
Review

Industrial sulfur separation and purification: Paving the way to 
energy applications

Aitolkyn Uali a,b,1 , Aizhan Kazymbetova a,1, Ayaulym Belgibayeva a,c ,  
Arailym Nurpeissova a,c,*, Zhumabay Bakenov a,c,d,* , Aliya Mukanova a,c,*

a National Laboratory Astana PI, Nazarbayev University, Kabanbay Batyr Ave. 53, Astana 010000, Kazakhstan
b Department of Chemistry, L.N. Gumilyov Eurasian National University, Kazhymukan Street 13, Astana 010000, Kazakhstan
c Institute of Batteries LLC, Kabanbay Batyr Ave. 53, Astana 010000, Kazakhstan
d Department of Chemical and Materials Engineering, School of Engineering and Digital Sciences, Nazarbayev University, Kabanbay Batyr Ave. 53, Astana 010000, 
Kazakhstan

A R T I C L E  I N F O

Keywords:
Sulfur
Purification
High purity
Metal-sulfur batteries
Energy storage

A B S T R A C T

Sulfur, a by-product of industrial processes, presents a unique opportunity for advancing sustainable energy 
storage systems, particularly in metal-sulfur batteries (MSBs) and thermal energy storage (TES) applications. 
Both MSBs and TES technologies benefit from sulfur’s abundance, cost-effectiveness, and high energy storage 
potential. However, the effective utilisation of sulfur in these systems relies on its purification to meet stringent 
quality standards, as impurities can significantly impact performance. This review examines sulfur’s role as an 
industrial by-product, detailing conventional and alternative purification methods from sources such as petro
leum and coal. Techniques such as hydrodesulfurisation (HDS), adsorptive desulfurisation (ADS), oxidative 
desulfurisation (ODS), and biodesulfurisation (BDS) as well as extraction and flotation are evaluated for their 
efficiency, scalability, and environmental impact. Sulfur’s dual application in MSBs and TES positions it as a 
critical material for sustainable, large-scale energy storage solutions, underscoring this research’s significance 
and impact implications. The review emphasises the need for continued innovation in sulfur purification 
methods and integrating green chemistry principles to enhance sustainability. The insights provided here pave 
the way for broader sulfur utilisation, offering sustainable pathways for its application in industrial processes and 
energy storage technologies.

1. Introduction

Sulfur is the tenth most abundant element in the universe and the 
fourteenth most abundant element in the Earth’s crust [1]. The total 
sulfur content in the Earth’s crust is approximately 0.026 %, and as an 
anion-forming element, sulfur ranks second after oxygen [2]. On the 
other hand, a proportion of the native sulfur is reported to be relatively 
small. Sulfur’s main content in Nature is accounted for sulfide com
pounds (sulfur pyrite, copper pyrite, zinc blende, lead lustre, etc.) and 
sulfate (gypsum anhydrate, gypsum, mirabilite, etc.). In addition, sulfur 
is presented in various forms in coal, oil, natural gas, bituminous 
sandstones, etc. [3–6].

Today’s sulfur industry is unique compared to other mining in
dustries in that it is produced primarily as a by-product. Moreover, there 

has been an oversupply of sulfur on the market since the supply and 
demand for sulfur have not been balanced over the past many years. It 
has been estimated that about seven million tons of excess sulfur are 
generated annually, and a further continuous increase in production is 
expected [5]. Among potential sulfur sources of industrial value, coal, 
petroleum hydrocarbons, and metallurgical products have dominated 
the market (Fig. 1) [4].

According to Wagenfeld et al. [5], most sulfur is extracted in reduced 
form and subsequently oxidised; sulfur often passes from the sulfide to 
the sulfate form. However, the exception is petrochemical products, in 
which sulfur is present as elemental sulfur or is utilised as hydrogen 
sulfide (or mercaptans). Nevertheless, this does not detract from the 
value of sulfur, as it is considered an essential chemical for the global 
economy. In addition, as a significant precursor to sulfuric acid, sulfur 
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can serve as the basis for more sustainable technologies, including 
polymer production [6,7], thermal energy storage systems [8,9], and 
battery manufacturing [10,11].

Developing new and more advanced energy storage systems is 
important in solving the problem of the unsustainability of renewable 
energy production and the transformation of the entire energy system 
(ES). Scientific assistance in developing energy storage systems is one of 
the critical tasks in successfully solving this challenge and transforming 
ES. Sulfur has a high potential for energy storage and conversion, being 
an electrochemically active material which can accept up to two elec
trons per atom at ~2.1 V vs Li/Li+ [12]. This makes sulfur cathode 
materials possess a high theoretical capacity of up to 1675 mAh g− 1, and 
the predicted theoretical energy density of the Li/S batteries is around 
~2600 Wh kg− 1 [12]. To compare, the theoretical energy density of the 
Na/S batteries is up to ~1245 Wh kg− 1 [13]. Moreover, using sulfur in 
the battery industry and developing electrochemical energy storage 
systems could potentially solve the utilisation problem of medium/high- 
sulfur petroleum and petroleum products. The K/S batteries from high- 
sulfur petroleum coke demonstrated long-term cycle stability [14]. 
Similarly, the Li/S electrodes of petroleum coke demonstrated highly 
effective performance, increased cycling time, and reduced net cost 
[15,16]. All this leads to the hypothesis that employing industrial sulfur 
for rechargeable battery systems is a promising step in developing ways 
forward to sustainable energy storage. However, although sulfur- 
focused review papers with all prospects and challenges have been 
published today, they are still narrowed by one particular topic. For 
instance, the first group is about the presence of sulfur, its chemical 
forms found in matrices of various natures, and its properties [17,18], 
while another group of articles is focused on individual desulfurisation 

methods of these S-containing systems [17–22]. The third category of 
works reflects only the prospects for using sulfur in energy storage 
systems [11,23]. From this perspective, a comprehensive review that 
would cover all aspects together, bringing the gap between academic 
research of separation/purification and application of industrial by- 
product sulfur for energy purposes, is of great importance. This review 
examines industrial sources of sulfur and its chemical forms, the 
methods of separation/extraction/(deep) purification, and highlights 
the necessity for ongoing innovation in sulfur purification techniques to 
widen the sulfur horizons for sustainable electrochemical purposes. The 
review focuses on sulfur’s features, its forms and characteristics in hy
drocarbons and metallurgical raw materials and products/wastes, and 
the extraction and purification methods in world practice. This makes it 
possible to balance the supply and demand for sulfur more accurately 
and widen the areas of its use for sustainable electrochemical purposes.

2. Sulfur from petroleum/petroleum products and its removal/ 
purification ways

2.1. Sulfur in crude oil and light/heavy hydrocarbons

All crude oils contain significant amounts of sulfur and its com
pounds. According to Orr et al. [24], the sulfur content of crude oil and 
natural bitumen varies from 0.05 to 14 wt%, depending on the place of 
origin; however, for few commercially produced ones, it rarely exceeds 
4 wt%. Fahim et al. stated that these values vary from less than 0.05 to 
more than 10 wt% but generally fall in the range of 1–4 wt% [25]. Thus, 
crude oils can be divided into two classes, depending on their sulfur 
content: crude oil with less than 1 wt% sulfur is considered low sulfur or 
“sweet”, while oil with more than 1 wt% sulfur is regarded as high sulfur 
or “sour” [25]. However, another study defines crude oil as “sour” when 
it contains more than 0.5 wt% sulfur [26]. The World Oil Outlook 
forecasted that sulfur content would fall from 1.28 % in 2022 to 1.24 % 
by 2029–2030 [27] due to the increased supply of sweet crude from the 
US, Latin America, and Kazakhstan [28]. However, the forecast [27] also 
predicts that after this initial decline, the global average S content will 
increase up to 1.37 % in 2045.

The high-sulfur oils (≈3.5 % S), derived from carbonate or 
carbonate-evaporite rock sequences, are cheaper than the low-sulfur oils 
(≈0.5 % S), mainly derived from clay-rich clastic sequences [24]. Ac
cording to the ESMAP technical report, each one per cent of sulfur 
lowers the price by 0.056 USD per dollar of Brent brand as an example 
[29]. This might be explained by the fact that higher sulfur crude oil 
requires costly treatment, and hence, sour crude oils are generally sold 
at a significant discount compared to sweet crude oils. For instance, the 
Primer on the cost of marine fuel compliant with the IMO 2020 Rule 
(technical report) stated that a price differential between low- and high- 
sulfur oil peaked in the first days of 2020 at 240–320 USD per ton and 
dropped precipitously (along with price levels) in the spring of 2020 
stabilising at 50–60 USD per ton in the second half of the year [30].

2.2. Sulfur distribution and molecular characterisation of sulfur 
compounds in oils

Sulfur-containing compounds (SCCs) are generally the most abun
dant heteroatom-containing components in oils [5,17,31–33]. Accord
ing to Han et al., six types of SCCs can be differentiated based on their 
functional groups (Fig. 2) [17].

Elemental sulfur and hydrogen sulfide are soluble inorganic com
pounds due to the thermochemical transformations of sulfur organics, 
bacteria sulfate reduction, and incorporation of inorganic sulfur. The 
elemental sulfur, hydrogen sulfide, mercaptans (thiols) and sulfides 
(acyclic and cyclic) are reactive and corrosive; because of these activ
ities, the exploration and/or production of high-sulfur reservoirs can 
lead to fatal incidents. To compare, polysulfides, in which sulfur is 
surrounded or contained within the molecule, are known to be stable 

Fig. 1. Distribution of global sulfur sources (petroleum, coal, minerals) and 
sinks (energy storage, industrial processes) with estimated production/con
sumption rates (million tons/year − Mt/a). The top pie chart represents the 
primary sources of sulfur, including coal (48.42%, 92 Mt/a), petroleum 
(37.37%, 71 Mt/a), metallurgy (7.89%, 15 Mt/a), and mining (6.32%, 12 Mt/ 
a). The bottom pie chart illustrates the major sinks of sulfur, such as atmo
spheric emissions (29.10%, 55 Mt/a), fertilizer runoff (21.16%, 40 Mt/a), waste 
runoff (21.16%, 40 Mt/a), coal sludge (10.58%, 20 Mt/a), phosphogypsum 
(10.05%, 19 Mt/a), and smaller contributions from flue gas desulfurization 
(FGD) gypsum, other gypsum, and sulfur stockpiles. These figures highlight the 
sulfur cycle, emphasizing its distribution in industrial activities and environ
mental impacts. The data used to build this chart were adapted from [4]
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and less reactive. As for thiophenics, they are the most prevalent orga
nosulfur compounds in petroleum; their common content there is up to 
2/3 of the total sulfur. Despite being non-corrosive, thiophenic sulfur 
requires hydrodesulfurisation treatment at more severe conditions so 
that to meet standards for transportation fuels [34].

The diversity and concentration of SCCs vary across distillation 
fractions based on boiling point (Fig. 3) [19]. Higher boiling points 
correlate with increased sulfur content, leading to greater SCCs satura
tion in the heaviest fraction.

According to Singh et al. [35], the type of sulfur compounds depends 
on the fraction’s boiling range and the source of the crude oil. If thiols 
and alkylthiophenes predominate in light naphthalene fraction, the 
main sulfur compounds are thiophenes in the case of heavy naphthalene 
fraction.

The chemical nature of sulfur directly affects its removal. The reason 
is that with increasing the b.p. of sulfur compounds, they become more 
refractory. For instance, the b.p. of 1-ethanethiol (ethyl mercaptan), 1- 
propanethiol (propyl mercaptan), and dimethyl disulfide are 35 ◦C, 
67 ◦C and 109.7 ◦C, respectively [19,36]. To compare, the b.p. of ben
zothiophene and dibenzothiophene are known respectively as 221 ◦C 
and 332 ◦C [19,36]. This raises the question of which removal method is 
needed since desulfurising SCCs with aliphatic sulfur (thiols and sul
fides) is easier than SCCs with aromatic sulfur (thiophenes). The ex
amples of different crudes (Fig. 4) have demonstrated that sulfur is more 
concentrated in kerosene and gas oil fractions with higher b.p., not 
depending on the crude origin [35].

In kerosene fraction, major SCCs are presented as substituted thio
phenes (C2TH, here and further C is a carbon number) and 

Fig. 2. The diversity of sulfur-containing compounds in oils. This diagram categorizes sulfur-containing compounds (SCCs) in crude oil into six main types based on 
their functional groups: elemental sulfur, hydrogen sulfide, mercaptans (thiols), sulfides (acyclic and cyclic), polysulfides, and thiophenics. The figure highlights the 
chemical reactivity and stability of these compounds, which are crucial for understanding their behaviour during desulfurization processes.

Fig. 3. Distribution of sulfur compounds over the distillation range of crude oil with a total sulfur content: (A) sulfur contents and (B) sulfur compounds distribution 
in different fractions. Panel (A) shows the sulfur content in different distillation fractions, while panel (B) illustrates the distribution of sulfur compounds across these 
fractions. The figure demonstrates that sulfur concentration increases with higher boiling points, with the heaviest fractions (e.g., gas oil) containing the most re
fractory sulfur compounds, such as dibenzothiophenes. This information is critical for selecting appropriate desulfurization methods for different petroleum fractions. 
The data used to build these histograms were adapted from [19]
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benzothiophene (C2BT), while gas oils fraction is made up of substituted 
benzothiophene (C2BT) and substituted dibenzothiophene (C3 + DBT) 
[35]. The desulfurisation efficiency of kerosene oils is nearly 100 % 
[37]; however, for gas oil fraction, achieving high efficiency is a sig
nificant problem because of dibenzothiophenes with low reactivity.

From the chemical reactivity point of view of aliphatic and aromatic 
sulfur in oils (Fig. 2), thiophene sulfur is non-reactive; it does not cause 
corrosion and also requires hydrosulfurisation conducted under more 
severe conditions [34]. As for aliphatic classes, sulfides, disulfides, and 
thiols are easily hydroconvertible, but corrosive in refinery pipe still 
operations. For this reason, these SCCs are known as “reactive”. Since 
sulfur and SCCs in crude oil and other hydrocarbons cause corrosion 
challenges, air pollution, catalyst deactivation, etc., one of the essential 
tasks in the petroleum refining industry is removing sulfur from 
petrochemicals.

