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Abstract: Catalytic oxidation are processes that rely on catalysts to introduce oxygen into organic and
inorganic compounds. Many applications, including the focus of this article, involve oxidation by oxygen.
Such processes are conducted on a large scale for the remediation of pollutants, production of valuable
chemicals, and the production of energy.[1] The common mechanism is a free radical chain reaction,
where the addition of oxygen gives rise to hydroperoxides and their associated peroxy radicals
(ROO-?).[5] Typically, an induction period is seen at the start where there is little activity; this is followed
by a gradually accelerating take-up of oxygen, giving an autocatalytic reaction which can only be kept in
check by the use of antioxidants. Unsaturated compounds are the most strongly effected but many organic
materials will oxidise in this way given time. Sulfur dioxide (IUPAC-recommended spelling) or sulphur
dioxide (traditional Commonwealth English) is the chemical compound with the formula SO2. It is a toxic
gas responsible for the odor of burnt matches. It is released naturally by volcanic activity and is produced
as a by-product of copper extraction and the burning of sulfur-bearing fossil fuels.[8].

Keywords: cobalt, autoxidation, sulphur dioxide, atmospheric aqueous phase, free radical, antioxidants,
catalysts.

Introduction

Sulfur dioxide is one of the few common acidic yet reducing gases. It turns moist litmus pink (being
acidic), then white (due to its bleaching effect). It may be identified by bubbling it through
a dichromate solution, turning the solution from orange to green (Cr** (aq)). It can also reduce ferric ions
to ferrous.?”

Sulfur dioxide can react with certain 1,3-dienes in a cheletropic reaction to form cyclic sulfones. This
reaction is exploited on an industrial scale for the synthesis of sulfolane, which is an important solvent in

the petrochemical industry.!
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Sulfur dioxide can bind to metal ions as a ligand to form metal sulfur dioxide complexes, typically where
the transition metal is in oxidation state 0 or +1. Many different bonding modes (geometries) are
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recognized, but in most cases, the Ii]gand IS monodentate, attached to the metal through sulfur, which can
be either planar and pyramidal n."" As a n*-SO, (S-bonded planar) ligand sulfur dioxide functions as a
Lewis base using the lone pair on S. SO, functions as a Lewis acids in its n*-SO, %(S-bonded pyramidal)
bondingr mode with metals and in its  1:1adductswith  Lewis bases such
as dimethylacetamide and trimethyl amine. When bonding to Lewis bases the acid parameters of SO, are

En=0.51and Ex =1.56.2

Sulfur dioxide is also a good reductant. In the presence of water, sulfur dioxide is able to decolorize
substances. Specifically, it is a useful reducing bleach for papers and delicate materials such as clothes.
This bleaching effect normally does not last very long. Oxygen in the atmosphere reoxidizes the reduced
dyes, restoring the color. In municipal wastewater treatment, sulfur dioxide is used to treat chlorinated
wastewater prior to release. Sulfur dioxide reduces free and combined chlorine to chloride.”

Sulfur dioxide is fairly soluble in water, and by both IR and Raman spectroscopy; the

hypothetical sulfurous acid, H,SOs, is not present to any extent. However, such solutions do show spectra

of the hydrogen sulfite ion, HSO3 ', by reaction with water, and it is in fact the actual reducing agent
4

present:

SO, + H,O =2 HSO; + H*

Sulfur dioxide is a major air pollutant and has significant impacts upon human health.[**! In addition, the
concentration of sulfur dioxide in the atmosphere can influence the habitat suitability for plant
communities, as well as animal life.[* Sulfur dioxide emissions are a precursor toacid rain and
atmospheric particulates. Due largely to the US EPA's Acid Rain Program, the U.S. has had a 33%
decrease in emissions between 1983 and 2002. This improvement resulted in part from flue-gas
desulfurization, a technology that enables SO, to be chemically bound in power plants burning sulfur-
contain5ing coal or oil. In particular, calcium oxide (lime) reacts with sulfur dioxide to form calcium
sulfite:

Ca0O + SO, — CaS0O3

Aerobic oxidation of the CaSOj; gives CaSQ,, anhydrite. Most gypsum sold in Europe comes from flue-
gas desulfurization.?®

To control sulfur emissions, dozens of methods with relatively high efficiencies have been developed for
fitting of coal-fired power plants.”!

Sulfur can be removed from coal during burning by using limestone as a bed material in fluidized bed
combustion.*®!

Sulfur can also be removed from fuels before burning, preventing formation of SO, when the fuel is
burnt. The Claus process is used in refineries to produce sulfur as a byproduct. The Stretford process has
also been used to remove sulfur from fuel. Redox processes using iron oxides can also be used, for
example, Lo-Cat!*” or Sulferox.[*®!

