cumulative emissions was
not influenced much by either type of biochar; the lowest a1 values were observed for 6 mm for both
biochar types, where the emission rate started to slow down after 4–5 min. These findings still need to
be proven on a larger scale and optimized. Still, this initial work has implications that could potentially
save people and livestock lives and reduce inhalation risks during routine seasonal manure agitation,
pump-out, and land application. With further research, the optimal biochar type, dose, and form of
application (e.g., pellets instead of powder), it could become an effective adsorptive ‘barrier’ to protect
farmers, neighbors, and livestock from harmful gases and odors emitted from manure.

Surprisingly, the 6 mm biochar treatment was a numerically more effective dosage because the %
reduction was slightly higher while using less biochar. The smaller amount of biochar used has an
immediate impact and economics and on the feasibility of technology adoption. When the biochar
is wetted, it forms ‘chunks’. When manure is being agitated, the bigger chunks of biochar in 12 mm
treatments started to turn over, sink, and mix with manure much faster than with the 6 mm dose.
Once the physical barrier on the surface was broken, the maximum concentration of the treatment
began to rise and was closer to the Control.

In future research, other kinds of biochar could be tested for their efficacy to mitigate gaseous
emissions from manure. The effects of the dose and frequency of application of commercial biochars,
functionalized biochars, pelletized biochar, as well as the synergy between gaseous emissions and
agronomic benefits to soil should be tested. Additionally, farm-scale research is also required for the
proof-of-the-concept. With more extensive farm-scale trials, researchers should consider how and
where the biochar could be practically applied in order to create an effective short-term barrier to
maximize the benefit of biochar treatment. Application of powdery, light, and dusty material might be
hazardous itself and not be feasible in farm conditions. Pelletized biochar could be a more practical and
safer mode of application. Opportunities exist to mitigate other types of gases and other applications
(e.g., industrial wastewater, compost, landfill leachate) with biochar.
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4. Experiments

4.1. Manure, Biochars, H2S Measurements

Fresh manure was collected twice from deep-pit storage at a local swine farm in central Iowa.
The manure treated with the red oak (RO) biochar was collected in summer, whereas manure treated
with the highly alkaline and porous (HAP) biochar was collected in winter. Thus, the experimental
design was set up to compare the Treatment and Control of the same type of biochar. The manure
properties and, therefore, baseline H2S concentrations for control groups were different for HAP and
RO trials. The proof-of-the-concept simulation of the deep pit and agitation was facilitated by 1.22 m
(height) and 0.38 m (diameter) manure storage. The working volume of the manure was 103.1 L,
while the headspace was ventilated with 7.5 air exchanges per hour (ACH), which is representative of
the ventilation of deep-pit manure storage [11,26]. A 1/10 hp transfer pump (Little Giant, Fort Wayne,
IN) was used to agitate the manure with a 1.36 m3 h −1 flow rate.

Biochar physicochemical properties were described elsewhere [16–18]. Briefly, some key properties
are listed below. RO biochar was pyrolyzed at 500–550 ◦C. It had a pH of 7.5 and a 6.75 zero-point
charge, consisting of C (78.53% dry matter, d.m.), H (2.54% d.m.), N (0.62% d.m.), and volatile solids
(VS, 26.38% d.m.). Fixed C and ash were 54.76% and 15.83% d.m., respectively [16–18]. The HAP
biochar was made from corn stover pyrolyzed at 500 ◦C. The pH was 9.2 and 8.42 zero-point charge,
consisting of C (61.37% d.m.), H (2.88% d.m.), N (1.21% d.m.), and VS (16.27% d.m.). Fixed C and ash
were 34.98% and 46.82% d.m., respectively [16–18].

OMS-300 real-time monitoring system equipped with electrochemical gas sensors (H2S/C-50)
(Smart Control & Sensing Inc., Daejeon, Korea) was used to measure the real-time H2S
concentration [27,28]. The analyzer was calibrated with standard gas before use [27,28].

4.2. Experimental Design

The pilot-scale setup was simulating deep pit swine manure storage while manure was being
agitated (Figure 6). The inlet of the pump was connected to the bottom manure sampling port; the
outlet was connected to the middle manure sampling port. During agitation, the manure was pumped
from the bottom to the middle zone for 3 min. Three variants per each biochar and each with triplicates
experiments:

• Manure not treated with biochar—control variant.
• Manure treated with—6 mm thick layer of biochar.
• Manure treated with—12 mm thick layer of biochar.

The biochar dose was based on its volume spread over the manure surface, resulting in either
6 or 12 mm average thicknesses. The headspace H2S concentrations were measured in the exhaust
(Figure 6) continuously during the following stages:

• Stage 1: No agitation. Post biochar application and pre-agitation for all three variants.
• Stage 2: Agitation. All three variants during agitation.
• Stage 3: Post-agitation. All three variants after agitation until the headspace H2S concentration

reached its initial state.
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of biochar prior to agitating.

4.3. Data Analysis, the Kinetics of Emissions

The mitigation effect was estimated by comparing measured emissions associated with the Control
(not treated) and treatment (treated with biochar) manure. The % reduction was calculated as the
percent ratio of (control − treatment)/control.

The one-way analysis of variance (ANOVA) and Tukey–Kramer method in JMP software (version
Pro 14, SAS Institute, Inc., Cary, NC, USA) were used to analyze the data to determine the p-values
of total emissions for both overall and during 3 min. The maximum levels of concentrations were
used for a pooled T-test to estimate the p-values. A p-value < 0.05 was used as a statistical significance
threshold. The Gompertz model was used for the determination of the post-agitation cumulative H2S
emission kinetics [29]:

E = E0·e(−e−k·(t−a1)) (1)

where E—H2S emission flux, mg.m−2; E0—H2S maximum cumulative emission flux, mg m−2;
k—constant rate of the H2S emission flux, s−1; t—time, s; and a1—the inflection time of the cumulative
H2S emission, s.