2.3. Desulfurisation of petroleum and petroleum products

Several techniques, such as hydrodesulfurisation (HDS), adsorptive 
desulfurisation (ADS), extractive desulfurisation (EDS), oxidative 
desulfurisation (ODS) and biodesulfurisation (BDS) have been applied to 
remove sulfur-containing compounds from petroleum and petrochemi
cals [38,39].

HDS is a well-known chemical process consisting of the action of 
hydrogen in the presence of catalysts on heavy oil fractions to reduce the 

sulfur content (to remove aliphatic and acyclic SCCs) by converting 
them into H2S (Fig. 5) [40]. Preheating of the feed oil occurs via a heat 
exchanger (A) downstream of the reactor, exchanging heat with the 
reactor effluent. Further heating is achieved through a furnace (B) to 
reach the desired operating temperature. The heated oil undergoes 
hydro-processing over a series of catalyst beds inside a fixed bed reactor 
(C). Effluent temperature is then reduced using a cooling tower (D). 
Products undergo further separation in a fractionation column based on 
b.p. (E). Treated hydrogen gas is recycled back into the reactor.

HDS is usually conducted under high temperatures up to 400 ◦C and 
pressure up to 100 atm [19,20]. The most used catalysts in practice are 
based on transition metals such as Ni, Co, and Mo, but many more types 
are available [41]. For instance, MoS2-based HDS catalysts are most 
prevalent in the refining sector. Ding et al. suggest adding Co/Ni by 
increasing the concentration of corner sites, which might boost the ef
ficiency of HDS and overall catalytic performance [40,42]. In addition, 
Liang et al. examined the novel Waugh Co-Mo polyoxometalate (POM) 
cluster as a precursor for Co4Mo9 and CoMo9 catalysts [43]. The result 
indicated that catalysts from this POM displayed notably more efficient 
dibenzothiophene (DBT) conversion than traditional precursors, making 
a 20 % improvement in DBT conversion due to an increase in the Co/Mo 
ratio. POM-containing media converts DBT into Co4Mo9-CAT (95 %) and 
CoMo9-CAT (77 %), while conventional POM-free media forms Co4Mo9- 
FC (75 %) and CoMo9-FC (60 %) [43]. The work conducted by Valles et 
al. [44] examined the efficacy of iridium catalysts on zirconium- 

Fig. 4. The sulfur content in nine crude oils and their fractions: (A) the total sulfur content, (B) the content of light and heavy naphtha fractions, (C) the content of 
kerosene and gas oil fractions. Panel (A) displays the total sulfur content in each crude oil, while panels (B) and (C) break down the sulfur content in light/heavy 
naphtha and kerosene/gas oil fractions, respectively. The figure reveals that sulfur is more concentrated in the heavier fractions (kerosene and gas oil), regardless of 
the crude oil’s origin. This distribution is essential for optimizing desulfurization strategies in petroleum refining. The data used to build these histograms were 
adapted from [35]
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modified SBA-15. The catalyst had a notable impact on its catalytic 
characteristics, enhancing the dispersion and reducibility of the active 
iridium species. The work [45] details the effective production of a 
highly efficient three-dimensional Zirconium (Zr)-modified TUD-1 
mesoporous material. This was achieved using triethylamine (TEA) as 
a template and tetraethylammonium hydroxide (TEAOH) as an auxiliary 
template via the sol–gel process. The NiMo/Al2O3-ZrT-100 catalyst 
demonstrates exceptional efficiency in the HDS process, with an aston
ishing 99.3 %. The operational parameters require a temperature range 
of 350–360 ◦C, a pressure of 6 MPa, and a hydrogen-to-oil ratio of 600 
ml ml− 1. A study [46] investigated the catalytic performance of 
XMo6(S)/γ-Al2O3 and Ni-XMo6(S)/γ-Al2O3 catalysts developed from 
Anderson hetero-polycompounds (HPCs), where X represents various 
elements like Al, Ga, In, Fe, Co, and Ni. The effectiveness of In and Ni 
catalysts in sulfur removal achieves 98.0 wt% at 380 ◦C, promoting the 
production of cleaner and eco-friendly fuels.

The higher the content of refractory SCCs, those with fully conju
gated aromatic rings attached with fewer and longer side chains, the 
higher the temperature and pressure of HDS; thus, the more costly the 
process is. Previous studies indicated [47] that HDS efficiently removes 
aliphatic sulfur compounds, thiol, sulfides, and disulfides characterised 
by simple structures in the desulfurisation process. Thiophene (T), 
benzothiophene (BT), dibenzothiophene (DBT), and their derivatives 
are difficult to remove due to the aromatic structures and steric hin
drances (Fig. 6).

A recent study demonstrated the effectiveness of the methylation/ 
demethylation separation method in separating sulfur compounds in 
HDS-derived types of diesels into thiophene and sulfide fractions [48]. 
According to a new selective separation of thiophenic and sulfidic 
compounds from petroleum (Fig. 7) [48], these compounds can be 
methylated to sulfonium salts using AgBF4 and CH3I, followed by the 
precipitation of the latter from a petroleum matrix.

After this, thiophene and sulfidic sulfonium salts, via demethylation 
with 7-azaindole and 4-dimethylamino pyridine, can be converted to 
highly purified thiophenic and sulfidic compounds, respectively. 
Although there have been improvements, challenges still exist in the 
desulfurization of diesel fuel, requiring higher temperatures, more 
pressure, and numerous procedural steps. The constraints of the multi- 
stage HDS process are apparent in the inconsistent temperature and 
time criteria needed to attain specified sulfur reduction goals. With the 
increasing stringency of environmental requirements, more than relying 
on the classic HDS approach is required.

The most common HDS substitute, ADS, is frequently used to achieve 
ultra-deep fuel desulfurisation, even below the required limit. ADS 
operates predominantly through chemisorption or physisorption 
mechanisms, leveraging Van der Waals forces, chemical affinities, and 
electrostatic attractions for adsorption. Notably, ADS operates effec
tively at moderate temperatures (typically from room temperature to 
approximately 100 ◦C) and does not necessitate hydrogen [49], as 
shown in Fig. 8 [49]. Moreover, its reusable nature enhances economic 
viability as a diesel fuel sulfur removal technique.

ADS is based on physicochemical adsorption using a selective 
adsorbent to remove sulfur compounds. Therein, carbon and its modi
fied varieties, metal–organic frameworks (MOF), clays, zeolites, silica- 
based, and supported metal(s) have acted effectively as sorbents [21]. 
It is reported that the adsorption efficiency is controlled by the prop
erties of the adsorbent, such as surface area, pore volume, and the 
chemical nature of the adsorption surface area [41]. SCCs can be 
removed due to π-complexation, acid-base, metal-sulfur and van der 
Waals forces depending on the chemical composition of the adsorbent 
surface.

Fig. 5. Schematic representation of a hydrodesulfurization (HDS) unit. Key components include a heat exchanger (A), furnace (B), fixed-bed reactors (C), cooling 
tower (D), and phase separator (E). Typical operating conditions (350–400 ◦C, 6 MPa) are noted. The process efficiently removes sulfur from petroleum fractions by 
converting it into hydrogen sulfide, which is further processed in downstream units. The data used to build this scheme were
adapted from [40].

Fig. 6. Reactivity hierarchy of sulfur compounds in HDS processes present in 
crude oil. This figure ranks sulfur species based on their ease of removal, with 
thiols and sulfides being more reactive and easier to eliminate, while thio
phenes, benzothiophenes, and dibenzothiophenes require more severe reaction 
conditions due to steric hindrance and electronic stabilization.
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There has been a recent advancement in the field of ADS, which 
includes metals into the existing adsorbent materials that enhance 
selectivity, stability, and reusability [21]. Natural zeolites, such as cli
noptilolite [50], are effective for initial efficiency in sulfur removal but 
need modifications. Modified clinoptilolite, especially those treated 
with Cu+ and Ni+, shows substantial effectiveness in sulfur removal. 
Generally, when zeolites are exchanged with cationic metals, the reac
tion of their electropositive character with sulfur atoms bounds to their 
basic structure, leading to an increase in adsorption capacity. For 
example, the adsorption capacity of the optimal modified Cu+ meso 
clinoptilolite achieved 28.12 g DBT kg− 1 adsorbent [51,52].

Synthetic zeolites, specifically those within the faujasite framework 
(FAU) [53], have some advantages, including pore structures and sur
face acidity. Their adsorption capacity can be improved through modi
fications with metals such as Ce and Cu, which enable high sulfur 
adsorption even with aromatics. Desulfurisation performance can be 
significantly modified if rendered hierarchical or doped with Ce or Cu. 
Moreover, these modifications enable access to the adsorbent’s active 
sites, thus improving the adsorbent ability. Zhang et al. synthesised Ag-Y 
(II) and CuZn-Y(I) with a potential reduction of DBT and 4,6-DMDBT at 
97 % and 99 %, respectively [54].

Among basolite-type MOFs, C300 (Cu3(C9H3O6)2) Cu-BTC (55 gDBT 
kg− 1) and A100 (C8H5AlO5) MIL-53(Al) (40 gDBT kg− 1) exhibit higher 

adsorption capacities for DBT than F300 (C9H3FeO6) Fe-BTC (25 gDBT 
kg− 1) and traditional zeolite-Y (7 gDBT kg− 1). Interestingly, CuCl2- 
loaded MIL-47 (vanadium-benzenedicarboxylate) has the best adsorp
tion capacity, which is 215 g kg− 1 at 25 ◦C for DBT and 0.37–0.39 g kg− 1 

for BT adsorption [55,56]. Additionally, the adsorption capacity of 
MOFs with flexible structures, explored under the influence of diethyl 
ether and water, was 0.373 mmol g− 1 under certain conditions and had 
MIL-53 topology [57]. Including ionic liquids into MIL-101 (Cr) 
enhanced sulfur removal efficiency by promoting acid-base interaction. 
Further improvements were achieved by incorporating Cu-cations on 
MIL-100 (Fe), demonstrating 100 gBT kg− 1 adsorption capacity. The 
findings of the model gasoline feed study on HKUST-1 and CPO-27-Ni 
showed that specific interactions between adsorbate and adsorbent are 
necessary for the high selectivity of thiophene and toluene [58].

An impactful study on the synthesis and design of magnetic nano
adsorbents for model and commercial fuel ADS was reported by Ali et al. 
[59]. These nanoadsorbents, which had wire, rod and flower-like 
structures, were made of Fe3O4@MnO2–coated palm kernel shell- 
activated carbon prepared by hydrothermal method. Optimised ADS 
conditions for model fuel included an adsorption temperature of 
25–35 ◦C, 0.4 g adsorbent dose, 530 ppm DBT concentration, and 100 
min contact time, resulting in up to 99 % DBT removal. For commercial 
kerosene and diesel fuels, sulfur removal efficiencies ranged from 73 % 
to 97.6 % under optimised conditions. In general, improving adsorbents 
towards sulfur elimination calls for proper knowledge of the composi
tions of materials used, their surface chemistry, as well as modification 
methods applied.

EDS is a method that uses alternative, environmentally friendly, and 
cheap solvents for effective fuel desulfurisation. The peculiarity of this 
method is that desulfurisation is carried out under mild conditions (low 
temperature and pressure), and there is no need to use hydrogen and a 
catalyst [19,60,61]. Crucially, EDS selectively removes sulfur com
pounds from the fuel oil without destroying other compounds in it. The 
extracted compounds can then be reused as raw materials. This becomes 
possible due to the difference in the distribution of sulfur compounds 
between the oil phase and the extractant phase. Accordingly, the critical 
point is the choice of extraction solvent. For this reason, both traditional 
molecular solvents and a new class of sustainable solvents named deep 
eutectic solvents and ionic liquids are employed for EDS [62–64].

Ionic liquids (ILs) have been included in the list of potential candi
dates for EDS because of their green characteristics, non-volatile, ther
mally stable, and highly adjustable nature. Jiang et al. [65] carried out a 
study on the verification and mechanism analysis of 16 different ILs 
through quantum chemistry calculations and molecular dynamic simu
lations, indicating that [C2COOCH3ImC6H13][NTF2] showed consider
able capabilities in extracting DBT of over 60 % purity. Moreover, 
[C2COOCH3ImC6H13][NTF2] effectively eliminated sulfur at room 
temperature. Similarly to this, after comparing 800 IL combinations 
[66], it was demonstrated that [P66614]2[CuCl4] is reported as the best 
performer, achieving an impressive 85.07 % conversion rate of H2S to 
elemental sulfur.

Yu et al. [67] examined the potential of desulfurisation for porous 
liquid (PL) MIL-53 (Al) in sulfur elimination of T, BT, and DBT from fuel 
oil with the efficiency of 67.67 %, 85.50 %, and 84.34 %, respectively, 
within 30 min at 25 ◦C with 5000 ppm initial concentration of sulfur. 
Therefore, deep eutectic solvent (DES) from imidazole and tetrabuty
lammonium bromide salt showed 70 % DBT and 47 % T recovery during 
one-step extraction [68]. Further studies conducted by Makoś et al. [63]
revealed that the most optimal conditions for desulfurisation were ob
tained using ChCl:Ph solvent with a 1:4 M ratio, an extraction period of 
40 min, and a temperature of 40 ◦C. Under these circumstances, a one- 
step cycle extracted T, BT, and DBT at 91.5 %, 95.4 %, and 99.2 %, 
respectively. Additionally, the efficiency was up to 99.99 % after three 
cycles. The effectiveness of EDS could be boosted by adjusting the proper 
extraction period, solvent constitution and temperature.

ODS is a promising deep desulfurisation method consisting of two 

Fig. 7. Reaction-analytical scheme for selective separation of thiophenic and 
sulfidic compounds from petroleum. The figure outlines a novel method for 
separating thiophenic and sulfidic sulfur compounds using methylation/ 
demethylation reactions. The process involves converting these compounds into 
sulfonium salts, followed by precipitation and purification. This approach offers 
a promising alternative to traditional desulfurization methods. Reprinted with 
permission from M. Wang, S. Zhao, K.H. Chung, C. Xu, Q. Shi, Approach for 
selective separation of thiophenic and sulfidic sulfur compounds from petro
leum by methylation/demethylation, Anal Chem 87 (2015) 1083–1088 [48]. 
Copyright © 2014 American Chemical Society.

