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ABSTRACT: Sulfide ions in the solution of the Bayer process can accelerate the corrosion of
the equipment and increase the impurity of the final product. In the current investigation, sulfide ions
concentration of the aluminate solution during the Bayer process was determined using an indirect
and inexpensive methods. The method did not require any advanced apparatus, which made it suitable
for sulfide concentrations over the range of 0.001-1 g/L. To investigate the source of sulfide ions
in the aluminate solution, the chemical composition and crystalline structure of the bauxite used
to produce alumina were characterized via XRF, XRD, and SEM analyses. The results demonstrated
that the main source of sulfide ions was pyrite in bauxite. The advantages and disadvantages of sulfide
removal method by nitrate from aluminate solution were investigated. Thermodynamically, the spontaneity
of different half-reactions during the reduction of NOs and oxidation of S* was studied. Finally,
a technique was proposed for the removal of sulfide ions in the aluminate solution by adding nitrate.
Moreover, the effect of nitrate concentration on lowering of sulfide ions concentration was evaluated
in practical conditions of the bauxite digestion during the Bayer process. The results demonstrated
that in conditions of bauxite digestion (at 270 °C, 52 bar, and 60 minutes) by adding 2.5 g/L nitrate ions,
the majority of sulfide ions (more than 96%) were eliminated and their undesirable effects were prevented.
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INTRODUCTION

The Bayer process is the most commonly used industrial
method for the production of alumina (Al,O3) from high-
grade bauxites due to its low cost. In this process, caustic
soda is used to extract aluminum oxide from diaspora
bauxite at temperatures higher than 270 °C (Eq. (1)).

Al;03.H,0 (s) + 2NaOH (aq.) =
2NaAlO; (ag.) + 2H,0 (1) (@)

The iron oxide and other caustic insoluble impurities
remain in suspension and are separated by decantation and
filtration. The filtrate is cooled and aluminum hydroxide
seed introduced to the liquid sodium aluminate (NaAIOy)
causes precipitation of solid phase aluminum hydroxide.
The alumina tri-hydrate crystals formed are washed and
calcined to produce high-purity crystalline alumina and the
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caustic alkaline liquor is recycled [1].

In recent years, the fast development of the alumina
industry has attracted a great deal of attention to the sulfide
removal methods and its negative effects on this industry.
Although only a few studies were allocated to sulfide
removal techniques during the alumina production
process, many studies were focused on sulfide removal in
other industries such as Oil, Gas, Wastewater, etc. [2-7].

The most important negative effects of sulfide presence
in the Bayer process solution are as follows: (1) sulfide
ions accelerate the corrosion of the equipment in addition
to increasing the maintenance costs and cause serious
human safety problems, (2) increase the iron content
of the alumina and reduce the quality of the final product,
(3) disturb the sedimentation of red mud and evaporation
of spent liquor, and (4) increase the caustic soda
consumption and production costs [8-11].

Among the sulfur-containing minerals in bauxite,
pyrite (FeS,) is the most detrimental mineral to alumina
production. The pyrite in bauxite can easily react with
alkaline aluminate liquor during the digestion step of the
Bayer process. As a result, S% ions enter and accumulate
in the Bayer liquor [12-14].

Desulfurization in the alumina industry can be divided
into two categories; pretreatment of high-sulfur bauxite
and removal of sulfide from sodium aluminate solution.
The former mainly includes flotation [15,16], bioleaching [17,18],
and roasting desulfurization [19,20]. These methods
present poor performance and high costs. Although they
can control the sulfur content of the bauxite, deep
desulfurization is necessary afterward.

In the Bayer process, the main effort is focused on the
desulfurization of the sodium aluminate solution. Wet
oxidation is one of the desulfurization methods. In this
method, gaseous oxygen or air is employed to remove
sulfide ions and decompose complex organic materials into
carbonate and water. Complete oxidation is only possible at
high pressures and temperatures using high-performance
catalysts. During this technique, hydrogen is produced,
which poses inherent safety risks and it is costly [21,22].

Another method to remove sulfide ions from sodium
aluminate solution is by adding a precipitating or oxidizing
chemical agent. The precipitating agent is used to precipitate
S?” or SO4? (caused by sulfide oxidation) [9]. Barium salts
or lime is used to remove SO,> ions by the formation of
BaSO, or 3Ca0.Al;03.CaS0..nH,O precipitates in the
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solution. It has been reported that zinc oxide removes S
ions by forming insoluble ZnS salt [11]. It has also been
reported that desulfurization can be also performed by
sodium ferrite by precipitation of NaFeS,.2H,0 through the
reaction of Fe(OH),” and S* ions in aluminate solution.
However, these  desulfurization  methods have
insurmountable disadvantages such as the high cost of
materials (barium salts and zinc oxide) and the low
efficiency of lime. Another purpose of adding a chemical
agent is removing sulfide by oxidation. Via this method, S*-
ions are first oxidized by a chemical agent such as H,0, to
produce sulfate and finally, sulfate ions are eliminated by
adding the precipitating chemical agent [9].

On the other hand, there are standard methods 4500-S*
to determine the concentration of sulfide in water and
wastewater. In these standard methods, while categorizing
the types of sulfides in water, wastewater and sediment,
different methods suitable for determination sulfides under
various conditions and with different precision are
described [23]. Also, other various methods have been
developed for the determination of sulfide ions. These methods
include spectrophotometry [24,25], fluorescence [26],
chemiluminescence [27], Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES) [28,29],
Atomic Absorption Spectrometry (AAS) [30], Flow
Injection Analysis (FIA) [31], ion chromatography [32],
electrochemical methods [33,34], etc. All the mentioned
methods require expensive instruments and specific
chemicals such as N, N-dimethylphenylene 1, 4-diamine [35],
N, N-diphenylene-P-phenylenediamine [36], and so on.
Hence, it is important to employ a facile and inexpensive
method without the need for high-tech instruments to
detect sulfide ions in the aluminate solution of the Bayer
process.