An analysis found that 18 coal-fired power stations in the western Balkans emitted two-and-half times
more sulphur dioxide than all 221 coal plants in the EU combined.!*

Fuel additives such as calcium additives and magnesium carbox]ylate may be used in marine engines to
lower the emission of sulfur dioxide gases into the atmosphere.!*°

As of 2006, China was the world's largest sulfur dioxide polluter, with 2005 emissions estimated to be
25,490,000 short tons (23.1 Mt). This amount represents a 27% increase since 2000, and is roughly
comparable with U.S. emissions in 1980.5!
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Discussion

Oxidation catalysis is conducted by both heterogeneous catalysis and homogeneous catalysis. In the
heterogeneous processes, gaseous substrate and oxygen (or air) are passed over solid catalysts. Typical
catalysts are platinum, and redox-active oxides of iron, vanadium, and molybdenum. In many cases,
catalysts are modified with a host of additives or promoters that enhance rates or selectivities.**

Important homogeneous catalysts for the oxidation of organic compounds are carboxylates of cobalt, iron,
and manganese. To confer good solubility in the organic solvent, these catalysts are often derived
from naphthenic acids and ethylhexanoic acid, which are highly lipophilic. These catalysts initiate radical
chain reactions, autoxidation that produce organic radicals that combine with oxygen to
give hydroperoxide intermediates. Generally the selectivity of oxidation is determined by bond energies.
For example, benzylic C-H bonds are replaced by oxygen faster than aromatic C-H bonds.?

Catalytic oxidations are common in biology, especially since aerobic life subsists on energy obtained by
oxidation of organic compounds by air. In contrast to the industrial processes, which are optimized for
producing chemical compounds, energy-producing biological oxidations are optimized to produce energy.
Many metalloenzymes mediate these reactions. The foremost challenge in catalytic oxidation is the
conversion of methane to methanol. Most methane is stranded, i.e. not located near metropolitan areas.
Consequently, it is flared (converted to carbon dioxide). One challenge is that methanol is more easily
oxidized than is methane."!

Catalytic oxidation with oxygen or air is a major application of green chemistry. There are however many
oxidations that cannot be achieved so straightforwardly. The conversion of propylene to propylene oxide
is typically effected using hydrogen peroxide, not oxygen or air.

Undeag normal conditions, sulfur hydrolyzes very slowly to mainly form hydrogen sulfide and sulfuric
acid:

Y Sg + 4 H,0 — 3 H,S + H,S0,

The reaction involves adsorption of protons onto Sg clusters, followed by disproportionation into the
reaction products.[**!

The second, fourth and sixth ionization energies of sulfur are 2252 kJ/mol™, 4556 kd/mol™" and 8495.8
kJ/mol ™" respectively. A composition of products of sulfur's reactions with oxidants (and its oxidation
state) depends on that whether releasing out of a reaction energy overcomes these thresholds.
Applying catalysts and / or supply of outer energy may vary sulfur's oxidation state and a composition of
reaction products. While reaction between sulfur and oxygen at normal conditions gives sulfur dioxide
(oxidation state +4), formation of sulfur trioxide (oxidation state +6) requires temperature 400 — 600 °C
and presence of a catalyst.”

In reactions with elements of lesser electronegativity, it reacts as an oxidant and forms sulfides, where it
has oxidation state —2.

Sulfur reacts with nearly all other elements with the exception of the noble gases, even with the
notoriously unreactive metal iridium (yielding iridium disulfide).”" Some of those reactions need
elevated temperatures.!*®

Results

Sulfur has 23 known isotopes, four of which are stable: 32S (94.99%+0.26%), **S (0.75%+0.02%), **S
(4.25%20.24%), and *°S  (0.01%z0.01%).”422 Other  than**S, with ahalf-lifeof 87 days,
the radioactive isotopes of sulfur have half-lives less than 3 hours.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

The preponderance of sulfur-32 is explained by its production in the so-called alpha-process (one of the
main classes of nuclear fusion reactions) in exploding stars. Other stable sulfur isotopes are produced in
the bypass processes related with argon-34, and their composition depends on a t?/Ee of a stellar
explosion. For example, there is more sulfur-33 come from novae, than from supernovae.**

On the planet Earth the sulfur isotopic composition was determined by the Sun. Though it is assumed that
the distribution of different sulfur isotopes should be more of less equal, it has been found that
proportions of two most abundant sulfur isotopes sulfur-32 and sulfur-34 varies in different samples.
Assaying of these isotopes ratio (634S) in the samples allows to make suggestions about their chemical
history, and with support of other methods, it allows to age-date the samples, estimate temperature of
equilibrium between ore and water, determine pH and oxygen fugacity, identify the activity of sulfate-
reducing bacteria in the time of formation of the sample, or suggest the main sources of sulfur in
ecosystems.[24] However, discussions about what is the real reason of the 634S shifts, biological activity
or postdeposital alteration, go on.[*!