A. Uali et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 510 (2025) 161574 

6 



stages: (i) oxidation and (ii) separation operations [19,22,69]. In the 
first stage, divalent sulfur is oxidised to the corresponding hexavalent 
sulfone in the presence of an oxidising agent. This occurs due to adding 
two oxygen atoms to the sulfur without breaking the carbon–sulfur 
bonds; the intermediate is a sulfoxide. If an excess of oxidising agent is 
used, sulfones are formed. In the second, purification stage, oxidised 
sulfur compounds are separated from oil and petroleum products due to 
the difference in polarity and boiling points from the original sulfur 
compounds.

Hydrogen peroxide is a good oxidising agent for ODS because it is 
cheap, available, and eco-friendly. Other oxidants used include oxygen, 
nitric acid, nitrogen oxides, and organic hydroperoxides (such as tert- 
butyl hydroperoxide). The oxidation capabilities are enhanced by 
combining hydrogen peroxide with various catalysts such as acetic acid, 
formic acid and polyoxomolybdates. Furthermore, solid catalysts such 
as alumina-supported polymolybdates (V2O5/Al2O3, Co-Mo/Al2O3, and 
V2O5/TiO2) showed successful modifications for ODS process [70–72].

The catalytic ODS of sulfur from BT, DBT, and 4,6-DMBT has proven 
effectiveness. Mamaghani et al. [73] studied ODS using HCOOH as a 
catalyst and H2O2 as the oxidising agent, achieving 100 % sulfur elim
ination under optimised conditions.

POM-based catalysts in desulfurisation DBT have been an essential 
advancement in the ODS process. The development of highly polar 
catalysts like TiO2/MWCNTs-NH2-HPW exhibited superior oxidation 
adsorption desulfurisation (OADS) performance, achieving a 99 % DBT 
removal rate within 30 min at 60 ◦C; similarly, polar PW-H3N+-SBA-15 
catalyst demonstrated a 100 % desulfurisation rate of DBT in 120 min 
[74]. The catalysts like (NH4)3− HPMo11VO40 and SiW12@C@SiO2 can 
be used to oxidise DBT, achieving 100 % sulfur removal within 90 min at 
130 ◦C [75] and at 60 ◦C in 20 min [76].

Regarding MOFs as ODS catalysts, most pure MOFs have exhibited 
poor catalytic ODS performance due to the limited availability of active 
sites. However, they can be improved significantly by the insertion of 
defect sites. For example, Zr and Ti-ions increased DBT efficiency to 100 
% within 2 h [77].

Furthermore, the study of aerobic ODS addressed global energy 
challenges and promoted clean and sustainable fuel conversion. It in
volves using molecular oxygen from the air as an oxidant, which is also 
preferred because it is available, non-polluting, and low-cost. The results 
showed the maximum sulfur conversion of 95 % under mild conditions, 
minimising the impact on fuel octane ratings [78].

Electrochemical ODS (EODS) has gained considerable attention 
recently due to its mild operating conditions, minimal pollution, high 
efficiency, and versatility [79]. Sulfur compounds are converted into 
soluble sulfates or gaseous sulfides, which can be separated using sol
id–liquid or gas–liquid techniques. During electro-reduction, sulfur is 
reduced to H2S or S2− by the reducing medium generated at the cathode. 
This process enhances the hydrophobicity of minerals by reducing 
oxygen-containing functional groups on the mineral surface. The 
reducing agents, such as H2 or NaBH4, are crucial in lowering inorganic 
sulfides and hydro-desulfurizing organic sulfur compounds.

The next processing method, BDS, uses microorganisms to metabo
lise SCCs at low temperatures and pressures. Compared to HDS, this 
method reduces all capital and operating costs by 2 % and 15 %, 
respectively [80].

Several microorganisms, such as Rhodococcus, Gordonia, and Pseu
domonas, perform BDS by oxidising sulfur via two main pathways: the 
Kodama pathway and the sulfur-specific pathway. These pathways 
break down sulfur compounds while maintaining the carbon structure. 
The efficiency of BDS with Rhodococcus species displays high desulfur
isation efficiency but decreases with an increase in sulfur concentration 
[81–83]. The results obtained by Davoodi-Dehaghani et al. [84]
demonstrate that Rhodococcus strains can achieve BDS efficiencies 
ranging from 100 % to 80 %, depending on the sulfur concentration in 
the process. For instance, at 1842 ppm and 16100 ppm sulfur concen
trations, the BDS efficiencies were only 36 % and 11.9 %, respectively. 
In contrast, other bacterial species like Gordonia, Arthrobacter, and 
Desulfubacterium exhibit high BDS efficiency, ranging from 99.4 % to 77 
%, across sulfur concentrations of 167.7 ppm to 37 ppm, respectively. 
However, some bacterial species, including the bacteria of Achrobacter 
and Spingomonas, yield less than 70 % BDS efficiencies when the sulfur 
concentration exceeds 280 ppm. Similarly, Pseudomonas and Bacillus 
species demonstrate lower BDS efficiency, particularly at higher sulfur 
concentrations. For example, Pseudomonas sp. achieved a BDS efficiency 
of 47.03 % with a sulfur concentration of 591 ppm, while Bacillus sp. 
exhibited an efficiency of 31 % at a sulfur concentration of 1842 ppm 
[85].

Recent advancements supplemented BDS technology with catalytic 
processes utilising enzymes or catalytic agents. The development of 
heterogeneous bio-nanocatalysts, such as lignin nanoparticles func
tionalised with concanavalin A, has substantially improved the perfor
mance of BDS, enhancing its efficiency and efficacy in sulfur removal 

Fig. 8. Fixed-bed adsorptive desulfurization (ADS) system. The setup consists of a fuel reservoir (A), water tank (B), reactor (C) packed with an adsorbent material, 
and condenser (D) for collecting treated fuel. ADS operates under mild conditions and selectively removes sulfur species through physical and chemical adsorption 
interactions. Adаpted with permission [49]. Copyright © 2023 Azeez et al. Published by Elsevier. Licensed under CC-BY-NC-ND 4.0.

A. Uali et al.                                                                                                                                                                                                                                     Chemical Engineering Journal 510 (2025) 161574 

7 



from fuels. Derikvand et al. [86] employed the Taguchi method to 
optimise the BDS of Rhodococcus erythropolis R1 using calcium alginate 
beads and γ-Al2O3 nanoparticles. BDS rates increased by 80 % using a 
bioreactor with immobilised Rhodococcus rhodochrous cells in a silica 
catalytic bed.

Biphasic systems have also shown promise. Nassar et al. [87] re
ported 94 % BDS of 100 mg DBT L− 1 by Paenibacillus glucanolyticus HN4 
in an oil/water enrichment medium. Rhodococcus erythropolis SHT87 
achieved complete DBT degradation within 10 h in a biphasic system, 
while Rhodococcus erythropolis exhibited 95.5 % BDS in a batch reactor 
using n-dodecane (v/v) [84,88].

Abo-State et al. [89] conducted comparative media optimisation 
studies with different carbon sources for BDS strains Rhodococcus 
erythropolis and Brevibacillus invocatus C19. Both showed maximum ac
tivity with glucose or glycerol. Moreover, researchers compared Rho
dococcus erythropolis with Gordonia alkanivorans, favouring the latter. 
Several bacterial species, including thermophiles and genetically 
modified organisms, have demonstrated high BDS activity, with some 
achieving efficiencies up to 99 %.

While BDS has shown potential, some challenges still need to be 
addressed, such as slow reaction kinetics and poor performance in a high 
sulfur level. Moreover, combining BDS with other desulfurisation 
methods holds promise for industrial implementation.

Based on the comparative analysis provided above, the benefits and 
drawbacks of different desulfurisation methods were summarised in 
Fig. 9 [21,74,86,87,90,91]. HDS is known for its efficiency but faces 
challenges related to energy intensity, high operating conditions, and 
environmental concerns associated with hydrogen sulfide formation. 
ADS operates at mild conditions without the need for hydrogen, 
although this may demand large amounts of sorbents while also lacking 

selectivity for certain sulfur compounds. EDS seems attractive because of 
its simplicity and integration potential with existing refinery methods, 
although solvent selection and sulfur extraction efficiency pose signifi
cant considerations. ODS offers an opportunity for lower operating costs 
and moderate reaction conditions, but still challenges exist associated 
with optimising oxidising agents and addressing potential by-product 
formation.

Engineering efforts have improved the efficiency of green BDS al
ternatives, but the need for sanitisation, transportation, storage, and use 
of microorganisms in refinery environments limits the method’s com
mercial use.

During pyrolysis, metal oxides are added to the petroleum coke, 
which is rich in sulfur, to facilitate desulfurisation by reducing the en
ergy barrier of the pyrolysis process. Specifically, iron promotes the 
formation of FeS. It prevents these S radicals from combining with other 
free radicals to create more stable sulfides due to Fe’s strong affinity for 
S radicals formed during pyrolysis [92]. Shen F et al. [93] have devel
oped the chemical looping desulfurisation method for high-sulfur pe
troleum coke. This method employs a Fe2O3/Al2O3 composite as an 
oxygen carrier and effectively oxidises the organic sulfur, specifically 
the thiophene, representing the key difficulty in desulfurisation. It 
achieves a removal efficiency of 63 %. Similarly, in [94], reduced iron 
powder catalytic roasting has effectively worked on desulfurisation and 
modification of high-sulfur petroleum coke. The desulfurisation rate of 
high-sulfur petroleum coke reaches 87.93 %, reducing the sulfur content 
to 0.91 wt%.

Along with conventional chemical ways, sulfur might be removed 
using wave technologies based on electric pulse effects, cavitation, 
hydrowave, magnetic and electromagnetic effects, and combined wave 
technologies [95]. In these ways, the penetration degree can be 

Fig. 9. Comparative analysis of desulfurization methods (HDS, ADS, ODS, BDS). The figure highlights the efficiency (%), energy requirements, scalability, and 
environmental impact of various desulfurization techniques. Hydrodesulfurization (HDS) is highly efficient but energy-intensive, while adsorptive desulfurization 
(ADS) operates under milder conditions. Oxidative desulfurization (ODS) and biodesulfurization (BDS) offer environmentally friendly alternatives but face challenges 
in scalability and reaction kinetics. The data used to build this figure were
adapted from [21,74,86,87,90,91].
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controlled by changing wave frequencies (wavelengths) and pre
determining their energies. Consequently, it leads to radical trans
formations in chemical and physical processes. To confirm this, the 
irreversible direct desulfurisation reaction of tetraceneothiophene was 
carried out in an electric field by cleavage of two carbon–sulfur bonds of 
thiophene and exergonic detachment of the sulfur atom [96]. Another 
study revealed that electropulsed fields separated 96.3 %, 98.8 % and 
99.1 % of sulfur from fuel oil, diesel fraction and gasoline fraction, 
respectively [95].

2.4. Elemental sulfur separated from petroleum and petrochemical 
products and its purification

2.4.1. Sulfur from gaseous petrochemical products
One of the typical sulfur-containing petrochemical by-products is a 

gas, hydrogen sulfide (H2S). There are various ways to desulfurise fuel 
gases with sulfur recovery. For example, one part is based on liquid 
redox processes known as the Stretford process, the Unisulf process, the 
Sulfolin process, etc., and another part is based on gaseous redox pro
cesses with recovery of elemental sulfur [97]. The hydrogen sulfide 
formed at HDS can be oxidised to elemental sulfur by the Claus process 
in the presence of a specific Claus catalyst [98]. The conventional Claus 
process recovers 92–95 % sulfur from H2S concentration [97].

The gas conversion operates in two stages: thermal oxidation and 
catalytic conversion. In the thermal oxidation stage, H2S reacts with 
oxygen (O2) to produce elemental sulfur (S) and water (H2O) through 
several reaction pathways (Eqs. (1) and (2)). The overall conversion of 
H2S into sulfur is achieved through intermediate reactions involving the 
formation of sulfur dioxide (SO2) and sulfur (Eqs. (3) and (4)).

Thermal Stage: 

2H2S+3O2→2SO2 +2H2O (1) 

2H2S+ SO2→3S+2H2O (2) 

Catalytic Stage: 

2H2S+ SO2→3/nSn +2H2O (3) 

2H2S+ SO2→3/8S8 +2H2O (4) 

The first stage consists of high-temperature combustion of H2S at 
temperatures ranging from 1000 to 1300 ◦C (depending on the H2S 
concentration and the presence of hydrocarbons, ammonia, and other 
impurities). The second stage operates at 200 to 300 ◦C [99,100]. Fig. 10
shows a schematic diagram of the Claus process [100].

The performance of the Claus process may be detracted from the 
thermal reduction of sulfur, temperature, pressure, catalyst type, and 
residence time. The partially redesigned Claus process shows relatively 
low operational temperatures and high H2S conversion efficiency while 
reducing sulfur compound emissions and mitigating air pollution. Still, 
major challenges include sulfur dioxide emissions and complex sulfur 
recovery systems. Some of the current research areas include modifying 
the structure of the reactors to increase efficiency and sustainability, 
designing catalysts that can increase the rates of recovery and reduce 
power consumption, and optimising the operational processes to 
enhance the efficiency of the system [101,102].

Ghahraloud et al. [103] proposed a modified way to recover Claus 
sulfur using isothermal reactors to decrease sulfur contaminant emis
sion. This resulted in increased H2S conversion, 1.87 % and 1.78 % 
higher than the conventional Claus process. Besides, the proposed case 
provided higher sulfur recovery and lower sulfur contaminant emissions 
such as COS and CS2. Another study revealed that it is better to first 
convert the H2S into elemental sulfur with the modified Claus process 
and employ the Claus tail-gas treatment to increase overall recovery to 
> 99.5 % [104].

Huang et al. reported a novel process alternative to the high- 
temperature Claus process [105]. It allowed the conversion of H2S 
from gasified synthesis gas and SO2 in fuel gas into sulfur powder 
through three-stage acid washing technology. The recovered sulfur is of 
high purity, similar to sulfur from the Claus process.