In the current study, an indirect facile method
was investigated for the determination of sulfide ions
in the aluminate solution of Iran Alumina Company. This
method can be applied in any industrial factory laboratory
without the need for high-tech instruments and costly
materials. On the other hand, because one of sulfide
removal methods in aluminate solution is the addition of
oxidizing agents and it has been reported that the use of
nitrate can control sulfide generation in oily waste [2], in
the current investigation, the effect of nitrate was
investigated as an oxidizing chemical agent to remove
sulfide ions in aluminate solution.
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Table 1: Chemical components of sodium aluminate solution
(concentration, g/L).
Na,Ot Na,Ox Al;04
306 266 138
Note: Na,O+= Total soda (as Na,O), Na,Ox= Caustic soda (as Na,O)

EXPERIMENTAL SECTION

Chemicals and instrumentation

The bauxite used in the Bayer process was analyzed by X-
ray fluorescence (XRF) (Siemens model SRS 3000) and
the crystalline phases of bauxite minerals were studied
using X-ray diffraction (XRD) (Siemens model D5000)
and scanning electron microscope (SEM) (LEO model
1450VP). To investigate the effect of nitrate ions on
decreasing the sulfide content of aluminate solution,
Hoffer autoclave, analytical balance with an accuracy of +
0.0001 g, and NaNO; (Merck Co., Germany) were used.
Analysis of the aluminate liquor was carried out by the
titration method to determine the concentrations of Al;Os3,
Na;O. The aluminate solution used in all experiments was
obtained from evaporation spent liqueur in Iran Alumina
Company (Jajarm, North Khorasan, Iran) and its chemical
components are listed in Table 1.

To separate and determine sulfide ions from the aluminate
solution concentrated HCI, CuSO,, cadmium acetate
(Cd(AC).2H,0), acetic acid (HAC), NaS.9H,0,
Na28203.5H20, Na2C03, KszzO7, K|, |2, HzSO4 (aII
chemicals produced by Merck Co., Germany), glassware
(Fig. 1), a nitrogen cylinder, and an iodine flask were used.
All agueous solutions were prepared using double distilled
water (DDW). The 1 g/L sulfide stock solution for calibration
was prepared from sodium sulfide nonahydrate crystals by
diluting 3.75 g Na;S.9H.0 to a final volume of 500 mL. The
decomposition solution was prepared by adding 670 mL
concentrated HCI (37%) to 330 mL DDW. The absorption
solutions were attained by dissolving 15 g Cd(AC)2.2H,Q0 in
DDW, 200 mL HAC and diluting to 1L. The solution of 0.01
M sodium hyposulfite was prepared and standardized using
potassium dichromate and potassium iodide in the presence
of a starch indicator to obtain a green color after blue. The
solution of 0.02 M iodine was prepared and standardized by
standard sodium hyposulfite solution in the presence of a
starch indicator until the blue color was disappeared.

Experimental method for removal of sulfide ions

Sulfide removal experiments by adding sodium nitrate
to the aluminate solution were carried out in the Hoffer
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Fig. 1: Schematic of the apparatus required for the separation
of sulfide ions from the Bayer process aluminate solution.

autoclave at the digestion temperature of the Bayer process
(270 °C). This autoclave is heated by an electric element
and the experiment temperature can be controlled within
the variation range of 1 °C. The aluminate solution
prepared from Jajarm alumina refinery (Table 1) was
poured into a 2-liter, stainless steel chamber of this
autoclave. The chamber was completely sealed during the
experiment and its contents were stirred with a mechanical
stirrer. The autoclave chamber pressure was about 52 bar
corresponding to its temperature. The duration of the
experiment was 60 minutes. The concentration of sulfide
ions in aluminate solution before and after the experiment
was determined by the methods developed in this research.

Development new methods for separation and
determination of sulfide ions in aluminate solution

5.00 mL of aluminate liquor sample obtained from the
Bayer process together with 30 mL DDW were poured into
a three-necked balloon. 50 mL decomposition liquor was
poured into a separating funnel and 20 mL of DDW was
poured into a bottle washer. 40 mL of absorption liquor
was poured into the two absorption bottle separately and
the testing apparatus was coupled according to Fig. 1.

First, the nitrogen gas stream was inserted the system to
purge the oxygen. After 5 min, the nitrogen stream was
stopped and the decomposition solution was inserted into
the three-necked balloon through the separating funnel. The
nitrogen stream was reopened and the bottom of the balloon
was heated by an electric heater or alcohol burner to
accelerate the reaction. After 20 min of heating and
absorption, the heating of the bottom of the bottle washer
was continued by another alcohol burner until partial boiling
of the solution to avoid the dissolution of H,S in the water.
The heating was then stopped and the air was allowed to the
system for 5 min to complete the absorption. The absorption
bottles were separated, the absorption solutions of the two
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bottle washers were mixed, and the connecting tubes were
washed with DDW and added to the absorption solution. An
appropriate amount of iodine was added accurately to the
absorption bottle according to the quantity of sedimentation.
After 3 min of storage in a dark place, 25 mL DDW was
addedto it and it was titrated by standard sodium hyposulfite
solution until the pale yellow color appeared. Afterward,
3 mL starch solution was added to it was continued until it
became colorless. The concentration of sulfide ions (g/L)
was calculated from Eq. (2).

i C1V-GV,
C(s )_2—\10 X
Where, C; is the concentration of the standard iodine
solution (mol/L), C; is Na,S,03 concentration (mol/L), V1
is the volume of the standard iodine solution (mL), V; is
the volume of the standard Na,S,O3 solution (mL) and Vo
is the sample volume (mL).

