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ABSTRACT
In this study, the kinetics and mechanism of the reaction of sulfide
oxidation catalyzed by hydrocarbon solution of 3,3′, 5,5′-tetra-tert-
butyl-stilbenequinone have been deeply investigated. The reaction
is of the first orderwith respect to eachof the reagents. Themolecular
mechanism of catalysis was discussed, in which elemental sulfur was
produced at intermediate stages during transformation of sulfide to
sulfate. The algebraic equations describing the transition of catalytic
reaction from the diffusion region to the kinetic region were estab-
lished. The formation of strong reactive oxygen species during the
catalyst generation not only plays an extremely important role in the
oxidation reaction catalyzed by stilbenequinone, but also paves the
way for the development of an advanced catalyst system based on
the Fenton reaction. A preliminary survey of advanced catalyst sys-
tem activity based stilbenequinone/Fe (II)/O2 has been conducted
for oxidative degradation of sulfide.
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1. Introduction

Sulfur-alkaline wastewater (SAW) generated in petroleum refining and petrochemical
industries is a significant anthropogenic load on natural reservoirs. The main composition
of this wastewater includes hydrogen sulfide and inorganic sulfides, which constitute a seri-
ous threat to the equilibrium of entire ecosystem as well as to human health. They also are
responsible for the corrosion of metal equipment and damage to the concrete structures.
Therefore, sulfur-alkaline treatment is an important issue in today’s context, not just to
protect the environment from pollution, but also to optimize the operation of petroleum
refineries and petrochemical plants. Numerous methods are available to treat SAW, and a
lot of judicious decision-making is required for selecting optimal technologies. The choice
depends on the source of wastewater, it’s treatment performance and economic efficiency.
The conventional methods used so far to reduce the sulfide toxicity in aqueous solutions
have mainly relied on oxidative pathways in which sulfide is oxidized to form less toxic
oxygen-containing products such as thiosulphate, sulfite and sulfate [1].

Microbiological oxidation is eco-friendly technology today and widely applied to treat
industrial wastewater. However, in the high concentration of sulfide, the bacterial oxida-
tive metabolism of sulfide becomes suppressed. In this case, chemical oxidation methods
are used in pretreatment of such wastewater, before it is biodegraded in a decomposition
reactor using anaerobic or aerobic bacteria [2]. In early wastewater treatment technolo-
gies, strong oxidizing agents such as H2O2, Ca(Cl2)2, O3, KMnO4, K2Cr2O7, Cl2, ClO2
[3–8] have been used as highly effective oxidants for purifying SAW from sulfide. How-
ever, using these oxidants leads to higher treatment costs as well as increases the risk of
corrosion attack. Furthermore, in the case of excessive usage, strong oxidants additionally
contaminate the treated solution, and thus are not popular in industrial practice. Nowa-
days, oxygen is arguably the best available green oxidant to degrade sulfide. Even though
oxygen is the most cost-effective and readily available oxidant on Earth, it exhibits low
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Figure 1. General mechanism for sulfide oxidation catalyzed by hydrocarbon solution of
stilbenequinone.

effectiveness in treating SAW. Nevertheless, by adding catalysts, treatment efficiency can
be greatly enhanced [9,10].

Quinone derivatives are powerful catalysts in oxidative treatment of sulfide and have
been applied commercially to a wide variety of plants in the United Kingdom, the
United States and the Japanese Petrochemical Industry [8]. Compared to the noble metal-
based catalysts, quinone and its derivatives are more catalytic active in sulfide oxidation.
Nonetheless, high catalyst losses, labor intensity of catalyst separation and difficulties in
catalyst recovery have reduced the application value of quinone derivatives in sulfide
removal [8,11]. Recently, to overcome the mentioned drawbacks, a new quinone-catalyst
based on a hydrocarbon solution of 3,3′, 5,5′-tetra-tert-butyl-stilbenequinone (hereinafter
referred to as stilbenequinone) has been presented by us for purifying SAW from sulfide
[6,12]. Using hydrocarbon solution as a catalyst carrier can reduce the possibility of cat-
alyst losses, increase the possibility of its separation and from there, the catalyst can be
easily recovered and reused. The main conclusion of previous work [12] has merely pre-
sented the general mechanism of catalytic oxidative degradation of sulfide in the presence
of stilbenequinone. Inwhich, sulfide is oxidized to form thiosulfate by stilbenequinone that
is substantially reduced to diphenylethylene. Thereafter, the diphenylethylene is reoxidized
to stilbenequinone by contacting with oxygen (Figure 1). This process is a complex one,
undergoingmany different phases and affected bymany factors. Besides, the specific kinet-
ics of the studied process has yet to be clarified. It is the purpose of this paper to penetrate
much more deeply into the mechanism and kinetics of oxidative degradation of sulfide in
the presence of stilbenequinone based catalyst.