The next group of desulfurisation methods is dedicated to bacterial 
conversion of hydrogen sulfide and separation of elemental sulfur. Mol 
et al. showed polysulfides’ role in forming and growing elemental sulfur 
from the bacterial conversion of hydrogen sulfide (Fig. 11) [106]. In 
Fig. 11, for the design without compartment B, the liquid from absorber 
A was introduced at reactor C. Liquid flows are indicated with solid lines 
and gas flows with dashed lines. In compartments A and B, polysulfide 
formation was the primary reaction of interest to sulfur crystallisation. 
In compartment C, the main reaction of interest to sulfur crystallisation 
was (poly)sulfide bio-oxidation.

Noted that the key element is the nucleophilic dissolution of S by 
sulfide (HS− ) to polysulfides (S2−

x ), which is enhanced by an oxygen-free 
reactor with a high sulfide content. It has been experimentally estab
lished that an increased concentration of polysulfides S2−

x leads to 
crystalline agglomerates of elemental sulfur of uniform size (14.7 ± 3.1 
μm). As hypothesised, the crystallisation product (agglomerate) is 
controlled by the balance between dissolution and elemental sulfur 
formation, which could potentially prevent poor S precipitation in BDS. 
To confirm this, Chen et al. [107] revealed polysulfides that enhance the 

Fig. 10. Three-stage Claus process for converting hydrogen sulfide into elemental sulfur. The system comprises a thermal oxidation unit (A–C), catalytic reactors 
(D–E), and a tail-gas treatment unit (F). The Claus process is widely used in industrial applications to recover sulfur from refinery gases, reducing sulfur dioxide 
emissions and maximizing sulfur yield. Adapted with permission [100]. Copyright © 1997 Kohl et al.
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agglomeration of elemental biosulfur in gas biodesulfurisation systems.

2.4.2. Sulfur from liquid petrochemicals
Another source of elemental sulfur is hydrocarbons but in a liquid 

phase. In this case, there are also different ways to separate sulfur. For 
example, a patent describing how to separate elemental sulfur from 
refined petroleum fuel stated that petroleum-based liquids must be 
treated with an aqueous solution containing caustic, sulfide and 
elemental sulfur [108]. It produces an aqueous layer containing metal 
polysulfides separated from a liquid layer with a reduced level of 
elemental sulfur. In addition, as predicted, adding organo-mercaptans to 
the liquid can speed up the removal of elemental sulfur.

Membrane technologies may also be employed to extract elemental 
sulfur from crude oil. According to Al-Zahrani et al. [109], a porous 
hollow fibre membrane filled with triphenylphosphine was used to 
extract simultaneously and derivatise elemental sulfur in Arabian crude 
samples. As reported, relative recoveries ranged between 98.2 % and 
101.2 %.

There are traditional and alternative methods for purifying 
elemental sulfur from impurities. Conventional methods are based on 
thermal treatment and distillation. Thermal treatment leads to the 
decomposition of higher hydrocarbons into carbon and lower hydro
carbons, which then react with sulfur. For instance, it can be performed 
by long-term (up to a few days) boiling of sulfur. This is known as the 
Bacon-Fanelli method [99], in which sulfur is boiled with magnesium 
oxide and decanted. After boiling, the sulfur fraction must be filtrated 
through glass wool to remove the black residue that has formed. The 
following known method is the Wartenberg method [110], which in
troduces a quartz rod heated to 750––800 ◦C into molten sulfur. This 
allows for a decrease in the carbonaceous impurities to 10− 6%.

Another method of purifying elemental sulfur is passing sulfur 
vapour through a high-temperature zone (up to 800–1000 ◦C) multiple 
times [110]. Similarly, Adamchik et al. conducted purification ther
mochemically by placing sulfur in a distilling still heated in a quartz 
reactor packed with powdered quartz glass [111]. As a result, the 

content of aliphatic hydrocarbons in sulfur decreased to 2‧10− 5 wt%. To 
compare, Susman et al. reported that dynamic pyrolysis could be 
employed for obtaining elemental sulfur with carbon, oxygen and 
hydrogen in a total content of < 10 μg g− 1 [112]. According to Chur
banov et al., extra pure sulfur might be obtained by vacuum extraction 
of sulfur from gaseous hydrocarbons [113]. Sukhanov et al. reported an 
ultra-purification method of elemental sulfur, allowing it to achieve a 
high purity of 99 % [114]. This method includes the thermochemical 
treatment of sulfur vapour on silica, followed by melting with 
aluminium and distilling. To compare, Altayi et al. proposed the process 
of catalytic purification of sulfur from bituminous impurities (Fig. 12) 
[115], leading to a decrease in impurity content from 1.35 wt% to ≤
0.015 wt%.

As an alternative to the traditional distillation method, plasma- 
chemical technology has been proposed by Logunov et al. [116] and 
Mochalov et al. [117]. Using plasma (40 MHz)-chemical distillation at 
low pressure (0.1 Torr) under dynamic vacuum conditions makes 
obtaining elemental sulfur for IR-optical purposes possible. A potential 
mechanism underlying the plasma charge effect on sulfur agglomerate 
S8, which is most thermodynamically stable in a system under treat
ment, is shown as follows (Eqs. (5)–(13)) [117]: 

e− +Ar→e− +Ar* (5) 

e− + S8→4S2 + e− (6) 

Ar* + S8→4S2 +Ar (7) 

e− + S2→e− +2S (8) 

e− + S2→S− + S (9) 

e− + S2→S* + S+ e− (10) 

Ar* + S2→2S+Ar (11) 

Fig. 11. Biodesulfurization reactor system: (A) absorber, (B) anoxic reactor, (C) gas-lift reactor, (D) settler, and (S) sampling ports. The system uses microorganisms 
to convert sulfur compounds into elemental sulfur, offering a sustainable alternative to chemical desulfurization methods [106]. Reproduced with permission. 
Copyright © 2021 Mol et al. Published by American Chemical Society. Licensed under CC-BY-NC-ND 4.0.
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e− + S→2e− + S+ (12) 

Ar* + S*→e− + S+ +Ar (13) 

Gunaratna et al. [118] compared traditional and laboratory methods 
of sulfur processing. The former was based on the ‘gandhaka shodhana’ 
process, which uses cow’s milk, ghee or occasionally plant extracts to 
purify elemental sulfur. In comparison, recrystallisation of the crude 
sulfur was chosen as the laboratory method. According to this method, 
crude powdered sulfur was heated with xylene under continuous stir
ring. Once sulfur was completely dissolved, the mixture was then 
filtered through a clean cotton cloth and cooled slowly to room tem
perature, allowing the formation of crystals. It was reported that the 
laboratory purification method separates sulfur from chemical impu
rities, the ‘gandhaka shodhana’ process transforms sulfur into a state with 
increased porosity and brittleness for pharmaceutical purposes.

3. Sulfur from coal and its removal/purification ways

3.1. Sulfur in coals: Distribution and chemical forms

Coal is the most significant fossil fuel source worldwide, and its de
mand is still growing in some countries [119]. Moreover, coal can be 
considered a chemical source for numerous compounds and substances. 
Its complex chemical structure makes it one of the most complicated 
geological materials, containing all the elements of nature. The primary 
components of coal are organic and mineral matter, with the latter 
containing more than 200 minerals, poorly crystalline mineraloids, and 
elements associated with non-mineral inorganics [120,121].

The most important parameter determining the quality of the coal is 
its sulfur content. The sulfur content of coals is highly variable but 
generally in the range of 0.5 % to 5 % overall sulfur. Coals with a sulfur 
content below < 1 %, 1-–3 % and > 3 % are defined as low-sulfur, 
medium-sulfur, and high-sulfur coals, respectively [122]. For instance, 
Xiao and Liu reported that most Chinese coals are low in sulfur (sulfur 
contents in Chinese coals average 0.9–1.0 %) [123]. To compare, Indian 

coals are characterised by a total sulfur content that varies from 2.45 to 
5.12 % [124]. Similarly, Kazakhstani coals are also high in sulfur 
(0.49–6.31 %) [125]. Besides the three types mentioned above, there are 
superhigh-organic-sulfur (SHOS) coals. This is a class of coal in which 
the sulfur content usually ranges from 4 % to 11 % and is dominantly 
enriched in organic sulfur. In general, the content of different forms of 
sulfur varies significantly in coal samples formed during various periods 
of coal formation. For example, early carboniferous coals contained 
more sulfides. In contrast, late Permian, early Jurassic, and Tertiary 
coals contain more organic sulfur [126]. Besides this, it was mentioned 
that Early Carboniferous, Late Permian, and Early Jurassic coals are 
composed predominantly of high-sulfur coals. In contrast, Neogene coal 
is low in sulfur. In addition, interestingly, the link between the sulfur 
content and the size fraction of coals was detected in [127], which is 
essential in choosing and optimising an appropriate desulfurisation 
method. It was found that the content of organic sulfur does not change 
with the size of the fraction, but inorganic sulfur is dependent on this 
parameter of coals. As reported, the finer the coal, the higher the inor
ganic sulfur content.

The sulfur content and other factors also affect the coal price 
[128,129]: the higher the sulfur content, the cheaper the coal.

An important point is that each form’s total sulfur content and pro
portion should be known. There are three primary forms of sulfur in 
coal: pyritic, organic, and sulfate sulfur (Fig. 13) [122,130–132], and 
their content can be expressed as follows [133]: 

SIN = 0.54 × STOT 

SPYR = 0.49 × STOT 

S0 = 0.05 × STOT 

SAL = [0.276 − 0.69 × (wc − 0.6)] × STOT 

SARO = [0.184 − 0.345 × (wc − 0.6)] × STOT 

Fig. 12. A flow diagram of the proposed process for purifying sulfur from bituminous impurities. The figure outlines a catalytic purification process that reduces 
impurity content from 1.35 wt% to ≤ 0.015 wt%. The method involves treating sulfur with a catalyst to remove bituminous impurities, resulting in high-purity sulfur 
suitable for industrial applications [115]. Transformed with permission. Copyright © 2024 Pakistan Journal of Analytical & Environmental Chemistry. Licensed 
under CC-BY-NC-SA 4.0.
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STHIO = [1.035 × (wc − 0.6) ] × STOT 

where STOT is total amount of sulfur, SAL is aliphatic sulfur fraction, SARO 
is the aromatic fraction, STHIO is the thiophenic fraction, and wc is the 
carbon weight fraction in the coal.

The bulk of coal’s sulfur is pyritic and organic sulfur. Small amounts 
of sulfate are present in weathered coals. According to the ASTM method 
D2492-84, organic sulfur in coal is traditionally calculated as the dif
ference between the total sulfur and the sum of pyritic plus sulfate sulfur 
[134]. Zhang et al. highlighted the correlation between the distribution 
of organic sulfur in coal and the degree of metamorphism of coal [135]. 
In particular, thiophenic sulfur content is reduced with decreasing 
metamorphic degree. However, sulfonic acid content rises with 
decreasing metamorphic degree. At the same time, the contents of sul
fate sulfur, sulfoxide, and sulfone are uncommonly related to this de
gree. Besides, it was shown that small free organic sulfur molecules in 
coal with a low metamorphic degree are mainly composed of aliphatic 
sulfides. In contrast, those in the coal of medium and high metamorphic 
degrees primarily comprise thiophenes. Also, as stated, the aromatisa
tion of organic sulfur molecules rises with increasing coalification.

Coal also has elemental sulfur of minor to trace quantities, although 
coal analysis does not always determine it regularly. In general, the 
content of elemental sulfur presented in many coals might be up to 5 % 
of the total amount of sulfur in the coal sample [136]. There are several 
theories for the appearance of elemental sulfur in coal. Chou stated that 
So is a primary substance formed during coal formation [130]. Contrary 
to this, Duran et al. suggested that the reason for the So appearance in 
coals is atmosphere due to explosion, because, as reported, So was absent 
in pristine samples that had been processed and sealed under a nitrogen 
atmosphere [136,137]. Beyer et al. [137] demonstrated that microbial 
desulfurisation in an acidic medium results in inorganic sulfides (Sp) 
decreasing and So increasing with time, whereas the organic sulfur 
(SORG) remains unchanged. According to them, firstly, microbial 
oxidation of pyrite produces ferric sulfate; after this, a simultaneous 
inorganic reaction, leading to So and ferrous iron, between ferric iron 
and pyrite (FeS2) takes place, as follows (Eq. (14)): 

2Fe3+ + FeS2→3Fe2+ +2S0 (14) 

Another study on microbial desulfurisation of coals showed that the 
morphology and distribution of pyrites in coal play a major role in 
biodesulfurisation experiments [138]. The coal-pyrite link is weak in 
those coals in either a framboidal form, a spherical aggregate of anhe
dral to euhedral crystals, or isolated euhedral crystals. This makes coals 
most susceptible to oxidation.

Maffei et al. [133] proposed a predictive kinetic model of sulfur 
release from coal. As reported, the different organic sulfur component 
release rates are related to the weakness of the C–S bonds. As noted, the 
energy of C-SAL and C-SARO bonds are 50.3 kcal mol− 1 and 79 kcal 
mol− 1, respectively. This means that C–S bonds are 25–30 kcal mol− 1 

weaker than the corresponding C–C bonds. Based on this energy dif
ference, researchers suggested that aliphatic sulfur is released from coal 
first because of weaker bonds, followed by SARO and STHIO. Aliphatic 
sulfur mainly releases sulfur gas species, particularly H2S. In contrast, 
thiophenic sulfur comes from a prevalent sulfur char, forming sulfur tar 
and light mercaptans. As for inorganic sulfur, its release is significantly 
slower than that of the organic fraction.

3.2. Conventional (modified) chemistry methods of sulfur separation 
from coals and its purification

Conventional or classic techniques such as extraction, whether 
aqueous or organic systems, can separate and concentrate SCCs from 
coals.