32 2)

RESULTS AND DISCUSSION
Sulfide determination in aluminate solution

When the decomposition solution was added to the
sodium aluminate solution, sulfide ions in the liquor were
converted to H,S. Then it was flowed on the Cd(AC),
absorption solution, which CdS sediment was obtained.
By adding proper amounts of HCI and iodine, another
sediment was obtained. Excess iodine was then titrated
by the standard sodium hyposulfite solution and the
concentration of sulfide ions (S%) in the sodium aluminate
solution was calculated.

S% + HCl — H,S + 2CI ©)
H.S + Cd(AC), — CdS + 2HAC (4)
CdS + 2HCI — H,S + CdCl, (5)
HoS + I, — 2HI + S (6)
I, + 2NayS;03 — 2Nal + NapS40s @)

Accuracy and precision evaluation of the method

Since titration is an absolute method, the linearity can
be obtained directly. For this, five different concentrations
of sulfide solution were titrated in the range of 0.001 to
1 g/L and a linear regression of the sulfide concentration
versus the consumed titrant volume at the equivalence
point was established. The coefficient of determination
(R?) was used to evaluate linearity. R? equal to 0.9997 was
obtained, which indicates that the determination method is
highly linear in this range.
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Table 2: Chemical composition of Jajarm bauxite (mass
fraction, (%)).

(ALO; | SO, | Fe0s | TiO, | SO; | CaO | MgO )
4838 | 12.07 | 1977 | 370 | 016 | 251 | 040
KO | POs | NaO | V205 | cros | Mno | Lol

036 | 005 | 006 | 016 | 010 | 022 | 1204

Also, by standard addition method and adding standard
sodium sulfide to sodium aluminate solution of Bayer
process, the recovery rate and the interference of other
impurities were investigated. The results showed that
in aluminate solution samples (n=6), more than 98% of
the sulfide added was recovered by this method and it was
found that impurities and other compounds in aluminate
solution did not create a significant error in this method.
The reproducibility of this determination method was
investigated in 10 samples of sodium aluminate solution
by calculating the standard deviation and relative standard
deviation. S=0.012 and RSD=5.46% were obtained,
indicating that this determination method of sulfide has
good precision. Finally, the concentration average of
sulfide ions in 10 different samples prepared from Bayer
process of Iran Alumina Company was 0.224 g/L.

Chemical composition of the bauxite

To investigate the source of sulfide ions in the
aluminate solution of the Bayer process, Jajarm bauxite
was analyzed by XRF. The results are shown in Table 2.

The values in Table 2 indicate that SOz was present in
significant amounts (0.16%) in the bauxite. As previously
mentioned sulfide ions produced from the digestion of
bauxite can accumulate in the aluminate solution of the
Bayer process and show the negative effects on the
alumina production process.

Bauxite mineralogy analysis

In addition to analyzing the chemical composition of
Jajarm bauxite, it was necessary to determine the
mineralogy of the source of sulfide production in
aluminate solution. Thus, the bauxite was analyzed for the
presence of sulfide-containing minerals (pyrite) by XRD.
Fig. 2 shows the XRD pattern of the bauxite.

For this, first a standard quartz sample was used to
calibrate the device. After ensuring the calibration of the
device, the target sample was analyzed. "Evaluation"
software, which was installed on the device by the
manufacturer, was then used to search for mineral peaks.
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Fig. 2: X-ray diffraction pattern of Jajarm Bauxite.

This process is completely systematic and automatic.
As shown in Fig. 2, diaspora, illite, hematite, anatase, calcite
and pyrite were present in the bauxite sample of Jajarm.
As can be seen in the figure, the pyrite crystals were detected
at 2-Theta ~ 56.4°, 40.8°and 33.2°. Consequently, pyrite
was considered as the main source of sulfide ions in the solution.

SEM observations

To accurately investigate the presence of sulfide-
containing minerals in Jajarm bauxite, this sample was
studied by SEM, which is shown in Fig. 3.

SEM images obtained for minerals are usually black
and white. The device used in the research has ability to
display itin color. For this, the various phases were painted
from low density (cold color like blue) to high density
(warm color like red). The blue color (background) in the
image is related to an adhesive (a type of polymer) which
was used to hold minerals that were crushed to degrees of
freedom. As shown in Fig. 3, pyrite (Py) was detected
along with other minerals such as diaspora (Dsp), hematite
(Hem), chamosite (Cham). Thus, the XRD pattern and
SEM micrograph confirmed that the main source of sulfide
ions in the aluminate solution was pyrite.

Investigation of pyrite reactions in alkaline medium

The pyrite in bauxite can easily react with alkaline
aluminate liquor during the Bayer process. First, iron-
hydroxyl complexes are formed by the reaction of Fe?*
with OH" on the surface of pyrite in sodium aluminate
solution, then the complexes detach from the surface of
pyrite and sulfur enter the solution in the form of S%. Pyrite
can also be converted to sulfide ion through reactions 8-12
in an alkaline medium [12].