For example, when sulfide minerals are precipitated, isotopic equilibration among solids and liquid may
cause small differences in the 5**S values of co-genetic minerals. The differences between minerals can
be used to estimate the temperature of equilibration. The 5°C and %S of coexisting carbonate
minerals and sulfides can be used to determine the pH and oxygen fugacity of the ore-bearing fluid during
ore formation.**

Scientists measure the sulfur isotopes of minerals in rocks and sediments to study the redox conditions in
the oceans in the past. Sulfate-reducing bacteria in marine sediment fractionate sulfur isotopes as they
take insulfate and produce sulfide. Prior to 2010s, it was thought that sulfate reduction could
fractionate sulfur isotopes up to 46 permil® and fractionation larger than 46 permil recorded in
sediments must be due to disproportionation of sulfur compounds in the sediment. This view has changed
since the 2010s as experiments show that sulfate-reducing bacteria can fractionation to 66 permil.””! As
substrates for disproportionation are limited by the product of sulfate reduction, the isotopic effect of
disproportionation should be less than 16 permil in most sedimentary settings.!?®!

In most forest ecosystems, sulfate is derived mostly from the atmosphere; weathering of ore minerals and
evaporites contribute some sulfur. Sulfur with a distinctive isotopic composition has been used to identify
pollution sources, and enriched sulfur has been added as a tracer in hydrologic studies. Differences in
the natural abundances can be used in systems where there is sufficient variation in the *S of ecosystem
components. Rocky Mountain lakes thought to be dominated by atmospheric sources of sulfate have been
found tﬁ have characteristic **S values from lakes believed to be dominated by watershed sources of
sulfate.

The radioactive sulfur-35 is formed in cosmic ray spallation of the atmospheric “°Ar. This fact may be
used for proving the presence of recent (not more than 1 year) atmospheric sediments in various things.
This isotope may be obtained artificially by different ways. In practice, the reaction *Cl +n — *S + p is
used by irradiating potassium chloride with neutrons.””! The isotope sulfur-35 is used in various sulfur-
containing compounds as a radioactive tracer for many biological studies, for example, the Hershey-
Chase experiment.

Because of its weak beta activity, S-35 compounds are relatively safe as long as they are not ingested or
absorbed by the body.!*"!

Sulfur polycations, Sg%*, S,*" and Si6°* are produced when sulfur is reacted with oxidising agents in a
strongly acidic solution.”® The colored solutions produced by dissolving sulfur in oleum were first
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reported as early as 1804 by C.F. Bucholz, but the cause of the color and the structure of the polycations
involved was only determined in the late 1960s. Sg°* is deep blue, S,°* is yellow and S162* is red.*

Reduction of sulfur gives various polysulfides with the formula S,*, many of which have been obtained
crystalline form. lllustrative is the production of sodium tetrasulfide:

4 Na + Sg — 2 NayS,

Some of these dianions dissociate to give radical anions, such as Sz~ gives the blue color of the rock lapis
lazuli.*®

This reaction highlights a distinctive property of sulfur: its ability to catenate (bind to itself by formation
of chains). Protonation of these polysulfide anions produces the polysulfanes, H,Sx where x= 2, 3, and
4.1%2I Ultimately, reduction of sulfur produces sulfide salts:

16 Na + Sg — 8 Na,S
The interconversion of these species is exploited in the sodium—sulfur battery.
Conclusions

In the 1880s, while studying Beggiatoa (a bacterium living in a sulfur rich environment), Sergei
Winogradsky found that it oxidized hydrogen sulfide (H,S) as an energy source, forming intracellular
sulfur droplets. Winogradsky referred to this form of metabolism as inorgoxidation (oxidation of
inorganic  compounds).®® Another  contributor, who continued to study it was Selman
Waksman.®" Primitive bacteria that live around deep ocean volcanic vents oxidize hydrogen sulfide for
their nutrition, as discovered by Robert Ballard.®

Sulfur oxidizers can use as energy sources reduced sulfur compounds, includin? hydrogen sulfide,
elemental sulfur, sulfite, thiosulfate, and various polythionates (e.g., tetrathionate).’® They depend on
enzymes such as sulfur oxygenase and sulfite oxidase to oxidize sulfur to sulfate. Some lithotrophs can
even use the energy contained in sulfur compounds to produce sugars, a process known
as chemosynthesis. *° Some bacteria and archaea use hydrogen sulfide in place of water as the electron
donor in chemosynthesis, a process similar to photosynthesis that produces sugars and uses oxygen as
the electron acceptor. Sulfur-based chemosynthesis may be simplifiedly compared with photosynthesis:>

H,S + CO; — sugars + S
H,0 + CO,; — sugars + O3

There are bacteria combining these two ways of nutrition: green sulfur bacteria and purple sulfur
bacteria.® Also sulfur-oxidizing bacteria can go into symbiosis with larger organisms, enabling the later
to use hydrogen sulfide as food to be oxidized. Example: the giant tube worm.**”

There are sulfate-reducing bacteria, that, by contrast, "breathe sulfate” instead of oxygen. They use
organic compounds or molecular hydrogen as the energy source.” They use sulfur as the electron
acceptor, and reduce various oxidized sulfur compounds back into sulfide, often into hydrogen sulfide.
They car514grow on other partially oxidized sulfur compounds (e.g. thiosulfates, thionates, polysulfides,
sulfites).