The first group of methods is based on pyrolysis. Increasing the py
rolysis temperature of Guizhou high-sulfur coal has demonstrated that 
raising the temperature from 700 ◦C to 1200 ◦C transforms various forms 
of sulfur into thiophenic sulfur [139]. The machine learning-based 
predictions [140] indicate that enhancing the hydrogen, the most sig
nificant factor influencing the sulfur content of thiophene, and volatile 
contents within a specific range improves desulfurisation. In [141], the 
addition of chromium effectively improves selective sulfur removal 
during the pyrolysis-based separation of sulfur from coal. Specifically, 
Cr2O3 plays a crucial role by capturing sulfur radicals to form sulfides 

Fig. 13. Sulfur speciation in coal. The figure illustrates the three primary forms of sulfur in coal: pyritic (FeS2), organic (C–S bonds), and sulfate (CaSO4). The data 
used to build this figure were adapted from [122,130]
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and facilitating the cleavage of O-S bonds in sulfoxides at the bottom of 
the coke. Furthermore, the concentration of CrxSy exhibited a negative 
correlation with the level of thiophenic sulfur.

Grydlewicz and Grydlewicz [142] described a method for S⁰ 
extraction from coals using organic solvents. The S⁰ extractability (wt. 
%) for different solvents was reported as follows: 0.060 (acetone), 0.111 
(cyclohexane), 0.098 (ethanol), 0.059 (hexane), 0.055 (methanol), 
0.105 (tetrachloroethene), 0.026 (tetrahydrofuran), and 0.056 
(toluene). The extracted S⁰ was in three allotropic forms, i.e., S8, S7 and 
S6. Hot tetrachloroethene extracted elemental sulfur (S⁰) from weath
ered coals but not from pristine coals [143]. Similarly, perchloroethy
lene (PCE) was employed to recover elemental sulfur from sludge 
contained approximately 40–60 % S⁰ [105]. Sulfur was extracted with 
PCE at 80 ◦C and then separated from the residue by hot filtration. As 
noted, 15 min of extraction was sufficient to recover more than 90 % of 
the elemental sulfur with 5 ml PCE:1 g sludge ratio. The recovered sulfur 
was of 98–99.9 % purity.

Gonsalvesh et al. [144] proposed a new procedure to evaluate 
elemental sulfur in biodesulfurised low-rank coals (its scheme with full 
details is given in Fig. 14). As reported, the highest presence of S⁰ was 
registered for the preliminary demineralised and depyritized coals due 
to their natural weathering. The offered experimental strategy allowed 
to achieve 16.1–53.8 % in the S⁰ removal. Also, it was effective in 
assessing the S⁰ content as a part of the total sulfur and organic sulfur 
that were 0.3–4.6 % and 0.3–5.1 %, respectively [137]. In [145], the 
chemical de-pyritisation of coal through the following bio
desulfurisation process removed approximately 61 % of organic sulfur 
and 86.57 % of total sulfur from the coal sample.

Hao offered a novel method using carbon disulfide as an extracting 
agent to extract sulfur from coal-coking waste [146]. In this work, under 
the following optimised laboratory-scale technological conditions, more 
than 98 % sulfur yield could be obtained under the following conditions: 
the granularity of raw sulfur powder of 200 mesh, liquid–solid ratio of 
3:1 g•g− 1, extraction temperature of 40 ◦C, stirring velocity of 200 rpm, 

and stirring time of 30 min.
Elemental sulfur was also extracted from coal and other carbona

ceous materials by treating an aqueous slurry of coal at an elevated 
temperature below the oxidation temperature of the coal or other 
carbonaceous materials [147]. This process occurred in the presence of 
an oxidising agent capable of reducing pyritic sulfides to a soluble state 
with hypochlorites, a catalyst acid.

Ersahan et al. [148] detected elemental sulfur formation in the 
Meyers coal desulfurisation process during the leaching of lignite par
ticles by acidic ferric chloride. As reported, the formation rate of S⁰ was 
found to depend not only on the concentration and acidity of the ferric 
chloride but also on the particle size of the sample, temperature, and the 
stirring rate. Generally, the formation of S⁰ increases and decreases 
during the first 40–45 min of leaching. With small particles and high 
acid content, it was more significant.

A sulfur recovery technology set up by Gansu Huating Coal Con
version Company improved the total sulfur removal ratio to 98–100 % 
[105], but the overall average sulfur removal ratio is > 99.6 %. In 
general, the exit sulfur content ranged from 10 to 600 ppm. According to 
Andersson and Holwitt [149], polymeric triphenylphosphine is an 
effective reagent for removing elemental sulfur from environmental 
samples. As noted, this reagent is easy to handle, reacts quantitatively 
with sulfur and forms non-hazardous products, leads to a small number 
of adverse reactions with analytes, and the used reagent can be regen
erated and reused. However, to provide a fully completed reaction, it 
was recommended to use ultrasonification instead of conventional stir
ring and shaking the reaction mixture.

Zhang et al. demonstrated the possibility of using tannin extracts to 
recover high-purity elemental sulfur from coal syngas by a liquid redox 
catalytic process [150]. It has been shown that pre-treatment of sulfur 
pastes with nitric acid reduces the accumulation of impurities and in
creases the purity of sulfur from 60 % to 99 %, which leads to cleaner 
sulfur production. Once extracted with different solvents, elemental 
sulfur must be removed from solvent extracts. Mechlin ́ska et al. 

Fig. 14. Experimental strategy for elemental sulfur (So) determination in coal and its fractions. The approach involves extraction, separation, and quantitative 
analysis techniques, ensuring precise characterization of sulfur forms in coal samples [144]. Reprinted from Fuel 90(9) L. Gonsalvesh, S.P. Marinov, M. Stefanova, R. 
Carleer, J. Yperman, Evaluation of elemental sulphur in biodesulphurized low rank coals, 2923–2930, Copyright (2011), with permission from Elsevier.
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discussed methods for removing sulfur from solvent extracts and their 
advantages and disadvantages [151].

The next type of extracting agent employed in sulfur extraction from 
coals is ILs. Binoy et al. [152] proposed an experimental strategy using 
1-n-butyl, 3-methylimidazolium tetrafluoro borate (IL1) and 1-n-butyl, 
3-methylimidazolium chloride (IL2) in oxidative desulfurisation and 
deashing of high sulfur coals. The authors reported the maximum 
removal of total sulfur, pyritic sulfur, sulfate sulfur and organic sulfur 
are observed to be 37.36 %, 62.50 %, 83.33 % and 31.63 %, respectively. 
Similarly to this work, a mixture of 1‑carboxymethyl-3-methyl imida
zolium bisulfate ionic liquid and hydrogen peroxide solution was used 
for organic sulfur removal from bituminous coal [153]. Note that the 
reaction temperature and duration significantly affect the ILs-based 
desulfurisation rate of coal [154]: the maximum removal rates for 
inorganic and organic sulfur were 76.2 % and 16.5 %, respectively; 
specifically, the ILs-H2O2 treatment reduced the levels of mercaptans 
and thioethers in the coal. In [155], quantum calculations and experi
ments have highlighted the role of intermolecular hydrogen bond in
teractions between organic sulfur and ionic liquids employed to remove 
organic sulfur compounds from coal. The stronger the S-H…Cl hydrogen 
bond, the better the solubility of sulfur, thereby increasing the extrac
tion efficiency.

Alongside conventional extraction methods, flotation can be 
employed for the same reason. For instance, Sahinoglu used kerosene as 
a flotation reagent to clean coals from pyritic sulfur and achieved 90.04 
% sulfur separation [156]. Cho et al. used sodium sulfite in a two-stage 
coal flotation to separate pyrite from a solid hydrocarbon matrix [157]. 
However, the separated coal pyrite contained some trace elements, such 
as arsenic (As), selenium (Se), and mercury (Hg).

3.3. Alternative ways of sulfur removal from coals and its purification

Nowadays, great interest is shown in the new microwave and ul
trasound irradiation techniques and magnetic treatment compared to 
conventional chemical-based extraction methods. Xia proposed a novel 
method of removing organic sulfur from low-ranking high-sulfur coals 
by pre-heating with the Fe powder and isolating using a dry magnetic 
separator [158]. This method was reported as effective, allowing the 
removal of approximately 75 % more sulfur from the coal char heated 
with Fe powder than without Fe powder. In comparison, microwave 
radiation also showed immense power in increasing extraction yields. 
To compare, combining low-temperature oxidative pyrolysis, high- 
temperature reductive pyrolysis, and magnetic separation removes all 
forms of sulfur [159]. As this occurs, the removal efficiency approaches 
nearly 100 % for pyrite and 74.8 % for organic sulfur, leading to a total 
sulfur removal rate of 84.0 %. The effectiveness of microwave heating 
technology in removing organic sulfur from coals was demonstrated by 
Ma et al. [160] This method is based on the sensitivity of three distinct 
types of organic SCCs (mercaptans, thioethers and thiophenes) to mi
crowave irradiation because of relatively high dielectric constants. The 
microwave frequency of 915 MHz is reported for the most effective 
sulfur removal. To confirm it, desulfurisation experiments on the 
example of the Xinyang coal were done. According to Ambedkar et al., 
ultrasonic coal wash is a promising technique to remove sulfur from coal 
[161]. Ultrasonic aqueous-based desulfurisation was proposed to treat 
high-investigation porphyry coal composed mainly of sulfate sulfur. 
Compared to traditional chemistry methods, ultrasonic treatment takes 
less time, has less solvent volume, and has a lower solvent concentra
tion. Also, ultrasonic coal-wash equipment is commercially available.

4. Sulfur from minerals/ores

4.1. Sulfur in copper minerals and polymetallic ores

Sulfur binds with 15 chalcophile elements in different ionic forms 
[2]. For example, in the sulfide minerals, S2− functions as a simple anion 

and as a compound S2 anion [162]. In the sulfosalts, S2− ion functions as 
a component of a complex anion. S4+ ion occurs in triangular pyramidal 
coordination with oxygen in the sulfite minerals because four valence 
electrons of sulfur are available for chemical bonding. In the case of 
sulfate minerals, S6+ has six valence electrons available for bonding, and 
due to this, it occurs in tetrahedral coordination with oxygen. Addi
tionally, there are the thiosulfate minerals with sulfur in the hexavalent 
state but is coordinated by three O2– anions and one S2− anion. Krivo
vichev et al. [163] divided sulfur minerals into two groups based on 
their crystal-chemical features: the first group contains sulfides and 
sulfosalts, which are without S–O bonds, while the second ones are 
sulfites and sulfates, containing S–O bonds. In this term, sulfates and 
sulfites are more complex than sulfides and sulfosalts because of their 
chemical and structural complexity.

Sulfur binds in sulfides and some iron in pyrrhotite (Fe1-xS, (x = 0 to 
0.125)) or pyrite (FeS2) [2]. It is known that about 90 % of the world’s 
reserves in copper mining come from four sulfides – chalcopyrite 
(CuFeS2), bornite (Cu5FeS4), chalcocite (Cu2S) and cubanite (CuFe2S3) 
[164,165]. In addition to them, the main sulfide minerals of copper 
include enargite (Cu3AsS4) and covellite (CuS). The World Copper 
Factbook 2023 [166] informs that Chili, Peru and Congo, D.R. take the 
first three places in Copper Mine Production; alongside them, the list of 
top 10 countries includes China, USA, Indonesia, Russia, Australia, 
Zambia, and Kazakhstan. Kazakhstan is one of the world leaders in re
serves of copper and other chemical elements of industrial value [167]. 
Kwon et al. emphasised that sulfide minerals predominate in Kazakhstan 
copper-bearing ores, namely chalcopyrite, bornite and chalcosiderite 
[168]. Atakhanova and Azhibay [169] reported that the Aktogay mine 
(Kazakhstan) has an annual processing capacity of 50 million tons 
(average copper content of 0.25 % for oxide ore and 0.33 % for sulfide 
ore) at a net cost of 2.56 USD per kg with a remaining service life of 25 
years. For example, in medium ores with a copper content of 0.40–0.43 
%, the total sulfur content changes from 0.48 % to 1.09 % depending on 
the type of rocks, whether granitic or volcanic. In the case of a relatively 
rich ore with a copper content of 0.50–0.66 %, the total sulfur amount is 
up to 1.08 %, while a poor ore, in which the sulfur content is 0.20–0.31 
%, is approximately 0.82 %. Similarly to these data, Beisembayev et al. 
[170] reported that an average representative sample of sulfide ores 
contains 1.34 % sulfur. In contrast, in oxide ores, the S content is 0.38 %. 
Regarding the chemical forms of sulfur in sulfide copper ores, it is shown 
that such minerals represent the ore mineralisation of the sulfide zone as 
chalcopyrite, molybdenite and pyrite. In contrast, chalcopyrite makes 
up 80–90 % of the sulfide part of copper minerals [170]. Besides copper 
minerals, polymetallic sulfides can also be considered a considerable 
source of sulfur. The mineral composition of the ores of the Zhairem 
deposit (Kazakhstan) is shown mainly by sulfides [171]. Regarding the 
sample’s sulfide content, there are types characterised as moderate and 
significant. Pyrite, sphalerite, and galena are indicated as the primary 
sulfides. For example, the maximum sulfide content in barite-free ores 
reaches 21.2–22.9 %, while the pyrite content varies in the 4.8–16.5 % 
range depending on the type of ore. It should be noted that sulfides in the 
ore are closely associated, complicating the selective separation of 
minerals. Another large deposit of polymetallic ores is Shalkiya. The 
main ore minerals include sphalerite, galena, and pyrite, and it is 
emphasised that sulfide forms represent 80–90 % of galena and about 
94 % of sphalerite. The ore is characterised by a layered texture with 
fine-grained mineralisation up to emulsion, galena, sphalerite, and py
rite. It should be noted that most polymetallic sulfide ores are complex 
to enrich due to the reasons, firstly, the variety of forms of occurrence of 
the primary metals in the ores: iron, zinc, copper, and lead, and sec
ondly, the textural and structural characteristics of the ores [164].

4.2. Separation of elemental sulfur from copper and polymetallic ores

Elemental sulfur is typically produced in oxidative processes by hy
drometallurgical recovery of metal values from sulfide concentrates 
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such as chalcopyrite, enargite, and sphalerite. The main disadvantage of 
the generation of sulfur is that it retards or hampers the efficiency of the 
leaching process [172–176]. Sulfur can be removed from ores, minerals, 
and hydrometallurgical residues via physical and/or chemical treat
ments [177–179]. Interestingly, X-ray photoelectron spectroscopy 
studies of sulfide mineral surfaces showed that surfaces contain types of 
elemental sulfur (which are lost in a vacuum at room temperature), 
requiring cooling of the sample to < 200 K for preservation [180]. Some 
studies consider hydrometallurgical dissolution processes in terms of 
semiconductor electrochemistry [181,182]. For example, O’Connor and 
Eksteen highlighted the passivation and semiconductor mechanisms of 
chalcopyrite leaching [183]. Below, we consider the ways of separating/ 
recovering elemental sulfur from some minerals.