FeS; + 20H" = Fe(OH), + S* (8)
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8FeS; + 30 OH =4Fe,03 + 145% + S,03% + 15H,0  (9)
6FeS; + 20H =2Fe;30, + 10S% + S,05% + 11H,0 (10)
3FeS, + 80H" = Fe304 + 25% + 2S5, + 4H,0 (11)
45,7 + BOH" = 652 + $,05% + 3 H,0 (12)

The rationalization for the selection of nitrate as a sulfide
removal agent

In this study, a substance must be selected to remove
sulfide ions from the alumina production process liquor,
which did not have adverse effects on the process and final
products. Nitrate was selected as a sulfide ion removal
agent from the Bayer process after careful rationalizations.
The major advantages and disadvantages of selecting
nitrate as a desulfurization agent are presented below.

Advantages

o Nitrate has a high solubility in the aluminate solution.

o Nitrate has no adverse effect on the quality and chemical
properties (purity) of alumina.

« Nitrate has no negative effect on the physical properties
of alumina (grain size, angle of depose, etc.) due to its
solubility, which does not interfere with the granulation of
aluminum hydroxide.

o Nitrate does not adversely affect any of the stages of the
Bayer process including precipitation and calcination.

e Products of nitrate reaction with sulfide ions are not in
the form of sediment or colloid.

e Products of nitrate reaction with sulfide ions (sulfates
and nitrites) are stable and not corrosive to metals.

e The use of nitrate on an industrial scale is economical.

e Transportation, storage, and use of nitrate on an
industrial scale are convenient and safe.

e The use of nitrate does not lead to environmental
pollution.

o Nitrate salts (such as sodium nitrate, potassium nitrate,
calcium nitrate) are easily accessible.

Disadvantages

o Nitrate is a weak oxidant.

o To complete the sulfide ion removal reaction and prevent
the production of colloidal products, nitrate should be used
higher than its stoichiometric ratio.

Thermodynamics of nitrate and sulfide reactions
To predict the spontaneity of oxidation-reduction
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reactions of nitrate and sulfide, the potential of standard
electrodes of possible reactions in an alkaline medium
(pH=14) was investigated [37].

Nitrate Reduction
NO; + H,0 + 26" — NO; + 20H"

E°nos oz = +0.01 v (13)
NO;s + H,O + & — NO; + 20H"

E°no37noz) = -0.86 v (14)
NOs + 2H,0 + 3e — NO + 40H"

E°no37noy =-0.14 v (15)
NOs + 7H,0 + 8e— NH,OH +90H"

E°nNos7 NHaor)=-0.12 v (16)

Sulfide Oxidation

S* S+ 2¢ Eo(s/sz') =-048v (17)
S% + 80H —S04* + 4H,0 + 8¢
E0(3042'/ 52') =-0.68v (18)

Since the total reaction potential is obtained from the
equation E = Eres — Eox, E must be positive for
spontaneous (galvanic) reactions. A comparison between
the standard electrode potentials of nitrate and sulfide
half-reactions showed that in an alkaline medium (pH=14)
the reduction of NOs; to NO, (nitrogen dioxide)
thermodynamically was impossible, while the probability
of reduction of NOs to NO and NH,OH was very low.
The only possible reaction (with a high percentage) was
the reduction of NO3™ to NO,™ (nitrite). However, oxidation
of S? to either S or SO42 was thermodynamically possible.
Therefore, possible reactions were:

NOs + H,0 + 2¢" — NO; + 20H"

EO(No3'/ NO2) = +0.01v (19)
ST 5 S+ 2¢ Eo(s/sz') =-048v (20)
S$% + NO3 + H,0— S + NOy + 20H"

E°= +0.49 v 1)
NO; + H,O + 2e° — NO, + 20H"

EO(Nog'/ NO2) = +0.01v (22)
S% + 80H — SO/ + 4H,0 + 8¢

Eo(so42'/ sz') =-0.68v (23)

S* +4NOy — SO2 +4NO;  E°=+0.69v  (24)

Due to the positive value of E° for reactions 21 and 24,
it was concluded that these reactions were spontaneous
(galvanic). Also, because nitrate was not a strong oxidant,
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Fig. 4: Effect of different concentrations of nitrate on sulfide
removal in aluminate solution (at 270 °C under the pressure of
52 bar for 1 h)

it was predicted that for significant sulfide oxidation,
the amount of nitrate required should be higher than
the stoichiometric ratio.

Effect of nitrate concentration on sulfide removal in
aluminate solution

To study the effect of nitrate concentrations on the
elimination of sulfide ions and optimize the efficiency
factors, several experiments were designed and performed.
First, a sample with the proper volume of sodium
aluminate solution of Bayer process was prepared (Table
1). Sulfide ions were separated and determined in the
aluminate solution, which was prepared by the method
mentioned in the experimental section. Different
concentrations of nitrate (1, 1.5, 2, 2.5, 3.5 and 6 g/L) were
added to the individual samples of aluminate solution.
To simulate the Bayer process conditions, in terms of
temperature, pressure and time, the above solutions were
poured into the autoclave chamber mentioned in the
experimental section. In the autoclave, the solution was
heated and stirred at 270 °C under the pressure of 52 bar
for 60 minutes. After the separation and determination of
residual sulfide ions in aluminate solution with the method
mentioned in the experimental section, the initial and residual
concentrations of sulfide ions were compared. The sulfide
removal efficiency was calculated at different concentrations
of nitrate and the obtained results were plotted.