2. Experimental section

The catalytic agent – stilbenequinone (C30H42O2) was prepared by dimerizing 2,6-di-tert-
butyl-4-methylphenol by contact with hydrogen peroxide in the presence of a potassium
iodide-based catalyst, as described in our work [13].
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The catalytic oxidation of inorganic sulfides was implemented in a three-necked cylin-
drical glass reactor, into which the reaction mixture containing 40 cm3 of an inorganic
sulfide solution and 20 cm3 of a hydrocarbon solution was loaded in the presence of a
defined amount of the stilbenequinone. In order to study the kinetic mechanism of cat-
alytic oxidative degradation of sulfide, oxygen diluted in argon was continuously injected
into the reaction solution at 0–300 h−1, the reaction solution was stirred at the speed of
500–1400 rpm and its temperature wasmaintained in the range of 50–90°C at atmospheric
pressure.

The quantitative composition of reactionmixture and products was identified by poten-
tiometric titration, spectrophotometry and iodometry methods. The oxygen consumption
before and after the oxidation reaction was determined using a GSB-400 drum-type gas
meter. Infrared spectra (IR) of substances were recorded using the KBr pellet technique on
a Perkin Elmer (Spectrum 100) FTIR Spectrometer from 1400 to 400 cm−1. Melting points
were determined on a Buchi M-560 melting point apparatus.

The kinetic regularity of catalytic oxidative degradation was studied by changing the
initial rate of sulfide oxidation (ω0), which was determined by using the Origin Soft-
ware (Microcal LLC, Northampton, MA). The determination of initial rate is based on
the kinetic curves equation of sulfide oxidation in the following formula:

C = f (τ ) (1)

where C is the sulfide concentration; τ is the reaction time the slope of the tangent line to
the kinetic curve at a point (τ0, C′

0), determined by taking the derivative of Equation (1),
is equal to the initial rate (ω0) of sulfide oxidation.

ω0 = n = f ′(τ0) (2)

where τ0 is the reaction time corresponds to the initial rate ω0 (τ0→0), C′
0 is the sulfide

concentration corresponds to the initial rate ω0 (C′
0→Co (initial concentration of sulfide))

The amount of absorbed oxygen was determined by graphically integrating the follow-
ing equation:

�O2 = ν ×
(
Vin
O2

× τ −
∫ τ

0
Vout
O2

× dτ
)

(3)

where:Vin
O2

is the oxygen inlet volume; Vout
O2

is the oxygen outlet volume, ν is the oxygen
supply rate

3. Results and discussion

The hydrocarbon solution of 3,3′, 5,5′-tetra-tert-butyl-stilbenequinone is an organic sol-
vent with hindered quinone. High boiling hydrocarbons such as kerosene fraction, diesel
fraction, and decane can be used as the solvent of stilbenequinone thanks to their low
solubility in water, low volatility, satisfactory solubility of stilbenequinone in them, high
efficiency in the sulfide oxidation and easy separation from reaction solution. It should
be noted that high-boiling hydrocarbons in the reaction of catalytic oxidation of sulfide
simultaneously serve as a catalyst carrier and an oxygen absorber from the gas phase. This
is due to the fact that the solubility coefficient of oxygen in the hydrocarbon medium is
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Table 1. Catalytic oxidation of Na2S with oxygen at in various aqueous – hydro-
carbon solutions: t – 90°C, [C30H42O2]0–0.072mol L−1, [Na2S] – 0.71mol L−1,
ν – 300 h−1.

Oxidation time, min

Hydrocarbon 0 30 60 90 120

Solution Sulfide conversion,%

Diesel fraction 0 56.00± 2.80 91.50± 4.62 99.92± 4.64 99.98± 4.90
Decane 0 68.01± 3.40 97.43± 4.87 99.97± 4.99 100.00± 4.99
Kerosene fraction 0 70.01± 3.50 96.40± 3.85 99.25± 4.94 99.99± 3.99

higher than that in the aqueous environment [14]. Among the high-boiling hydrocarbons
mentioned above, a kerosene fraction was selected as an efficient catalyst carrier to study
the catalytic properties of stilbenequinone. This selection is based on low cost and satisfac-
tory efficiency of kerosene in oxidative removal of sulfide (Table 1). It was experimentally
found that the optimal volumetric ratio of the kerosene fraction to the sulfide solution was
1: 2 [14]. This is apparently explained by achieving the maximum interfacial interaction
between the aqueous phase and hydrocarbon phase.

Catalytic oxidation of sulfide in the presence of kerosene solution of stilbenequinone
occurs at the interface between the phases of dispersed system ‘oxygen – high-boiling
hydrocarbon fraction – aqueous alkaline solution of sulfide’. The reaction limitation, there-
fore, is controlled not only by the sulfide oxidation but also by the diffusion of reactants. In
other words, the studied process can take place in the external diffusion or kinetic regions.
One of the controlling factors of where the catalytic oxidation of sulfide occurring is the
effect of stirring intensity and reaction medium temperature on the process rate.