Jorjani and Ghahreman [172] discussed various methods based on 
atmospheric leaching and medium temperature pressure oxidation to 
produce elemental sulfur from chalcopyrite. Oxidation leaching can be 
conducted in different environments; therein, the formation of 
elemental sulfur results in the following reactions (Eqs. (15)–(17)):

in chloride media [184]

CuFeS2 +3.5FeCl3→0.5CuCl2 +0.5CuCl+4.5FeCl2 +2S0 (15) 

in acidic ferric sulfate media [185]

CuFeS2 +2Fe2(SO4)3→CuSO4 +5FeSO4 +2S0 (16) 

in ammonia leaching solution [186]

CuFeS2 +4NH3 +6OH− = Cu(NH3)
2+
4 +

1
2
S2O2−

3 + S0 + Fe(OH)3

+
3
2
H2O+7e−

(17) 

According to Reilly and Scott [186], the sulfur recovery obtained 
during the oxidative ammoniacal leaching increases as the ratio of Cu/S 
in the crystal lattice increases in the series: 

Cu2S > CuS > CuFeS2 

Due to the dissolution of chalcopyrite in sulfuric acid, elemental 
sulfur was found on the surface of the mineral, along with bornite, 
chalcocite and covellite, which slows the dissolution. In this case, the 
staged nature of the process of dissolving chalcopyrite in sulfuric acid is 
represented by the following reactions (at the initial stage, the sulphate 
ion interacts with the ferric ion to form iron (III) sulphate) (Eqs. (18)– 
(22)) [170]: 

6CuFeS2 +6Fe2(SO4)3→Cu5FeS4 +CuSO4 +17FeSO4 +8S0 (18) 

6Cu5FeS4 +4Fe2(SO4)3→Cu2S+ 3CuSO4 +9FeSO4 +3S0 (19) 

Cu2S+ Fe2(SO4)3→3CuSO4 +CuS+2FeSO4 (20) 

CuS+ FeSO4→CuSO4 +2FeSO4 + S0 (21) 

∑
: CuFeS2 +2Fe2(SO4)3→CuSO4 +5FeSO4 +2S0 (22) 

It is also shown that elemental sulfur was found on the surface of 
chalcopyrite when it was treated with sodium chloride. The distribution 
of sulfur on the surface of chalcopyrite treated with sodium chloride is as 
follows [170]:

On the surface without ionic cleaning – 3.82 wt% S.
On the surface after ionic cleaning – 6.82 wt% S.
On the surface after argon cleaning – 25.60 wt% S.
In the deep layer (200 nm) – 53.40 wt% S.
In this case, chalcopyrite dissolution occurs through the oxidation of 

sulfide sulfur to elemental sulfur and oxygen-containing anions and up 
to the sulfate ion. It was also noted that sodium chloride as a reagent 
does not affect the oxidation mechanism of chalcopyrite.

McGuire and Hamers [187] described the method to extract 

elemental sulfur in perchloroethylene from the oxidation of arsenopy
rite, pyrite, marcasite, chalcopyrite, and chalcocite under various con
ditions. Elemental sulfur found at the mineral surface can be considered 
a close (99+%) approximation to the total amount of elemental sulfur. 
The reactions with ferric iron in solutions of perchloric acid or sulfuric 
acid (both at pH ~ 1 and 42 ◦C) produced S0 in quantities greater than 
50 % of the total reacted sulfur [188].

Like most sulfides, enargite should be intrinsically unstable in acidic 
environments. Dutrizac and MacDonald [189], also Lattanzi et al. [190]
described enargite as ferric leaching results in elemental sulfur accord
ing to the following reaction (Eq. (23)): 

Cu3AsS4 +11Fe3+ +4H2O→3Cu2+ +AsO3−
4 +4S0 +8H+ +11Fe2+ (23) 

Escobar et al. [191] compared bacterial and chemical leaching for 
enargite and informed that the latter one worked slower in leaching but 
resulted in elemental sulfur forming at the mineral surface (Eq. (24)): 

Cu3FeS4 +5.5Fe2(SO4)3 +4H2O→ 

→3CuSO4 +11FeSO4 +4S0 +H3AsO4 +2.5H2SO4 (24) 

Considering that 50 % of arsenic ions are presented in aqueous part 
according to the titration results, this reaction changes as (Eq. (25)): 

Cu3FeS4 +4.5Fe2(SO4)3 +2H2O→3CuSO4 +9FeSO4 +4S0

+HAsO2 +1.5H2SO4
(25) 

Kantar [192] stated that the stability of elemental sulfur formed 
during enargite leaching depends on solution pH and potential; the most 
stable elemental sulfur can be produced in acidic conditions. To confirm 
this, Escobar et al. [191] mentioned that a small fraction of the sulfur is 
oxidised to sulfate (Eq. (26):) 

S0 +3Fe2(SO4)3 +4H2O→6FeSO4 +4H2SO4 (26) 

In general, elemental sulfur converts to sulfate (SO4
2− ) in neutral and 

alkaline solutions as (Eq. (27)) [193]: 

S0 +4H2O→SO2−
4 +8H+ +6e− (27) 

Lattanzi et al. [190] and Welham [194] informed that mechanical 
activation can partly oxidise enargite. This grinding resulted in the 
formation of elemental sulfur according to the following Eq. (28): 

Cu3AsS4 +6
3
4
O2→3CuSO4 +

1
2
As2O3 + S0 (28) 

Hol et al. [195] reported that grinding to a particle size with a p80 of 
32 μm led to forming 3.3 wt% elemental sulfur during partial oxidation 
of enargite.

Another main source of sulfur compounds is polymetallic minerals 
and ores. Similarly to copper sulfide minerals, their leaching efficiency 
depends on the media. For instance, alkaline pre-treatment of a poly
metallic sulfide (Fe-Pb-Mn) ore containing silver decreased elemental 
sulfur content and exposed sulfide surfaces [196]. Peng et al. [197] used 
an oxygenated H2SO4 − HNO3 solution for leaching a sphalerite 
concentrate (74.7 % sphalerite, 5.7 % pyrite, and 2.3 % chalcopyrite) as 
follows (Eq. (29)): 

3ZnS+3H2SO4 +2HNO3→3ZnSO4 +2NO+3S0 +4H2O (29) 

After that, various approaches were proposed to separate sulfur from the 
leaching residue, such as dissolving sulfur during leaching using organic 
solvents or sodium sulfide leaching and carbon dioxide precipitation, 
which allowed the recovery of elemental sulfur with a purity of 99.7 %. 
For the same purpose, solid sorbents, such as nano-silica, can be used.

Liu et al. [198] proposed flotation technology to extract elemental 
sulfur selectively from a high-sulfur pressure acid-leaching residue of 
zinc sulfide concentrate. As reported, the total sulfur content in sulfide 
was 46.21 %, and 81.97 % of total sulfur was elemental sulfur. The 
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proposed flotation scheme allowed to obtain an elemental sulfur 
concentrate product with 99.9 % recovery and 83.46 % purity.

Galena, PbS, can also produce elemental sulfur via oxidation in 
different mediums. Hu et al. [199] reported that elemental sulfur might 
be generated due to galena oxidation, also that oxidation in neutral or 
alkaline solution is more complex than in acid media (Eqs. (30)–(32)):

in acidic media 

PbS→Pb2+
+ S0 +2e− (30) 

in weak alkaline media: 

PbS+2H2O→Pb(OH)2 + S0 +2H+ +2e− (31) 

in alkaline media 

PbS+2H2O→HPbO2−
+ S0 +3H+ +2e− (32) 

Hu et al. [200] stated that mechanical activation of galena and pyrite 
produced elemental sulfur; however, this effect was not observed in the 
case of sphalerite and molybdenite. This feature of galena and pyrite is 
explained by the thermal stability of minerals under an inert atmo
sphere. For example, pyrite’s initial thermal decomposition temperature 
is 713 K, which is lower than that of galena (1140 K). Tkáčová [201]
explained this with the physical model of mechanical energy trans
formation, which stated that mechanical energy is transformed into 
chemical energy during mechanical activation of substances; chemical 
reaction happens on these “micro-contacting’’ points where the tem
perature reaches about 1300 K. Also, this theory explained why more 
elemental sulfur is formed under pyrite’s mechanical activation than in 
galena’s case.

Cowan et al. [202] proposed an atmospheric oxidation of pyrite with 
a novel carbon catalyst for producing elemental sulfur with ultra-high 
yield. It was reported that the pyrite oxidation reached 60 % with a 
maximum 28 % S0 yield without a catalyst. However, adding carbon- 
based catalyst made oxidation much more effective, for example, 96 
% oxidation was achieved with a maximum 74 % S0 yield thanks to the 
AF5 catalyst. To compare, activated carbons lead to 100 % oxidation 
with a maximum 64 % S0 yield.

Another way to separate sulfur from industrial metallurgical residues 
is extraction. Fan et al. found that liquid paraffin worked to separate and 
purify elemental sulfur from sphalerite concentrate direct leaching res
idue [203]. According to Suárez-Gómez et al., toluene and carbon di
sulfide can also serve as solvents to obtain sulfur from sulfur concentrate 
[204]. They reported that up to 86.7 % of sulfur is recovered using 
toluene at 100 ◦C, and 96.3 % of high-purity sulfur is recovered at room 
temperature using carbon disulfide as solvent.

It was noted [205], that the chemical reaction between dissolved 
organic substances and dissolved sulfide in the presence of oxygen leads 
to the formation of elemental sulfur. This process is known as organo
mineralisation. Organic compounds likely play a role in stabilizing non- 
thermodynamically stable S0 phases such as β − and γ − S8, which occur 
alone or in combination with the stable allotrope α − S8. Alongside ore 
minerals, polymetallic sulfur slag (PSS) can be considered an essential 
secondary resource for sulfur recovery. Chen et al. [206] proposed a 
recrystallisation method for efficiently separating sulfur and metals 
using organic solvents to control the particle size of sulfur crystals. It has 
been shown that the particle size of elemental sulfur is about 2000 µm, 
and the purity reaches 99.6 %. This method allowed efficient separation 
of sulfur from metal sulfides such as FeS2 and ZnS using a new method of 
controlling recrystallisation.

5. Deep purification for obtaining ultrahigh-purity sulfur

Sulfur obtained for commercial use generally ranges from 99.5 % to 
99.9 %. Yet, the purity plays an extremely significant role in sulfur- 
containing compounds, which could influence future technological 

breakthroughs in numerous areas, should not be dismissed [112]. Sulfur 
of high purity is an essential ingredient in the synthesis of materials used 
in energy storage devices [207]. Impurities strongly affect the perfor
mance and stability of sulfur-cathodes. Metals, chalcogens and bitumen 
impurities present in the sulfur cause the electrochemical polarization 
and decrease the stability. The presence of metal impurities such as 
sodium, magnesium, and calcium in ionomer membranes may hinder 
proton transport by exchanging with mobile protons [208]. Bitumen 
impurities have the potential to significantly affect the performance and 
longevity of sulfur batteries by obstructing operation, clogging electrode 
pores [209], forming insulating layers, and promoting corrosive re
actions [210]. Indeed, chalcogen impurities could introduce redox- 
active species [211], slow down ion transport kinetics [212], and 
destabilise solid-electrolyte interfaces [213] in sulfur batteries, which 
demonstrates that the elimination of impurities is essential to achieve 
outstanding battery performance as well as safety. Hydrogen sulfide 
impurities increase the lithium anode polarization and self-discharge, 
thereby reducing the overall storage life and efficiency of the cells 
[214]. Modern requirements for ultrapure substances in semiconductor 
technology and infrared optics necessitate total impurity levels in sulfur 
ranging from 10− 7 to 10− 8 wt%, with individual impurities at 10− 8 to 
10− 9 wt% [215].

Table 1 outlines various impurities in elemental sulfur and their 
impacts [112,216–219]. The source of sulfur is responsible for these 
impurities. For instance, sulfur extracted from petroleum products will 
contain hydrocarbons, amines, and bitumens, while sulfur mined may 
have different ash and metals. Some of these impurities can, in turn, 
impact the properties and performance of the sulfur-based materials.

High-purity sulfur is obtained through various methods, including 
chemical, distillation, and crystallization techniques, often employed 
individually or in combination. These methods effectively eliminate 
impurities while preserving the sulfur’s integrity and desired properties.

Thermal purification methods are helpful since they can expel car
bon impurities from sulfur. The process requires an extended boiling 
period, heating sulfur on a quartz rod, or directing sulfur vapour through 
a high-temperature zone, achieving efficiency from 10–3 wt% to 10–4 wt 
%. Similarly, Adamchik et al. [111,220] employed high-temperature 
oxidation to incorporate the total carbon content in sulfur to 10–5 wt% 
from (2.8 ± 0.1) 10–4 wt%. A comparative study conducted by Mochalov 
et al. [117] highlighted the superior efficacy of plasma distillation, with 
the lowest residual carbon content (1‧10− 5 wt%) achieved compared to 
methods without plasma. Brogdon et al. [221] also describe a compre
hensive method for purifying elemental sulfur from hydrocarbon im
purities. The process involves heating impure sulfur to prompt the 
reaction of hydrocarbons with sulfur, forming insoluble carbon–sulfur 
compounds and gaseous hydrogen sulfide. Subsequent separation and 
conversion steps yield elemental sulfur.