The non-linear regression was used for the determination of the cumulative emission kinetics
with the application of the Statistical 13 software (TIBCO Software Inc., Palo Alto, CA, USA). The R2

determination coefficient was estimated to indicate the fitting the model to data. The kinetic analysis
was completed for each variant and each repetition. The result of the regression analysis for each
variant is provided in Appendix A (Figures A5–A22) and used to estimate the average values of E0,
k, and a1 (Equation (1)). The ANOVA test was applied with post-hoc Tukey’s test to indicate the
statistical significance (p < 0.05) of the differences between average values. The calculated probabilities
of Tukey’s test are given in Appendix B.

5. Conclusions

The highly alkaline and porous (HAP) and red oak (RO) biochar treatments have the potential
to reduce the risk of inhalation exposure to H2S. Both the 6 mm and 12 mm RO biochar treatment
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significantly (p < 0.0001) reduced the total emission of H2S by 67.4% and 62.4%, respectively. The 6 mm
and 12 mm RO biochar treatment resulted in a 63.0% (p = 0.0511) and 23.6% (p = 0.145) reduction
in the maximum peak flux of H2S, respectively. Both the 6 mm and 12 mm HAP biochar treatment
significantly (p < 0.0001) reduced the total emission of H2S by 66.6% and 70.4%, respectively. The 6 mm
and 12 mm RO biochar treatment resulted in 60.6% (p = 0.05804) and 42.5% (p = 0.1249) reduction in
the maximum peak flux of H2S, respectively. Both 6 and 12 mm biochar treatments reduced the peak
H2S concentrations below the General Industrial Peak Limit (OSHA PEL, 50 ppm). The 6 mm biochar
treatments reduced the H2S concentrations below the General Industry Ceiling Limit (OSHA PEL,
20 ppm). Research scaling up to larger manure volumes and longer agitation is warranted.
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Figure A1. The short-term H2S emissions when manure is treated surficially with RO biochar layer at
two thicknesses (6 mm; 12 mm) immediately prior to 3 min agitation. Each data point is the average of
triplicate, and the error bar signifies a standard deviation.
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Figure A3. The short-term H2S concentrations when manure is treated surficially with HAP biochar
layer at two thicknesses (6 mm; 12 mm) immediately prior to 3 min agitation. Each data point is the
average of triplicate, and the error bar signifies a standard deviation. Red line = the ‘General Industry
Peak Limit’ (OSHA PEL = 50 ppm); yellow line = the ‘General Industry Ceiling Limit’ (OSHA PEL =

20 ppm) [1].
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Figure A5. The cumulative H2S flux. Variant with no HAP biochar, repetition 1. Gompertz equation 

parameters and R2 determination coefficient. 

Figure A4. The short-term H2S concentrations when manure is treated surficially with RO biochar layer
at two thicknesses (6 mm; 12 mm) immediately prior to 3 min agitation. Each data point is the average of
triplicate, and the error bar signifies a standard deviation. Red line = the ‘General Industry Peak Limit’
(OSHA PEL = 50 ppm); yellow line = the ‘General Industry Ceiling Limit’ (OSHA PEL = 20 ppm) [1].
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parameters and R2 determination coefficient.
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equation parameters and R2 determination coefficient.
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equation parameters and R2 determination coefficient.
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Appendix B

Table A1. Tukey’s HSD test; variable: maximum cumulative H2S flux (mg·m−2). Differences marked
with red font are significant (p < 0.05).

Biochar HAP HAP HAP RO RO RO

The Thickness of
the Biochar Layer 6 12 No

Biochar 6 12 No
Biochar

HAP 6 0.971979 0.931431 0.999902 0.186020 0.005935
HAP 12 0.971979 0.999963 0.994297 0.500670 0.020403
HAP No biochar 0.931431 0.999963 0.977866 0.604926 0.027845
RO 6 0.999902 0.994297 0.977866 0.258371 0.008562
RO 12 0.186020 0.500670 0.604926 0.258371 0.351435
RO No biochar 0.005935 0.020403 0.027845 0.008562 0.351435

Table A2. Tukey’s HSD test; variable: H2S emission constant rate (s−1). Differences marked with red
font are significant (p < 0.05).

Biochar HAP HAP HAP RO RO RO

The Thickness of
the Biochar Layer 6 12 No

Biochar 6 12 No
Biochar

HAP 6 0.637682 0.999840 0.061820 0.042644 0.031894
HAP 12 0.637682 0.496960 0.570706 0.448007 0.362320
HAP No biochar 0.999840 0.496960 0.040832 0.028090 0.020990
RO 6 0.061820 0.570706 0.040832 0.999907 0.998455
RO 12 0.042644 0.448007 0.028090 0.999907 0.999973
RO No biochar 0.031894 0.362320 0.020990 0.998455 0.999973

Table A3. Tukey’s HSD test; variable: The inflection time of the cumulative H2S emission (s). Differences
marked with red font are significant (p < 0.05).

Biochar HAP HAP HAP RO RO RO

The Thickness of
the Biochar Layer 6 12 No

Biochar 6 12 No
Biochar

HAP 6 0.762503 0.998558 0.977229 0.038806 0.068427
HAP 12 0.762503 0.543358 0.986894 0.314408 0.479691
HAP No biochar 0.998558 0.543358 0.873116 0.020139 0.035707
RO 6 0.977229 0.986894 0.873116 0.124583 0.209978
RO 12 0.038806 0.314408 0.020139 0.124583 0.999261
RO No biochar 0.068427 0.479691 0.035707 0.209978 0.999261
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