As can be seen, in practical conditions of bauxite
digestion during the Bayer process (at 270 °C under
the pressure of 52 bar for 1 h) by adding nitrate to the
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aluminate solution, sulfide ions could be completely
eliminated. Since the majority of sulfide ions (more than
96%) were removed by adding 2.5 g/L nitrate ions, it was
considered as the most optimum amount of nitrate to
neutralize sulfide. Due to the circulation of aluminate
solution during the Bayer process and the infinite reaction
time of nitrate with sulfide in the process, the sulfide
removal reaction could be practically completed at this
concentration. As predicted, because nitrate was a weak
oxidant, its optimum amount for sulfide removal exceeded
the stoichiometric ratio. Moreover, due to the high
solubility of nitrate and its reaction products, it had no
adverse effect on the Bayer process and the quality of the
final obtained alumina. Furthermore, it was expected that
the corrosion of transmission tubes and equipment
significantly lowered by this method.

CONCLUSIONS

A practical and inexpensive method for the separation
and determination of sulfide ions in the aluminate solution
of the Bayer process was studied. This method can be
applied in any industrial factory laboratory without the need
for special equipment and materials. The concentration of
sulfide ions in the Bayer process liquor of Iran Alumina
Company (Jajarm, North Khorasan, Iran) was indirectly
determined successfully. The average concentration of
sulfide ions in the sodium aluminate solution was 0.224 g/L
and the relative standard deviation was RSD = 5.46%.
To investigate the source of sulfide ions in the aluminate
solution, the bauxite used in the Bayer process was examined
by XRF. Additionally, to study the presence of sulfide-
containing minerals (such as pyrite) XRD and SEM
analyses were carried out. It was found that pyrite was the
main source of sulfide ions in the aluminate solution of the
Bayer process. Various sulfide removal methods applicable
in the Bayer process were studied and the advantages and
disadvantages of sulfide removal method by nitrate from
aluminate solution were investigated. Thermodynamically,
the spontaneity of different half-reactions during the
reduction of NO3™ and oxidation of S? in aluminate solution
was studied. Because of the significant advantages and low
disadvantages, nitrate was selected as a sulfide ion removal
agent from the solution of Bayer process. The results
demonstrated that in practical conditions of bauxite
digestion during the Bayer process (at 270 °C, 52 bar, and
60 minutes), the sulfide ions could be almost completely
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eliminated by adding nitrate to the aluminate solution. Since
the majority of sulfide ions (more than 96%) were removed
by adding 2.5 g/L nitrate ions it was considered as the
optimum nitrate concentration to neutralize sulfide ions.

Abbreviations

Double Distilled Water DDW
X-Ray Fluorescence XRF
X-Ray Diffraction XRD
Scanning Electron Microscope SEM
Acetic Acid HAC
Cadmium Acetate Cd(AC):
Relative Standard Deviation RSD
Pyrite Py
Diaspora Dsp
Hematite Hem
Chamosite Cham

Received: Apr. 22, 2022 ; Accepted: Jul. 25, 2022

References

[1] Tabereaux Alton T., Peterson Ray D., Aluminum
Production, Treatise on Process Metallurgy, 3: 839-
917 (2014).

[2] Londry K.L., Suflita J.M., Use of Nitrate to Control
Sulfide Generation by Sulfate-Reducing Bacteria
Associated with Oily Waste, Journal of Industrial
Microbiology & Biotechnology, 22: 582-589
(1999).

[3] Altas L., Buyukgungor H., Sulfide Removal in
Petroleum Refinery Wastewater by Chemical
Precipitation, Journal of Hazardous Materials, 153:
462-469 (2008).

[4] Wang Y., Kang W., Wu Y., Qi X., Study on the
Methods for Removing Sulfide lon and Sulfate
Radical from the Qilfield Sewage, Chin. J. Chem., 29:
1273-1277 (2011).

[5] Nasr-EI-Din H.A., AL-Humaidan A.Y., Iron Sulfide
Scale: Formation, Removal and Prevention,
SPE68315 (2001).

[6] Vaiopoulou E., Melidis P., Aivasidis A., Sulfide
Removal in Wastewater from Petrochemical
Industries by Autotrophic Denitrification, Water
Research, 39: 4101-4109 (2005).

Research Article


https://www.sciencedirect.com/science/article/pii/B9780080969886000237
https://www.sciencedirect.com/science/article/pii/B9780080969886000237
https://web.s.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=13675435&asa=Y&AN=8890075&h=AQzytGyuU6krEHUduY85DldE9u25s5mKxb1LPzAojZ0Y7Em1yERRv4fj%2fsetWpeEZ%2bK%2fXcFpHPNGcN3N5CfqgA%3d%3d&crl=c&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx%3fdirect%3dtrue%26profile%3dehost%26scope%3dsite%26authtype%3dcrawler%26jrnl%3d13675435%26asa%3dY%26AN%3d8890075
https://web.s.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=13675435&asa=Y&AN=8890075&h=AQzytGyuU6krEHUduY85DldE9u25s5mKxb1LPzAojZ0Y7Em1yERRv4fj%2fsetWpeEZ%2bK%2fXcFpHPNGcN3N5CfqgA%3d%3d&crl=c&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx%3fdirect%3dtrue%26profile%3dehost%26scope%3dsite%26authtype%3dcrawler%26jrnl%3d13675435%26asa%3dY%26AN%3d8890075
https://web.s.ebscohost.com/abstract?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl=13675435&asa=Y&AN=8890075&h=AQzytGyuU6krEHUduY85DldE9u25s5mKxb1LPzAojZ0Y7Em1yERRv4fj%2fsetWpeEZ%2bK%2fXcFpHPNGcN3N5CfqgA%3d%3d&crl=c&resultNs=AdminWebAuth&resultLocal=ErrCrlNotAuth&crlhashurl=login.aspx%3fdirect%3dtrue%26profile%3dehost%26scope%3dsite%26authtype%3dcrawler%26jrnl%3d13675435%26asa%3dY%26AN%3d8890075
https://www.sciencedirect.com/science/article/abs/pii/S0304389407012654
https://www.sciencedirect.com/science/article/abs/pii/S0304389407012654
https://www.sciencedirect.com/science/article/abs/pii/S0304389407012654
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjoc.201190236
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjoc.201190236
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjoc.201190236
https://onepetro.org/SPEOSS/proceedings-abstract/01OSS/All-01OSS/SPE-68315-MS/133132
https://onepetro.org/SPEOSS/proceedings-abstract/01OSS/All-01OSS/SPE-68315-MS/133132
https://www.sciencedirect.com/science/article/abs/pii/S0043135405004069
https://www.sciencedirect.com/science/article/abs/pii/S0043135405004069
https://www.sciencedirect.com/science/article/abs/pii/S0043135405004069