There are studies pointing that mana/ deposits of native sulfur in places that were the bottom of the ancient
oceans have biological origin.r*M1%1%% These studies indicate that this native sulfur have been obtained
through biological activity, but what is responsible for that (sulfur-oxidizing bacteria or sulfate-reducing
bacteria) is still unknown for sure.
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Sulfur is absorbed by plants roots from soil as sulfate and transported as a phosphate ester. Sulfate is
reduced to sulfide via sulfite before it is incorporated into cysteine and other organosulfur compounds.*®/

S04 — SO3> — H,S — cysteine (thiol) — methionine (thioether)

While the plants' role in transferring sulfur to animals by food chains is more or less understood, the role
of sulfur bacteria is just getting investigated'®®

References
1. "Standard Atomic Weights: Sulfur”. CIAAW. 2009.

2. Lide, D. R,, ed. (2005). "Magnetic susceptibility of the elements and inorganic compounds”. CRC
Handbook of Chemistry and Physics (PDF) (86th ed.). Boca Raton (FL): CRC Press. ISBN 0-8493-
0486-5.

3. Weast, Robert (1984). CRC, Handbook of Chemistry and Physics. Boca Raton, Florida: Chemical
Rubber Company Publishing. pp. E110. ISBN 0-8493-0464-4.

4. "Sulfur History". Georgiagulfsulfur.com. Retrieved 12 February 2022.

Greenwood, N. N.; & Earnshaw, A. (1997). Chemistry of the Elements (2nd ed.),
Oxford:Butterworth-Heinemann. ISBN 0-7506-3365-4.

6. Chisholm, Hugh, ed. (1911). "Brimstone™ . Encyclopadia Britannica. Vol. 4 (11th ed.). Cambridge
University Press. p. 571.

7. Laurence Knight (19 July 2014). "Sulphur surplus: Up to our necks in a diabolical element”. BBC.
"Sulfur”. Elements. BBC. 11 October 2014.. Download here.

Rettig, S. J.; Trotter, J. (15 December 1987). "Refinement of the structure of orthorhombic sulfur, a-
S8" (PDF). Acta Crystallographica Section C. 43 (12): 2260
2262. doi:10.1107/S0108270187088152.

10. A strong odor called "smell of sulfur” actually is given off by several sulfur compounds, such
as hydrogen sulfide and organosulfur compounds.

11. Tucker, Roy P. (1 January 1929)."Notes on the Sublimation of Sulfur between 25° and
50°C". Industrial & Engineering Chemistry. 21 (1): 44-47. doi:10.1021/ie50229a014. ISSN 0019-
7866.

12. Greenwood, Norman N.; Earnshaw, Alan (1997). Chemistry of the Elements (2nd ed.). Butterworth-
Heinemann. pp. 645-665. ISBN 978-0-08-037941-8.

13. Maldonado-Zagal, S. B.; Boden, P. J. (1 January 1982). "Hydrolysis of Elemental Sulphur in Water
and its Effect on the Corrosion of Mild Steel”. British Corrosion Journal. 17 (3): 116-
120. doi:10.1179/000705982798274336. ISSN 0007-0599. Retrieved 23 June 2022.

14. Munson, Ronald A. (February 1968). "The synthesis of iridium disulfide and nickel diarsenide
having the pyrite structure” (PDF). Inorganic Chemistry. 7 (2): 389-390. doi:10.1021/ic50060a047.

15. Egon Wiberg; Nils Wiberg (2001). Inorganic Chemistry. Academic Press. pp. 513—. ISBN 978-0-12-
352651-9.

16. Steudel, Ralf; Eckert, Bodo (2003). Solid Sulfur Allotropes Sulfur Allotropes. Topics in Current
Chemistry. Vol. 230. pp. 1-80. doi:10.1007/b12110. ISBN 978-3-540-40191-9.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

17.

18.

19.

20.

21.
22.

23.

24,

25.
26.

217.

28.

29.

30.

31.

32.

33.

34,
35.

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

Steudel, R. (1982). "Homocyclic sulfur molecules". Inorganic Ring Systems. Topics in Current
Chemistry. Vol. 102. pp. 149-176. do0i:10.1007/3-540-11345-2_10. ISBN 978-3-540-11345-4.

Tebbe, Fred N.; Wasserman, E.; Peet, William G.; Vatvars, Arturs; Hayman, Alan C. (1982).
"Composition of Elemental Sulfur in Solution: Equilibrium of S
6, S7, and Sg at Ambient Temperatures™. Journal of the American Chemical Society. 104 (18): 4971
4972. doi:10.1021/ja00382a050.