Chemical purification methods for elemental sulfur are challenged 
by the difficulty of removing impurities such as arsenic, selenium, and 
bitumens [222,223]. These methods typically involve oxidising the 
mentioned impurities and then separating them through washing or 
sorption techniques. Magnesite or lime milk can be employed to purify 
sulfur from arsenic, where sulfur is washed with them at 125 ◦C and a 
pressure of 2.5 atm with constant stirring. Alternatively, sulfur can be 
treated with ammonia, ammonium sulfate, or ammonium carbonate at 
130 ◦C and a pressure of 3–4 atm, then decantation separates the 
resulting aqueous solution from sulfur. Separating selenium from sulfur 
often involves rapid oxidation of selenium at elevated temperatures. For 
instance, methods involving selenium oxidation in sulfur with nitric acid 
have been proposed, where sulfur is emulsified in a concentrated solu
tion of magnesium chloride heated to 130 ◦C. However, this method 
does not entirely purify sulfur from selenium, as the selenium content in 
sulfur after six treatments with nitric acid remains at 0.01 %. Murphy et 
al. [224] outlined the method of producing highly purified sulfur, with a 
purity of 99.999 %, achieved by removing liquid-soluble, solid-insoluble 
impurities. This method involves treatment with concentrated sulfuric 
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and nitric acids and rinsing with distilled water to remove entrapped 
acids, boiling the sulfur with helium or nitrogen, subsequent melting, 
extraction, and distillation steps, and sealing in glass ampoules under 
vacuum. The method successfully yields high purity, with the total im
purities reduced to 1.3‧10− 5 %, and organic matter minimised to 0.0002 
% as carbon (active or not). Sulfur purification from selenium was based 
on the interaction of impurities with oxidising agents such as silver and 
copper oxides [225]. Selenium was preferentially bound during the 
passage of sulfur vapours at temperatures of 600–700 ◦C through a 
column filled with inert packing or granules of aluminium oxide, onto 
which copper or silver oxides were deposited, resulting in reducing the 
selenium content in sulfur from 1.3‧10− 4 wt% to 6.5‧10− 5 wt%.

Another method proposed for deep sulfur purification is counter- 
current crystallisation [226]. Sulfur purification is carried out in an 
apparatus where the temperature at the top is 4–5 ◦C lower and at the 
bottom is higher than the melting temperature of sulfur. The apparatus 
is filled with molten sulfur. Crystals of sulfur formed in the colder end 
(crystalliser) move into the purification zone, where mass transfer 

occurs between the liquid and crystalline phases. After passing through 
the purification zone, the crystals enter the melting zone, melting due to 
the higher temperature. The liquid sulfur rises upwards in counter cur
rent to the falling crystals. As a result of multiple phase reversals, im
purity phases with a partition coefficient α < 1 concentrate in the upper 
part of the apparatus, while purified sulfur collects in the lower part. 
Samples were obtained with the following concentration of impurities: 
bitumenes were 2‧10− 5 wt%; Se was 1‧10− 3 wt%; and As was 8.2‧10− 4 wt 
%.

The presented data show that among the investigated methods, there 
is no single method capable of purifying sulfur from all impurities. The 
most difficult-to-remove impurities are carbon and elements closely 
resembling sulfur in properties, such as arsenic and selenium. Churba
nov et al. [113] pointed out that combining the counter-current crys
tallisation from a melt method with multi-stage vacuum distillation 
yielded sulfur with a total impurity content of 2.5‧10− 5 wt%. The puri
fied sulfur contained carbon at 1⋅10− 6 wt%, arsenic at less than 5.3‧10− 6 

wt%, and selenium at less than 8‧10− 6 wt% [227].

6. Sulfur for energy storage

One of the most promising directions of utilising excessive sulfur as 
byproducts is energy storage, including metal-sulfur batteries and 
thermal energy storage. This chapter delves into the various types of 
metal-sulfur batteries, also the critical role of sulfur-based electrolytes in 
enhancing battery performance and the significant advancements being 
made towards the commercialization of these technologies. Addition
ally, sulfur’s application in thermal energy storage highlights its versa
tility and importance in the future of global energy storage systems.

6.1. Sulfur in batteries

Battery energy storage systems are crucial for addressing the inter
mittent nature of renewables, with a significant focus on electric vehi
cles. Amidst this backdrop, sulfur materials have emerged as potential 
candidates for high energy density and low-cost electricity storage ap
plications. These materials prove environmental sustainability, cost- 
effectiveness, and abundance as a byproduct of the petroleum industry 
[228].

There are several types of metal-sulfur batteries, including lithium- 
sulfur (LSB), sodium-sulfur (NSB), potassium-sulfur (KSB), and 
aluminum-sulfur (ASB) batteries (Fig. 15). Among these, LSB have been 
extensively studied and have made significant progress due to sulfur’s 
high theoretical capacity [229]. LSB technology is considered a ’next- 
generation’ battery technology, along with innovations like all-solid- 
state, cumulatively promising greater energy density than commercial 
lithium-ion batteries (LIBs) [230]. The main challenges associated with 
the development of LSBs and other metal-sulfur batteries, causing low 
Coulombic efficiency, poor rate-capability, and limited cycle life, 
include the following [231–233]: 

− insulating nature of the sulfur and its lithiated products Li2S/Li2S2;
− high volume change during lithiation and delithiation;
− dissolution and shuttle of intermediate products, lithium polysulfides 

(Li2Sx, 2 < x ≤ 8);
− side reactions with the metal anode and corrosion.

Strategies like designing micro/nanostructured sulfur hosts, sepa
rator modifications, interlayers, advanced binders, optimized electro
lytes, and regulated metal anodes have been developed to address these 
issues and improve sulfur conversion efficiency [234–237]. For instance, 
our research group successfully incorporated the multifunctional Ni/ 
NiO-embedded carbon nanofibers (Ni/NiO@CNFs), achieving high 
initial capacities and excellent capacity retention, effectively mitigating 
polysulfide dissolution and improving long-term cyclability 
(Fig. 16a–b).

Table 1 
Summary of impurities present in elemental sulfur from various industrial 
sources, including their maximum content (ppmw) and effects on product 
quality and performance in energy storage applications [112,216–219].

A source for sulfur 
as an industrial by- 
product

Impurity Maximum 
Content 
(ppmw)

Effect

Crude oil Ash < 500 Blocks liquid sulfur 
filters, may plug burner 
nozzles, discolors 
product.

Crude oil/ 
Petrochemical 
industry

Carbon/ 
Hydrocarbons

< 250 Weakens solid sulfur 
product strength, affects 
product colour, toxic 
when released.

Gaseous 
petrochemical 
industry

Amines < 250 Corrosion of metal 
containment systems, 
production of acid, bulk 
instability when 
excessive, requires more 
heat for melting.

Gaseous 
petrochemical 
industry

Hydrogen 
Sulfide

< 10 Weakens structural sulfur 
products.

Sulfur recovery 
units

Polysulfide < 10 Leads to loss in the 
capacity and cyclability of 
battery.

Crude Oil Water 0.5–––1.5 wt 
%

Swelling clays, soil dust 
contamination during 
storage.

Crude Oil Acidity 0.020 wt% Changes strength and 
grinding properties of 
solid (e.g., affects rubber 
makers).

Minerals/Coals Metals Varies Corrosion of metal 
containment systems, 
formation of acid, affects 
product stability, lead to 
electrochemical 
polarization and reduce 
stability of battery.

Minerals Chalcogen Varies Formation of volatile 
compounds, affects 
product quality and 
stability, slow down ion 
transport kinetics in 
energy storage system.

Minerals/Coals Bitumens Varies Contamination of sulfur, 
reduce stability of 
battery.

Minerals/Coals Arsenic 0.25 Toxic, Health Hazard.
Minerals/Coals Selenium 1.00 Influences physical and 

chemical properties.
Minerals/Coals Tellurium 1.00 Affects electrical 

conductivity, properties.
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Fig. 17 provides a timeline of key advancements in LSBs from their 
initial concept to recent developments. The evolution begins in the 
1960s–1970s with the introduction of metal-sulfur batteries and early 
rechargeable LSB prototypes. In the 1980s–1990s, improvements in 
materials and cell design emerged, incorporating conventional electro
lytes like polyethylene oxide (PEO) polymer and 1,3-dioxolane (DOL) 
and 1,2-dimethoxyethane (DME). The 2000s saw the development of 
nanostructured materials, sulfur nanoparticles, and porous carbon hosts, 
along with innovations in doping, binary electrolytes, and interlayer 
design, leading to commercialization in aerospace and unmanned aerial 
vehicle applications. Between 2010–2015, research focused on scaling 
up production, optimizing manufacturing, and introducing all-solid- 
state LSBs with advanced cathode designs. In the 2016–2020 period, 
LSBs expanded into diverse markets such as aerospace, marine, and 
defense, with progress in MOF-based materials, composite binders, and 
alloy anodes. The most recent advancements (2021–2024) include the 
development of ZnS-SnS@NC heterostructure separators, artificial 
hybrid interphases, 3D electrolyte designs, and efforts to integrate LSBs 
into electric vehicle platforms [238–242].

With the growing demand for higher-energy batteries, all forms of 
sulfur (elemental sulfur, metal sulfides, and organic and inorganic sul
fur) are increasingly appealing for energy applications beyond metal- 
sulfur batteries, such as cathodes, anodes, and electrolytes [243]. Sul
fur doping is an effective strategy for optimising MIBs’ rate performance 
and reversible capacity. Within the carbon structure, sulfur can be 
represented in three configurations: C-S-C, C-SOx-C (where x = 2, 3, or 
4), and C-SH [244]. The C-S bond length is longer than the C-C bond 
length due to the larger radius of sulfur (1.78 Å). The sulfur atom forms 
two σ-bonds with the nearest carbon atoms in the C-S-C bonding 
configuration. S atom within the C-S-C structure possesses two lone pairs 
and demonstrates sp3 hybridisation, resulting in an angle of less than 
109.5◦. This angle is smaller than that observed in an ideal hexagonal 
carbon configuration. The combination of extended bond lengths and 
reduced bond angles affects the stability of the aromatic structure. 

Moreover, although sulfur (S) and carbon (C) possess similar electro
negativities—2.58 for S and 2.55 for C—sulfur doping alters the charge 
density. Also, In the C-SOx-C and C-SH configurations, it has been 
demonstrated that the sp2 carbon becomes asymmetric with the higher 
binding energy as the number of functional groups increases [245]. 
Additionally, the S-doping can modulate the intrinsic crystal structure of 
active materials and affect the crystal structure’s charge/ion state, 
bandgap, and stability [246]. All these factors, including the shifts in 
aromatic structure, the rearrangements in electronic and crystallo
graphic structure, as well as charge distribution, contribute to the 
improved electrical conductivity and chemical reactivity of S-doped 
carbon, increase carbon interlayer spacing, boost active sites and metal 
ion adsorption [246]. Numerous experimental studies support this, 
demonstrating significant enhancements in the electrochemical perfor
mance of carbon materials in the presence of S. In [247], sulfur-doped 
carbonaceous material, with an S mass loading of 27.05 at%, has 
demonstrated a long cyclability (over 5200 cycles) with a reverse ca
pacity of 220.2 mAh⋅g− 1 and a reverse CE of > 99 % at 0.5 A⋅g− 1 

(Fig. 16c–d). The exceptional electrochemical performances have been 
demonstrated by elemental S-coated-rGO [248], transition-metal sul
fides [249], organic sulfur [250], and inorganic sulfur [251], sulfur in a 
mixed form [252] in MIBs. Recent studies have also highlighted the 
essential role of S and S-containing compounds in alleviating undesir
able electrostatic interactions between the host material and Mg2+ ions 
in the Mg-ion battery [249] and reducing the expansion degree during 
the material’s charging or discharging [243], etc. However, when 
transferring (industrial) sulfur into energy storage systems, the desired 
purity level for sulfur and sulfur-containing compounds is crucial to the 
capacity and performance of MIBs. For instance, in [253], elemental 
sulfur with 68.61 % purity and 99.5 % crystallisation (orthorhombic 
crystal structure) has been recommended for LSBs. Yamano et al. [254]
reported that the rubber-derived sulfur composite cathode (with an S 
purity > 99.9 %), together with the SiO anode, exhibits outstanding 
electrochemical properties by showing superior performance from 

Fig. 15. Metal-sulfur battery types (Li–S, Na–S, K–S) with theoretical energy densities (Wh kg− 1). The figure summarizes the key challenges (e.g., shuttle effect, 
insulation) and solutions (e.g., cathode composites, solid electrolytes) for metal-sulfur batteries. Lithium-sulfur (Li–S) batteries, with a theoretical energy density of 
~ 2600 Wh kg− 1, are the most extensively studied, but sodium-sulfur (Na–S) and potassium-sulfur (K–S) batteries also show promise for large-scale energy storage. 
The data used to build this figure were adapted from Chen et al. [229]
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− 20◦C to 80◦C for over 100 cycles. In a patented study [255], battery- 
grade high-purity manganese sulfate was derived from industrial- 
grade manganese sulfate containing light metal impurities (such as Ca 
and Mg) of < 30 ppm, Fe content of < 3 ppm and other heavy metal 
impurities of < 8 ppm.

All-solid-state batteries (ASSBs) are a promising alternative to con
ventional liquid electrolyte-based systems due to their improved safety, 
desired mechanical properties, wider electrochemical stability windows, 
and potential for higher energy density. Among ASSBs, all-solid-state 
lithium-sulfur batteries (ASSLSBs) are gaining significant attention for 
their ability to overcome the polysulfide shuttle effect that plagues 
conventional lithium-sulfur batteries [256]. By incorporating solid sul
fide electrolytes, ASSLSBs can enable stable long-term cycling, higher 
sulfur utilization, and enhanced safety [257]. These innovations are 
critical in the continued development of high-energy, long-cycle-life 
batteries that can meet the demands of emerging energy storage 
markets.

6.1.1. Sulfur – Based electrolytes
Sulfur-containing electrolytes, both in liquid and solid forms, are 

emerging as pivotal components in advancing metal-sulfur batteries due 
to their ability to enhance electrochemical performance, safety, and 
energy density [258]. The electrolyte directly affects polysulfide solu
bility, shuttle effects, and the formation of the solid electrolyte 

interphase (SEI), influencing both the sulfur reaction pathways and 
metal anode protection [259]. In particular, liquid sulfur-containing 
electrolytes can facilitate better ion transport and lower impedance 
[260]. Liquid sulfur-containing electrolytes, particularly those based on 
ether solvents like DOL/DME in bis(trifluoromethanesulfonyl)imide 
(TFSI) salts, facilitate fast redox kinetics via a dissolution-precipitation 
mechanism. While these liquid electrolytes enhance sulfur utilization 
and lower impedance, they are prone to the polysulfide shuttle effect, 
which causes capacity fading and reduces the efficiency of Li-S batteries 
[259,261]. Recent innovations in high-solvating electrolytes such as 
dimethyl sulfoxide (DMSO) show promise in addressing these issues by 
improving polysulfide solubility. However, the high reactivity of DMSO 
with lithium metal poses challenges, necessitating advanced anode 
protection strategies [259].