Iran. J. Chem. Chem. Eng.

[7] Shokri A., The Treatment of Spent Caustic in the
Wastewater of Olefin Units by Ozonation Followed
by Electrocoagulation Process, Desainl. Water Trea.,
111: 173-182 (2018).

[8] Xiao-lian H., Wen-mil C., Qiao-ling X., Sulfur Phase
and Sulfur Removal in High Sulfur-Containing
Bauxite, Trans. Nonferrous Met. Soc. China, 21:
1641-1647 (2011).

[9] Li X.B., NiuF., TanJ., Liu G.H., Qi T.G., Peng Z.H.,
Qiu-sheng Z., Removal of S* lon from Sodium
Aluminate Solutions with Sodium Ferrite, Trans.
Nonferrous Met. Soc. China, 26: 1419-1424 (2016).

[10] Li X.B., Li C.Y.,Peng Z.H., Liu G.H., Zhow Q.S., Qi
T.G., Interaction of Sulfur with Iron Compounds in
Sodium Aluminate Solutions, Trans. Nonferrous Met.
Soc. China, 25: 608—614 (2015).

[11] Liu Z., Ma W., Yan H., Xie K., Li D., Zheng L., Li
P., Removal of Sulfur by Adding Zinc During the
Digestion Process of High-Sulfur Bauxite, Scientific
Reports, 7: 17181 (2017)

[12] Abikenova G.K., Kovazlenko V.A., Ambarnikova
G.A., Ibragimov A.T., Investigation of the Effect and
Behavior of Sulfur Compounds on the Technological
Cycle of Alumina Production, Metallurgy of Non-
Ferrous Metals, 49(2): 91-96 (2008).

[13] Song C., Peng Z., Wei X., Qi T., The Reaction
Behavior of Pyrite in Process of Bayer Digestion,
Nonfer. Meta. Sci. Engi, 2(5): 1-5 (2011).

[14] Li X.B, Li C.Y., I, Qi T., Zhow Q.,, Liu G., Peng
Z.H., Reaction Behavior of Pyrite During Bayer
Digestion at High Temperature, The Chinese Journal
of Nonferrous Metals, 23(3): 830—835 (2013).

[15] Chimonyo W., Corin K.C., Wiese J.G., O’Connor
C.T., Redox Potential Control During Flotation of a
Sulphide Mineral Ore, Min. Eng., 110: 57-64 (2017).

[16] Owusu C., Quast K., Addai-Mensah J., The use of
Canola Oil as an Environmentally Friendly Flotation
Collector in Sulphide Mineral Processing, Minerals
Engineering, 98: 127-136 (2016).

[17] Blight K., Ralph D.E., Thurgate S., Pyrite Surfaces
after Bio-Leaching: A Mechanism for Bio-Oxidation,
Hydrometallurgy, 58(3): 227—237 (2000).

[18] Gu G.H., Sun XJ., Hu K.T., Li J.H., Qiu G.Z,
Electrochemical Oxidation Behavior of Pyrite
Bioleaching by Acidthiobacillus Ferrooxidans, Tra.
Nonfer. Met. Soc. China, 22(5): 1250-1254 (2012).

Research Article

Development of a Low-Cost Method for Determination of ...

Vol. 42, No. 4, 2023

[19] Lou Z.N., Xiong Y., Feng X.D., Shan W.J., Zhai,
Y.C., Study on the Roasting and Leaching Behavior
of High-Sulfur Bauxite Using Ammonium Bisulfate,
Hydrometallurgy, 165: 306-311 (2016).

[20] Eccleston E., White J., Development of Roasting
Parameters for the ConRoast Process with Low-Sulphur
Feedstock, Journal of the South African Institute of
Mining and Metallurgy, 109(1): 65-69 (2009).

[21] Jackie Dong, Greg Power, Joanne Loh, James Tardio,
Chris Vernon, Suresh Bhargava, Fundamentals of
Wet Oxidation of Bayer-Process Liquor: Reactivity
of Malonates, In. En. Ch. Re., 49: 5347-5352 (2010).

[22] Lalla A., Arpe R., 12 Years of experience with wet
oxidation”, Light Metals-Warrendale-Proceedings,
177-180 (2002).

[23] Standard Methods Committee of the American Public
Health Association, American Water Works
Association and Water Environment Federation,
“4500-S% sulfide In: Standard Methods For the
Examination of Water and Wastewater”, APHA
Press, Washington DC, United States, (2018).