Meyer, Beat (1964). "Solid Allotropes of Sulfur”. Chemical Reviews. 64 (4): 429-
451. doi:10.1021/cr60230a004.

Meyer, Beat (1976). "Elemental sulfur. Chemical Reviews. 76 (3): 367—
388. doi:10.1021/cr60301a003.

Sulfur. Commission on Isotopic Abundances and Atomic Weights

Haynes, William M., ed. (2011). CRC Handbook of Chemistry and Physics (92nd ed.). Boca Raton,
FL: CRC Press. p. 1.14. ISBN 1-4398-5511-0.

"Searching for the Origins of Presolar Grains". Energy.gov. Retrieved 4 February 2022.

Paytan, Adina; Yao, Weiqi; Faul, Kiristina; Gray, E.T. (2020)."Sulfur Isotope
Stratigraphy". Geologic ~ Time  Scale.  pp. 259-278. d0i:10.1016/B978-0-12-824360-2.00009-
7. ISBN 9780128243602.

"NASA Astrobiology". astrobiology.nasa.gov. Retrieved 4 February 2022.

Goldhaber, M.B.; Kaplan, L.R. (April 1980). "Mechanisms of sulfur incorporation and isotope
fractionation during early diagenesis in sediments of the gulf of California”. Marine Chemistry. 9 (2):
95-143. doi:10.1016/0304-4203(80)90063-8.

Sim, Min Sub; Bosak, Tanja; Ono, Shuhei (July 2011). "Large Sulfur Isotope Fractionation Does Not
Require Disproportionation™. Science. 333 (6038): 74—77. doi:10.1126/science.1205103. ISSN 0036-
8075.

Tsang, Man-Yin; Bottcher, Michael Ernst; Wortmann, Ulrich Georg (August 2022). "Estimating the
effect of elemental sulfur disproportionation on the sulfur-isotope signatures in sediments". Chemical
Geology. 632: 121533. doi:10.1016/j.chemge0.2022.121533.

Kim, Ik Soo; Kwak, Seung Im; Park, Ul Jae; Bang, Hong Sik; Han, Hyun Soo (1 July
2005). "Production of Sulfur-35 by the Cation Exchange Process".

"Sulfur-35 (35 S) safety information and specific handling precautions” (PDF). Yale Environmental
Health & Safety.

Cameron, A. G. W. (1957)."Stellar  Evolution,  Nuclear  Astrophysics, and
Nucleogenesis” (PDF). CRL-41.

Mason, B. (1962). Meteorites. New York: John Wiley & Sons. p. 160. ISBN 978-0-908678-84-6.

Lopes, Rosaly M. C.; Williams, David A. (2005). "lo after Galileo". Reports on Progress in
Physics. 68 (2): 303-340. Bibcode:2005RPPh...68..303L. doi:10.1088/0034-
4885/68/2/R02. S2CID 44208045.

Rickwood, P. C. (1981). "The largest crystals" (PDF). American Mineralogist. 66: 885-907.

Kutney, Gerald (2007). Sulfur: history, technology, applications & industry. Toronto: ChemTec
Publications. p. 43. ISBN 978-1-895198-37-9. OCLC 79256100.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

36. C. E.J. de Ronde, W. W. Chadwick Jr, R. G. Ditchburn, R. W. Embley, V. Tunnicliffe, E. T. Baker.
S. L. Walker. V. L. Ferrini, and S. M. Merle (2015): "Molten Sulfur Lakes of Intraoceanic Arc
Volcanoes". Chapter of Volcanic Lakes (Springer), pages 261-288. doi:10.1007/978-3-642-36833-
2 ISBN 978-3-642-36832-5

37. Klein, Cornelis and Cornelius S. Hurlbut, Jr., Manual of Mineralogy, Wiley, 1985, 20th ed., p. 265-
6 ISBN 0-471-80580-7

38. "Sulphur: Mineral information, data and localities". www.mindat.org.

39. Nehb, Wolfgang; Vydra, Karel (2006). "Sulfur”. Ullmann's Encyclopedia of Industrial Chemistry.
Wiley-VCH Verlag. doi:10.1002/14356007.a25_507.pub2. ISBN 978-3-527-30673-2.

40. Shriver, Atkins. Inorganic Chemistry, Fifth Edition. W. H. Freeman and Company, New York, 2010;
pp 416

41. Fujimori, Toshihiko; Morelos-Gomez, Aardn; Zhu, Zhen; Muramatsu, Hiroyuki; Futamura, Ryusuke;
Urita, Koki; Terrones, Mauricio; Hayashi, Takuya; Endo, Morinobu; Young Hong, Sang; Chul Choi,
Young; Tomanek, David; Kaneko, Katsumi (2013). "Conducting linear chains of sulphur inside
carbon nanotubes”. Nature Communications. 4:
2162. Bibcode:2013NatCo...4.2162F. doi:10.1038/ncomms3162. PMC 3717502. PMID 23851903.