Solid-state sulfur electrolytes have shown tremendous promise due 
to their high ionic conductivity at room temperature, rivalling that of 
liquid electrolytes, while offering enhanced thermal stability and safety 
by eliminating the need for flammable solvents. Electrolytes such as 
Li6PS5Cl and Li9.54Si1.74P1.44S11.7Cl0.3 have been developed to offer su
perior ionic conductivities at room temperature, enabling fast lithium- 
ion transport [262]. However, one of the main challenges with solid 
electrolytes is their mechanical brittleness. To address the brittleness of 
solid sulfide electrolytes, polymer-sulfide composite electrolytes have 
been developed, combining the high ionic conductivity of sulfide 

Fig. 16. (a) Schematic illustration of the fabrication process of Ni/NiO@CNFs, highlighting the incorporation of Ni and NiO nanoparticles into carbon nanofiber 
matrices for enhanced electrochemical performance. (b) Cycling performance of Ni/NiO@CNFs compared to pristine CNFs at a 1.0C rate, demonstrating superior 
specific capacity and stability with Ni/NiO modification. (c) Schematic representation of the synthesis of SHC-3, illustrating the polymerization process leading to the 
final hierarchical carbon structure. (d) Long-term cycling stability of SHC-3 at 500 mA g− 1, showing stable charge–discharge performance and high Coulombic 
efficiency over extended cycles. (e) Schematic illustration of an all-solid-state Li-S battery (ASSB) architecture, detailing the sulfur cathode, solid electrolyte (SE) 
membrane, and lithium alloy anode for enhanced safety and stability. (f) Cycling performance of the Li-In|LPB|S-C-LPB cell, demonstrating high initial capacity, 
stable long-term operation, and capacity retention under CCCV mode. (a-b) Licensed under CC-BY-NC 3.0 [235]. Copyright © 2024 Nanoscale Advances. (c–d) 
Reproduced with permission [245]. (e–f) Licensed under CC-BY-NC-SA 4.0 [264]. Copyright © 2023 Nature Communication.
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materials with the mechanical flexibility of polymers. These composites 
offer a balance between structural stability and ionic transport, making 
them a promising solution for fabricating thin, flexible electrolyte films. 
For example, the combination of sulfide phases like Li6PS5Cl or Li7P3S11 
with polymer binders such as PEO or nitrile-butadiene rubber (NBR) 
significantly enhances flexibility while ensuring stable ion transport 
pathways [263]. Additionally, the Li3PS4-2LiBH4 glass–ceramic solid 
electrolyte offers a lower density (1.491 g cm− 3) and small particle size, 
which improves the overall ionic transport within the battery and leads 
to enhanced sulfur utilisation in high-sulfur-content cathodes. The S-C- 
LPB cathode demonstrated high discharge capacities across various 
current densities (1144.6–663.0 mAh g− 1 at 167.5–1675 mA g− 1) with 
excellent reversibility at 60 ◦C, cycling stably for over 800 cycles 
(Fig. 16e–f) [264]. These innovations are critical in the continued 
development of high-energy, long-cycle-life batteries that can meet the 
demands of emerging energy storage markets.

6.1.2. The path towards commercialisation of lithium-sulfur batteries
LSBs are very close to commercialisation despite not reaching this 

level compared to existing batteries. Advancements in emerging trends 
in LSB technology, along with a rise in government funding for light
weight, high energy density batteries for military, aviation, and other 
industries, are anticipated to open new doors to growth for key industry 
players. Over the last two decades, most big conglomerates like Bosch, 
LG Chem and Samsung started significant research activities to develop 
LSBs, including some SMEs like OXIS Energy Ltd. in the United 
Kingdom. The number of granted patents has notably risen over the last 
decades, proving the advanced level of development in the field of LSBs 
[265]. Recent research suggests that the market size, valued at 233 
billion USD in 2024, is set to soar to 499.79 billion USD by 2029 [266]. 

In June 2023, Lyten Inc., a battery manufacturer based in the United 
States, made a significant announcement regarding launching their 
latest innovation: Lyten’s 800 V LSB featuring the Lyten 3D graphene. 
Lyten’s 800 V LSB boast an impressive energy density ranging between 
3000 Wh kg− 1 and 600 Wh kg− 1 [267]. In May 2023, Li-S Energy, an 
Australian battery technology company, unveiled a groundbreaking 
innovation in the form of 20-layer battery cells utilising third-generation 
semi-solid-state LSB technology [268]. Despite the advancements, the 
market of LSB is relatively fragmented, and critical companies like GS 
Yuasa Corporation, LG Energy Solutions Ltd, Saft Groupe SA, Gelion 
PLC, and Sion Power Corporation, etc. are actively contributing to the 
development of this emerging technology, pushing the industry toward 
new frontiers in battery innovations [265].

6.2. Thermal energy storage

Sulfur also has gained attention for thermal energy storage (TES) 
applications, offering a range of advantages that make it an attractive 
option for both low and high-temperature applications. Thus, its 
chemical stability, efficient heat transfer properties and low cost make 
sulfur a good substitute for conventional TES materials. Integrating 
sulfur TES with renewable energy systems, including solar and wind 
power, presents exciting opportunities to enhance grid stability and 
reliability, bridging the gap between energy supply and demand. Studies 
have demonstrated sulfur’s viability, for instance, Barde et al. [269]
examine the ability of elemental sulfur TES for high temperature, such as 
concentrated solar power (CSP) and combined heat and power (CHP) 
plants. The sulfur TES battery was tested in terms of its ability to be 
safely and stably cycled over temperatures of 200–600 ◦C, and it was 
able to endure twelve thermal cycles. The Sulfur TES battery could store 

Fig. 17. Timeline of lithium-sulfur battery milestones. The figure traces the development of lithium-sulfur (Li–S) batteries from early prototypes in the 1960s to 
modern innovations in cathode design, electrolytes, and commercialization efforts in the 2020s. Key advancements include the introduction of nanostructured sulfur 
hosts, solid-state electrolytes, and strategies to mitigate the polysulfide shuttle effect. The data used to build this figure were adapted from [238–242]
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up to 7.6 kW h− 1 of thermal energy in the same preceding cycles. In 
Fig. 18 the scheme of sulfur TES system is presented. In addition, a 
significantly high volumetric energy density of 200–255 kW h m− 3 was 
achieved [9,270,271].

On the other hand, high melting point of sulfur, around 115 ◦C, limits 
its suitability for low-temperature thermal energy storage applications, 
as maintaining such temperatures requires additional energy input, 
reducing overall system efficiency [272]. Its low thermal conductivity 
further complicates matters by slowing down heat transfer during 
charging and discharging, making it challenging to achieve quick ther
mal responses in large-scale systems [273].

Safety concerns also play a critical role in limiting widespread 
adoption of sulfur. At elevated temperatures, sulfur can release 
hydrogen sulfide (H2S) and sulfur dioxide (SO2), toxic and corrosive 
gases that pose serious health and environmental risks [9]. Additionally, 
in the presence of oxygen, sulfur is flammable, increasing the risk of fire 
in case of containment failure or system malfunctions [274]. Molten 
sulfur can also react with storage materials, causing corrosion or 
degradation that compromises the longevity of system components 
[275,276].

These challenges necessitate the use of specialized materials, 
corrosion-resistant coatings, and advanced sealing technologies, which 
significantly increase the cost and complexity of the system [277]. 
Designing robust safety protocols to manage the risks of toxic emissions 
and fire hazards further adds to operational expenses. Additionally, 
regular maintenance becomes essential to monitor material degradation 
and ensure the reliability of thermal storage performance over extended 
cycles.

Sulfur-based technology has introduced enhanced forms of energy 
production and storage; hence, it has the potential to aid the interna
tional energy revolution, emphasising renewable energy. However, the 
factors mentioned above create a range of technical and economic 
barriers that must be addressed to make sulfur a viable option for large- 
scale energy storage applications.

7. Conclusions and perspectives

Sulfur, a widely available by-product of industrial processes, requires 
efficient purification to meet the stringent material requirements of 
advanced energy storage technologies. The source and method of sulfur 
purification significantly impact its availability, cost, and purity. The 

highest purity sulfur (99.6–99.999 %) is obtained through advanced 
techniques such as recrystallization, plasma distillation, and thermo
chemical processing, including vacuum extraction. In contrast, the most 
economically viable and abundant sulfur is derived from petroleum 
refining processes, particularly via the Claus process, which recovers 
sulfur from hydrogen sulfide gas with an efficiency of up to 99.5 %. 
Given the global sulfur oversupply—estimated at seven million tons 
annually—developing cost-effective and environmentally friendly pu
rification processes is essential. Green chemistry-based desulfurization 
methods, enhanced catalysts, and AI-driven process optimization offer 
promising pathways to improve sulfur purity while maintaining eco
nomic feasibility. Future research should focus on the design of novel 
catalytic materials that enhance the efficiency of sulfur purification 
while reducing energy consumption and chemical waste.

Beyond purification, sulfur plays a critical role in energy storage 
applications. In lithium-sulfur batteries, battery-grade sulfur is essential 
due to its low cost, lightweight nature, and exceptionally high volu
metric and gravimetric energy densities, making LSBs strong candidates 
for commercialization. Sulfur is also a key component of both liquid and 
solid electrolytes. In liquid electrolytes, sulfur-containing species influ
ence polysulfide solubility and redox kinetics, directly impacting battery 
performance and cycle life. The development of advanced electrolyte 
formulations, including high-donor-number solvents and functional 
additives, is crucial for mitigating polysulfide shuttle effects and 
improving long-term stability. In sulfide-based solid electrolytes, sulfur 
plays a central role in achieving high lithium-ion conductivity, making 
these materials essential for next-generation all-solid-state lithium-ion 
and lithium-sulfur batteries. Continued research on electrolyte stabil
ity, electrochemical compatibility, and scalable manufacturing pro
cesses will be key to unlocking the full potential of LSBs and solid-state 
battery technologies.

Looking ahead, several key research directions are expected to shape 
the future of sulfur-based energy storage. In sulfur purification, new 
methods aimed at improving efficiency while reducing environmental 
impact will be crucial, including solvent-free purification processes and 
electrochemical refining techniques. Artificial intelligence and machine 
learning could further optimize purification pathways, reducing energy 
consumption and operational costs. In battery technologies, solid-state 
lithium-sulfur batteries are expected to receive increasing attention, 
with a focus on enhancing sulfide-based solid electrolytes to improve 
their ionic conductivity, electrochemical stability, and manufacturabil
ity. The development of novel sulfur cathode architectures, including 
high-surface-area carbon scaffolds, sulfurized polymers, and hierarchi
cal porous materials, could address issues related to active material 
utilization and capacity fading. Additionally, breakthroughs in interfa
cial engineering, such as the design of artificial solid-electrolyte in
terphases and protective coatings, may significantly enhance the cycling 
stability and lifespan of lithium-sulfur batteries.

Futhermore, sulfur’s role in alternative battery chemistries is ex
pected to grow, particularly in sodium-sulfur, magnesium-sulfur, and 
calcium-sulfur systems, which offer promise for grid-scale energy stor
age. The further development of sulfide-based solid electrolytes will also 
be critical for expanding their use in multivalent ion batteries, providing 
new opportunities for high-performance, low-cost storage solutions. 
Additionally, sulfur-based thermal energy storage is likely to benefit 
from new materials and design strategies that improve thermal stability, 
energy density, and integration with renewable energy systems such as 
concentrated solar power. Advances in sulfur composites and phase- 
change materials could lead to more efficient and scalable TES solutions.

As sulfur-based technologies advance, careful consideration must be 
given to their environmental impact. Increased sulfur utilization in en
ergy storage raises concerns regarding resource sustainability, waste 
management, and potential emissions from large-scale sulfur processing. 
Future research should prioritize the development of closed-loop recy
cling processes for spent sulfur materials, minimizing the environmental 
footprint of both extraction and disposal. Additionally, the 

Fig. 18. Sulfur-based thermal energy storage (TES) system. The diagram il
lustrates a sulfur TES system designed for high-temperature applications, such 
as concentrated solar power (CSP) and combined heat and power (CHP) plants. 
The system can store up to 7.6 kWh− 1 of thermal energy and achieves a volu
metric energy density of 200–255 kWh m− 3. Reproduced with permission 
[269]. Copyright © 2018 Barde et al. Published by Elsevier.
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environmental impact of sulfur-based electrolytes, particularly sulfide 
solid electrolytes, should be assessed to ensure their safe large-scale 
deployment. The design of biodegradable or recyclable sulfur- 
containing materials could provide a sustainable pathway for miti
gating long-term environmental concerns. A comprehensive life-cycle 
assessment of sulfur applications in energy storage could provide crit
ical insights into optimizing resource efficiency and reducing environ
mental footprints.

By addressing these challenges and opportunities, sulfur-based ma
terials and technologies can play a transformative role in the transition 
to sustainable energy storage solutions. Interdisciplinary collaboration 
between materials scientists, chemists, and engineers will be essential to 
realizing the full potential of sulfur as a key component of next- 
generation energy systems. The continued advancement of purifica
tion technologies, battery materials, and scalable manufacturing pro
cesses will drive the commercialization of sulfur-based storage, paving 
the way for more efficient and cost-effective energy solutions in the 
future. 

Notes. The original figures and a graphical abstract were created with 
BioRender.com.
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[272] H. Jouhara, A. Żabnieńska-Góra, N. Khordehgah, D. Ahmad, T. Lipinski, Latent 
thermal energy storage technologies and applications: A review, Int. J. Thermofl. 
5–6 (2020) 100039, https://doi.org/10.1016/J.IJFT.2020.100039.

[273] H.M. Ali, T. ur Rehman, M. Arıcı, Z. Said, B. Duraković, H.I. Mohammed, R. 
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