[24] Emami M., Mousavi M. F., Barzegar M.,
Determination of Sulfide in Spring and Wastewater
by a New Kinetic Spectrophotometric Method,
Journal of the Chinese Chemical Society, 51(3): 517-
521 (2004).

[25] Safavi A., Mirzaee M., Kinetic Spectrophotometric
Determination of Traces of Sulfide in Nonionic Micellar
Medium, Fre. J. An. Ch., 367(7): 645-648 (2000).

[26] Jin Y., Wu H., Tian Y., Chen L., Cheng J., Bi S.,
Indirect Determination of Sulfide at Ultratrace Levels
in Natural Waters by Flow Injection On-Line
Sorption in a Knotted Reactor Coupled with Hydride
Generation Atomic Fluorescence Spectrometry, Anal.
Chem., 79(18): 7176-81 (2007)

[27] Huang R., Zheng X., Qu Y., Highly Selective
Electrogenerated Chemiluminescence (ECL) for
Sulfide lon Determination at Multi-Wall Carbon
Nanotubes-Modified Graphite Electrode, Anal. Chim.
Acta., 582(2): 267-274 (2007).

[28] Colon M., Todoli J.L., Hidalgo M., Iglesias M.,
Development of Novel and Sensitive Methods for the
Determination of Sulfide in Aqueous Samples by
Hydrogen Sulfide Generation-Inductively Coupled
Plasma-Atomic Emission Spectroscopy, Anal. Chim.
Acta., 609(2): 160-168 (2008).

1249


https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.deswater.com/DWT_abstracts/vol_111/111_2018_173.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1003632611609084
https://www.sciencedirect.com/science/article/abs/pii/S1003632611609084
https://www.sciencedirect.com/science/article/abs/pii/S1003632611609084
https://www.sciencedirect.com/science/article/abs/pii/S1003632616642462
https://www.sciencedirect.com/science/article/abs/pii/S1003632616642462
https://www.sciencedirect.com/science/article/abs/pii/S1003632615636433
https://www.sciencedirect.com/science/article/abs/pii/S1003632615636433
https://www.nature.com/articles/s41598-017-17499-4
https://www.nature.com/articles/s41598-017-17499-4
https://link.springer.com/article/10.3103/S1067821208020053
https://link.springer.com/article/10.3103/S1067821208020053
https://link.springer.com/article/10.3103/S1067821208020053
http://a.xueshu.baidu.com/usercenter/paper/show?paperid=f22c5286d9074176fb1d2e434766e60b
http://a.xueshu.baidu.com/usercenter/paper/show?paperid=f22c5286d9074176fb1d2e434766e60b
https://www.researchgate.net/publication/285967376_Reaction_behavior_of_pyrite_during_Bayer_digestion_at_high_temperature
https://www.researchgate.net/publication/285967376_Reaction_behavior_of_pyrite_during_Bayer_digestion_at_high_temperature
https://www.sciencedirect.com/science/article/abs/pii/S0892687517301085
https://www.sciencedirect.com/science/article/abs/pii/S0892687517301085
https://www.sciencedirect.com/science/article/abs/pii/S0892687516302539
https://www.sciencedirect.com/science/article/abs/pii/S0892687516302539
https://www.sciencedirect.com/science/article/abs/pii/S0892687516302539
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001365
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001365
https://www.sciencedirect.com/science/article/abs/pii/S1003632611613125
https://www.sciencedirect.com/science/article/abs/pii/S1003632611613125
https://www.sciencedirect.com/science/article/abs/pii/S0304386X16300184
https://www.sciencedirect.com/science/article/abs/pii/S0304386X16300184
http://www.scielo.org.za/scielo.php?pid=S2225-62532009000100009&script=sci_arttext&tlng=es
http://www.scielo.org.za/scielo.php?pid=S2225-62532009000100009&script=sci_arttext&tlng=es
http://www.scielo.org.za/scielo.php?pid=S2225-62532009000100009&script=sci_arttext&tlng=es
https://pubs.acs.org/doi/abs/10.1021/ie100128k
https://pubs.acs.org/doi/abs/10.1021/ie100128k
https://pubs.acs.org/doi/abs/10.1021/ie100128k
https://www.researchgate.net/publication/266483251_12_years_of_experience_with_wet_oxidation
https://www.researchgate.net/publication/266483251_12_years_of_experience_with_wet_oxidation
https://www.standardmethods.org/doi/abs/10.2105/SMWW.2882.096
https://www.standardmethods.org/doi/abs/10.2105/SMWW.2882.096
https://onlinelibrary.wiley.com/doi/abs/10.1002/jccs.200400078
https://onlinelibrary.wiley.com/doi/abs/10.1002/jccs.200400078
https://link.springer.com/article/10.1007/s002160000350
https://link.springer.com/article/10.1007/s002160000350
https://link.springer.com/article/10.1007/s002160000350
https://pubs.acs.org/doi/abs/10.1021/ac070699s
https://pubs.acs.org/doi/abs/10.1021/ac070699s
https://pubs.acs.org/doi/abs/10.1021/ac070699s
https://pubs.acs.org/doi/abs/10.1021/ac070699s
https://www.sciencedirect.com/science/article/abs/pii/S0003267006019581
https://www.sciencedirect.com/science/article/abs/pii/S0003267006019581
https://www.sciencedirect.com/science/article/abs/pii/S0003267006019581
https://www.sciencedirect.com/science/article/abs/pii/S0003267006019581
https://www.sciencedirect.com/science/article/abs/pii/S000326700800038X
https://www.sciencedirect.com/science/article/abs/pii/S000326700800038X
https://www.sciencedirect.com/science/article/abs/pii/S000326700800038X
https://www.sciencedirect.com/science/article/abs/pii/S000326700800038X

Iran. J. Chem. Chem. Eng. Ramazani, Mohammad Reza et al. Vol. 42, No. 4, 2023

[29] Ying W., Wan-Li K., Dan Z.,, Jing-Jing Z., Indirect
Determination of Sulfur ions in Qilfield Sewage by
Inductively Coupled Plasma-Atomic Emission
Spectrometry, Chinese J. Anal. Chem., 36(11): 1575-
1578 (2008).