42. Handbook of Preparative Inorganic Chemistry, 2nd ed. Edited by G. Brauer, Academic Press, 1963,
NY. Vol. 1. p. 421.

43. Hasek, W. R. (1961). "1,1,1-Trifluoroheptane"”. Organic Syntheses. 41:
104. doi:10.1002/0471264180.0s041.28.

44. Rutenberg, M. W.; Horning, E. C. (1950). "1-Methyl-3-ethyloxindole". Organic Syntheses. 30:
62. doi:10.15227/orgsyn.030.0062.

45. Vaughan, D. J.; Craig, J. R. "Mineral Chemistry of Metal Sulfides” Cambridge University Press,
Cambridge (1978) ISBN 0-521-21489-0

46. Tsang, Man-Yin; Inagaki, Fumio (29 May 2020). "Microbial Life Deep Under the Seafloor—A Story
of Not Giving Up". Frontiers for Young Minds. 8: 70. doi:10.3389/frym.2020.00070. ISSN 2296-
6846.

47. Cremlyn R. J. (1996). An Introduction to Organosulfur Chemistry. Chichester: John Wiley and
Sons. ISBN 0-471-95512-4.

48. Wilson, R. W.; Penzias, A. A.; Wannier, P. G.; Linke, R. A. (15 March 1976). "Isotopic abundances
in interstellar carbon monosulfide”. Astrophysical Journal. 204: L135-
L137. Bibcode:1976ApJ...204L.135W. doi:10.1086/182072.

49. Banoub, Joseph (2011). Detection of Biological Agents for the Prevention of Bioterrorism. Detection
of Biological Agents for the Prevention of Bioterrorism. NATO Science for Peace and Security
Series A: Chemistry and Biology. p. 183. Bibcode:2011dbap.book.....B. doi:10.1007/978-90-481-
9815-3. ISBN 978-90-481-9815-3. OCLC 697506461.

50. "Sulfur in the Bible (14 instances)". bible.knowing-jesus.com. Retrieved 19 May 2022.
51. Rapp, George Robert (4 February 2009). Archaeomineralogy. p. 242. ISBN 978-3-540-78593-4.
52. Odyssey, book 22, lines 480-495. www.perseus.tufts.edu. Retrieved on 16 August 2012.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

53.

54.

55.

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

Pliny the Elder on science and technology, John F. Healy, Oxford University Press, 1999, ISBN 0-
19-814687-6, pp. 247-249.

Zhang, Yunming (1986). "The History of Science Society: Ancient Chinese Sulfur Manufacturing
Processes". Isis. 77 (3): 487. d0i:10.1086/354207. S2CID 144187385.

Koch, Rudolf (1955). The book of signs: which contains all manner of symbols used from the
earliest times to the Middle Ages by primitive peoples and early Christians. New York. ISBN 0-486-
20162-7.

White, David Gordon (1996). The Alchemical Body — Siddha Traditions in Medieval India.
Chicago: University of Chicago Press. pp. passim. ISBN 978-0-226-89499-7.

Lin, A. N.; Reimer, R. J.; Carter, D. M. (1988). "Sulfur revisited". Journal of the American Academy
of Dermatology. 18 (3): 553-558. doi:10.1016/S0190-9622(88)70079-1. PMID 2450900.

Maibach, H. I.; Surber, C.; Orkin, M. (1990). "Sulfur revisited". Journal of the American Academy of
Dermatology. 23 (1): 154-156. doi:10.1016/S0190-9622(08)81225-X. PMID 2365870.

Gupta, A. K.; Nicol, K. (2004). "The use of sulfur in dermatology”. Journal of Drugs in
Dermatology. 3 (4): 427-31. PMID 15303787.

Gupta, Aditya K; Nicol, Karyn (July—August 2004). "The Use of Sulfur in Dermatology”. J Drugs
Dermatol. 3 (4): 427-431. PMID 15303787.

Donovan, Arthur (1996). Antoine Lavoisier: Science, Administration and Revolution. Cambridge
University Press. p. 66. ISBN 978-0-521-56672-8.

Poirier, Jean-Pierre (1998). Lavoisier: Chemist, Biologist, Economist. University of Pennsylvania
Press. pp. 107-8. ISBN 978-0-8122-1649-3.

Riall, Lucy (1998). Sicily and the Unification of Italy: Liberal Policy and Local Power, 1859-1866.
Oxford University Press. ISBN 9780191542619. Retrieved 7 February 2013.

Thomson, D. W. (April 1995). "Prelude to the Sulphur War of 1840: The Neapolitan
Perspective"”. European History Quarterly. 25 (2): 163—
180. doi:10.1177/026569149502500201. S2CID 145807900.

Botsch, Walter (2001). "Chemiker, Techniker, Unternehmer: Zum 150. Geburtstag von Hermann
Frasch". Chemie in unserer  Zeit (in German). 35 (5): 324-331. doi:10.1002/1521-
3781(200110)35:5<324::AID-C1UZ324>3.0.CO;2-9.