[30] Afkhami A., Khalafi L., Indirect Determination of
Sulfide by Cold Vapor Atomic Absorption
Spectrometry, Microchim Acta, 150(1): 43-46
(2005).

[31] Santos J.C.C., Santos E.B.G.N.,, Korn M., A
Comparison of Flow Injection Methods for Sulfide
Determination based on Phenothiazine Dyes
Produced from Diverse Aromatic Amines,
Microchem J., 90(1): 1-7 (2008).

[32] Giuriati C., Cavalli S., Gorni A., Badocco D., Pastore
P., lon Chromatographic Determination of Sulfide
and Cyanide in Real Matrices by Using Pulsed
Amperometric Detection on a Silver Electrode, J.
Chromatogr A., 1023(1): 105-112 (2004).

[33] Huang D., Xu B., Tang J., Luo J., Chen L., Yang L.,
Indirect Determination of Sulfide lons in Water
Samples at Trace Level by Anodic Stripping
Voltammetry Using Mercury Film Electrode, Anal.
Methods, 2(2): 154-158 (2010).

[34] Yang B., Wang S., Tian S., Liu L., Determination of
Hydrogen Sulfide in Gasoline by Au Nanoclusters
Modified Glassy Carbon Electrode, Electrochem
commun, 11(6): 1230-1233 (2009).

[35] Lawrence N.S., Davis J., Jiang L., Jones T.G.J.,
Davies S.N., Compton R.G., Electrochemically
Initiated 1, 4-Nucleophilic Substitutions: A General
Strategy for the Analytical Detection of Hydrogen
Sulfide, Electroanal An. Int. J. Devoted to Fundam
Pract Asp Electroanal, 13(6): 432-436 (2001).

[36] Pandurangappa M., Lawrence N.S., Jiang L., Jones
T.G.J., Compton R.G., Physical Adsorption of N, N'-
diphenyl-p-phenylenediamine onto Carbon Particles:
Application to the Detection of Sulfide, Analyst,
128(5): 473-479 (2003).

[37] Lurie Ju, The Handbook of Analytical Chemistry,
Nicholas Babrov, Translator; Moscow: MIR
Publishers 307-311 (1978).

1250 Research Article


https://www.researchgate.net/publication/289356261_Indirect_Determination_of_Sulfur_ions_in_Oilfield_Sewage_by_Inductively_Coupled_Plasma-Atomic_Emission_Spectrometry
https://www.researchgate.net/publication/289356261_Indirect_Determination_of_Sulfur_ions_in_Oilfield_Sewage_by_Inductively_Coupled_Plasma-Atomic_Emission_Spectrometry
https://www.researchgate.net/publication/289356261_Indirect_Determination_of_Sulfur_ions_in_Oilfield_Sewage_by_Inductively_Coupled_Plasma-Atomic_Emission_Spectrometry
https://www.researchgate.net/publication/289356261_Indirect_Determination_of_Sulfur_ions_in_Oilfield_Sewage_by_Inductively_Coupled_Plasma-Atomic_Emission_Spectrometry
https://link.springer.com/article/10.1007/s00604-005-0344-5
https://link.springer.com/article/10.1007/s00604-005-0344-5
https://link.springer.com/article/10.1007/s00604-005-0344-5
https://www.sciencedirect.com/science/article/abs/pii/S0026265X08000283
https://www.sciencedirect.com/science/article/abs/pii/S0026265X08000283
https://www.sciencedirect.com/science/article/abs/pii/S0026265X08000283
https://www.sciencedirect.com/science/article/abs/pii/S0026265X08000283
https://www.sciencedirect.com/science/article/abs/pii/S0021967303018405
https://www.sciencedirect.com/science/article/abs/pii/S0021967303018405
https://www.sciencedirect.com/science/article/abs/pii/S0021967303018405
https://pubs.rsc.org/en/content/articlehtml/2010/ay/b9ay00183b
https://pubs.rsc.org/en/content/articlehtml/2010/ay/b9ay00183b
https://pubs.rsc.org/en/content/articlehtml/2010/ay/b9ay00183b
https://www.sciencedirect.com/science/article/pii/S1388248109001738
https://www.sciencedirect.com/science/article/pii/S1388248109001738
https://www.sciencedirect.com/science/article/pii/S1388248109001738
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/1521-4109(200104)13:6%3C432::AID-ELAN432%3E3.0.CO;2-D
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/1521-4109(200104)13:6%3C432::AID-ELAN432%3E3.0.CO;2-D
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/1521-4109(200104)13:6%3C432::AID-ELAN432%3E3.0.CO;2-D
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/abs/10.1002/1521-4109(200104)13:6%3C432::AID-ELAN432%3E3.0.CO;2-D
https://pubs.rsc.org/en/content/articlelanding/2003/an/b300336c/unauth
https://pubs.rsc.org/en/content/articlelanding/2003/an/b300336c/unauth
https://pubs.rsc.org/en/content/articlelanding/2003/an/b300336c/unauth
http://hdl.handle.net/123456789/9405