Mass, Jennifer L; Anderson, Mark J (2003). "Pennsylvania German sulfur-inlaid furniture:
characterization, reproduction, and ageing phenomena of the inlays". Measurement Science and
Technology. 14 (9): 1598. d0i:10.1088/0957-0233/14/9/311. ISSN 0957-0233. S2CID 250882259.

Kogel, Jessica (2006). Industrial minerals & rocks: commodities, markets, and uses (7th ed.).
Colorado: Littleton. p. 935. ISBN 978-0-87335-233-8. OCLC 62805047.

"sulphur”. Oxford  English  Dictionary (Online ed.). Oxford  University  Press. (Subscription
or participating institution membership required.)

"So long sulphur”. Nature Chemistry. 1 (5): 333. 4 August
2009. Bibcode:2009NatCh...1Q.333.. doi:10.1038/nchem.301. PMID 21378874.
McNaught, Alan (1991). "Journal style update”. The Analyst. 116 (11):

1094. Bibcode:1991Ana...116.1094M. doi:10.1039/AN9911601094.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

71. "sulphur — definition of sulphur in English". Oxford Dictionaries. Archived from the original on 20
November 2016. Retrieved 19 November 2016.

72. Riegel, Emil; Kent, James (2007). Kent and Riegel's Handbook of Industrial Chemistry and
Biotechnology. Vol. 1. p. 1171. Bibcode:2007karh.book....... ISBN 978-0-387-27842-
1. OCLC 74650396.

73. Washington, Booker T. (1912). The Man Farthest Down: A Record of Observation and Study in
Europe. Doubleday, Page. p. 214.

74. Eow, John S. (2002). "Recovery of sulfur from sour acid gas: A review of the
technology". Environmental Progress. 21 (3): 143-162. doi:10.1002/ep.670210312.

75. Schreiner, Bernhard (2008). "Der Claus-Prozess. Reich an Jahren und bedeutender denn je". Chemie
in unserer Zeit. 42 (6): 378-392. doi:10.1002/ciuz.200800461.

76. Hyndman, A. W.; Liu, J. K.; Denney, D. W. (1982). "Sulfur Recovery from Oil Sands". Sulfur: New
Sources and Uses. ACS Symposium Series. Vol.183. pp. 69-82. doi:10.1021/bk-1982-
0183.ch005. ISBN 978-0-8412-0713-4.

77. Mohamed, Abdel-Mohsen Onsy; El-Gamal, Maisa M. (2010). Sulfur concrete for the construction
industry: a sustainable development approach. Fort Lauderdale: J. Ross Publishing. pp. 104-105,
109. ISBN 978-1-60427-005-1. OCLC 531718953.

78. McElvaney, Kevin (25 February 2015). "The Men Who Mine Volcanos". The Atlantic. Retrieved 26
February 2015.

79. Apodaca, Lori E. (2012) Sulfur. Mineral Commodity Summaries. USGS
80. Apodaca, Lori E. "Mineral Yearbook 2010: Sulfur" (PDF). United States Geological Survey.

81. "FAQ - The Sulphur Institute". sulphurinstitute.org. The Sulphur Institute. 2020. Retrieved 27
February 2020.

82. Zhao, F.; Hawkesford, M. J.; McGrath, S. P. (1999). "Sulphur Assimilation and Effects on Yield and
Quality of Wheat". Journal of Cereal Science. 30 (1): 1-17. doi:10.1006/jcrs.1998.0241.

83. Blake-Kalff, M. M. A. (2000). "Diagnosing sulfur deficiency in field-grown oilseed rape (Brassica
napus L.) and wheat (Triticum aestivum L.)".Plant and Soil. 225 (1/2): 95
107. doi:10.1023/A:1026503812267. S2CID 44208638.

84. Ceccotti, S. P. (1996). "Plant nutrient sulphur-a review of nutrient balance, environmental impact and
fertilizers". Fertilizer Research. 43 (1-3): 117-125. doi:10.1007/BF00747690. S2CID 42207099.

85. Glossary, United States: NASA Earth Observatory, acid rain, archived from the original on 13
December 2011, retrieved 15 February 2013

86. Every, Richard L.; etal. (20 August 1968). "Method for Preparation of Wettable Sulfur” (PDF).
Retrieved 20 May 2010.

87. Hagers Handbuch der Pharmazeutischen Praxis (in German). Vol. 6B (4th ed.). Berlin—Heidelberg—
New York: Springer. 1978. pp. 672-9. ISBN 978-3-540-07738-1.

88. Arzneibuch-Kommentar. Wissenschaftliche Erlauterungen zum Européischen Arzneibuch und zum
Deutschen Arzneibuch [Pharmacopoeia Commentary. Scientific annotations to the European
Pharmacopoeia and the German Pharmacopoeia] (in German) (23rd ed.). Stuttgart: Wissenschaftliche

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

Verlagsgesellschaft. 2004. Monographie Schwefel zum &ulerlichen Gebrauch [Monograph Sulfur for
external use]. ISBN 978-3-8047-2575-1.

89. Scott, Kevin A.; Njardarson, Jon T. (2019), Jiang, Xuefeng (ed.), "Analysis of US FDA-Approved
Drugs Containing Sulfur Atoms™ (PDF), Sulfur Chemistry, Springer International Publishing, pp. 1-
34, doi:10.1007/978-3-030-25598-5_1, ISBN 978-3-030-25598-5, retrieved 8 March 2022

90. Pai, Rahul (10 February 2022). "Stabilization of gamma sulfur at room temperature to enable the use
of carbonate electrolyte in Li-S batteries”. Communications Chemistry. 5 (1):
17. doi:10.1038/s42004-022-00626-2. PMC 9814344. PMID 36697747. S2CID 246704531.

91. "Sulphur and the Human Body". The Sulfur Institute. Retrieved 3 April 2021.

92. "What is the body made of?". New Scientist. Archived from the original on 3 November 2021.
Retrieved 9 November 2021.

93. Helmenstine, Anne (3 February 2019). "Elemental Composition of the Human Body by
Mass". ThoughtCo. Archived from the original on 13 April 2021. Retrieved 21 November 2021.

94. Parcell, Stephen (February 2002). "Sulfur in human nutrition and applications in
medicine”. Alternative Medicine Review. 7 (1): 22-44. ISSN 1089-5159. PMID 11896744.

95. Ingenbleek, Yves; Kimura, Hideo (July 2013). "Nutritional essentiality of sulfur in health and
disease". Nutrition Reviews. 71 (7): 413-432. d0i:10.1111/nure.12050. ISSN 1753-
4887. PMID 23815141.

96. Dworkin, Martin (March 2012). "Sergei Winogradsky: a founder of modern microbiology and the
first microbial ecologist”. FEMS Microbiology Reviews. 36 (2): 364-379. doi:10.1111/j.1574-
6976.2011.00299.x. ISSN 1574-6976. PMID 22092289.

97. Waksman, S. A.; Starkey, R. L. (20 January 1923). "On the Growth and Respiration of Sulfur-
Oxidizing Bacteria". The Journal of General Physiology. 5 (3): 285—
310. d0i:10.1085/jgp.5.3.285. ISSN 0022-1295. PMC 2140527. PMID 19871997.

98. Pronk JT; Meulenberg R; Hazeu W; Bos P; Kuenen JG (1990). "Oxidation of reduced inorganic
sulphur compounds by acidophilic thiobacilli". FEMS Microbiology Letters. 75 (2-3): 293
306. doi:10.1111/j.1574-6968.1990.tb04103.X.

99. Frigaard, Niels-Ulrik; Dahl, Christiane (1 January 2008), Poole, Robert K. (ed.), Sulfur Metabolism
in Phototrophic Sulfur Bacteria, Advances in Microbial Physiology, vol. 54, Academic Press,
pp. 103-200, doi:10.1016/S0065-2911(08)00002-7, ISBN 9780123743237, PMID 18929068,
retrieved 17 May 2022

100. Cavanaugh, Colleen M. (1994). "Microbial Symbiosis: Patterns of Diversity in the Marine
Environment”. American Zoologist. 34: 79-89. doi:10.1093/icb/34.1.79.

101.Jones, Galen E.; Starkey, Robert L.; Feely, Herbert W.; Kulp, J. Laurence (22 June
1956). "Biological ~ Origin of Native Sulfur in Salt Domes of Texas and
Louisiana”. Science. 123 (3208): 1124
1125. Bibcode:1956Sci...123.1124J. doi:10.1126/science.123.3208.1124. ISSN 0036-
8075. PMID 17793426.

102. Philip, G.; Wali, A. M. A.; Aref, M. A. M. (1 September 1994). "On the origin of native sulfur
deposits in Gebel El Zeit, Gulf of Suez, Egypt". Carbonates and Evaporites. 9 (2): 223-
232. doi:10.1007/BF03175232. ISSN 1878-5212. S2CID 128827551.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



CENTRAL ASIAN JOURNAL OF THEORETICAL AND APPLIED SCIENCES

Volume: 04 Issue: 05 | May 2023, ISSN: 2660-5317

103."Petrography and mineralogy of the crystalline limestone of Fatha Formation from Mishraq area,
Iraq"”. ResearchGate. Retrieved 15 April 2022.

104. Heldt, Hans-Walter (1996). Pflanzenbiochemie (in German). Heidelberg: Spektrum Akademischer
Verlag. pp. 321-333. ISBN 978-3-8274-0103-8.

© 2023, CAJOTAS, Central Asian Studies, All Rights Reserved

Copyright (c) 2023 Author (s). This is an open-access article distributed under the terms of Creative Commons
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