As observed from the inset in Figure 2, at a stirring intensity of less than 750 rpm, the
initial rate of catalytic oxidation ofNa2S slightly depends on the reactionmedium tempera-
ture. This phenomenon is probably due to the effect of temperature factor on themolecular
diffusion coefficient, which is characterized by the external diffusion control regime. The

Figure 2. Kinetic curves of sulfide catalytic oxidation as a function of the stirrer speed at various
temperatures: [C30H42O2]0–0.072mol L−1, [Na2S]0–0.71mol L−1.
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Figure 3. The rate of catalytic oxidation of sulfide as a function of the supply rate of oxygen dilutedwith
argon: t = 90°C, [C30H42O2]0–0.072mol L−1, [Na2S]0–0.68mol L−1.

transition from the diffusion regime to the external kinetic one corresponds to the point at
which a further increase in themixing intensity above 1200 rpmdoes not affect the increase
in the sulfide oxidation rate.

As a rule, in the external diffusion regime, the catalytic oxidation of sulfide in the pres-
ence of stilbenequinone in kerosene obeys the regularity of its non-catalytic oxidation by
oxygen, in which the oxidation rate increases with increasing temperature up to 70°C and
thereafter the oxidation rate decreases with a further increase in temperature. This regular-
ity is not completely observed in the kinetic regime in which the process rate is controlled
by the catalytic oxidation of sulfide.

In addition to stirring intensity and temperature factor, the supply rate of oxygen
and its concentration also affect the sulfide oxidation in the presence of a catalyst based
on stilbenequinone. Figure 3 shows the dependencies of the initial rates (ω0) of Na2S
oxidation on the supply rate (ν) of oxygen diluted with argon. Based on the computer
processing of the obtained kinetic data shown in Figure 3, this dependence in the diffu-
sion region is mathematically described by a quadratic equation having the form ω0 = fx
(ν) = a× ν2 + b× ν + c, and likewise in the kinetic region it is described by the equation
– ω0 = hx (ν) = d (where a, b, c, d are constants, x is oxygen concentration). The
mathematical description of these equations is given in Table 2.

The set of intersection points of curves described by the above equations (f (ν), h (ν))
represents the transition equation from the diffusion into the kinetic region of the catalytic
oxidation of sulfide.

ω0 = 2.9496 × ν−1.369 (4)

The rate of catalytic oxidation of sulfide, depending on the oxygen supply rate under the
indicated conditions, is described by the following equation:

ω0 =
∫ 50.54

0
f100(ν) × dν +

∫ ∞

50.54
h100(ν) × dν −

∫ ∞

0
h0(ν) × dν (5)
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Table 2. The algebraic equation for the dependence of the initial rate of sulfide oxidation on the supply
rate of oxygen diluted with argon with stirring at 1400 rpm.

Oxygen Region where the catalytic oxidation of sulfide takes place

concentration, % Diffusion region Kinetic region

0 – ω0 = h0(ν) = 0.00023
5 ω0 = f5(ν) = −2× 10−7 × ν2 + 4× 10−5 × ν+4× 10−3 ω0 = h5(ν) = 0.0030
10 ω0 = f 10(ν) = −7× 10−7 × ν2 + 1× 10−3 × ν+3× 10−3 ω0 = h10(ν) = 0.0046
20 ω0 = f 20(ν) = −10−6 × ν2 + 2× 10−3 × ν+2× 10−3 ω0 = h20(ν) = 0.0067
40 ω0 = f 40(ν) = −10−6 × ν2 + 2× 10−3 × ν+4× 10−3 ω0 = h40(ν) = 0.0082
60 ω0 = f 60(ν) = −4× 10−6 × ν2 + 4× 10−3 × ν+3× 10−3 ω0 = h60(ν) = 0.0098
80 ω0 = f 80(ν) = −7× 10−6 × ν2 + 6× 10−3 × ν+3× 10−3 ω0 = h80(ν) = 0.0116
100 ω0 = f 100(ν) = −10−5 × ν2 + 7× 10−5 × ν +2× 10−3 ω0 = h100(ν) = 0.0133

Thus:

ω0 =
∫ 50.54

0
(−10−5 × ν2 + 7 × 10−5 × ν + 2 × 10−3) × dν

+
∫ ∞

50.54
0.0133dν −

∫ ∞

0
0.23 × 10−3 × dν (6)

where the value of 50.54 is the projection of the intersection point of two curves of the
equations f 100 (ν) and h100 (ν) on the abscissa axis (Figure 2).

It follows from Equation (4) that in the kinetic region of the catalytic oxidation of sul-
fide, the dependence of oxygen supply intensity on its concentration is described by the
following form:

[O2] =
∫ ∞

50.54
100dν −

∫ ∞

50.54
329.99 × e−0.0028 × ν × dν (7)

To exclude the effect of diffusion on the chemical kinetics of the studied reaction, further
experiments were carried out at a stirrer rotation speed of 1400 rpm and an oxygen supply
rate of 300 h−1.

It was shown earlier [6,12,14] that stilbenequinone plays a redox catalyst role in sul-
fide oxidation. Stilbenequinone oxidizes the sulfide to thiosulfate ion and simultaneously
is reduced to diphenylethylene. Thus, in this process stilbenequinone accepted an elec-
tron pair from reductant to covert to dephenylethylene. In the other words, sulfide ion
has lost an electron pair and is substantially converted to elemental sulfur. To confirm the
elemental sulfur formation, the kerosene solution of stilbenequinone was saturated with
hydrogen sulfide. It is also found out that, in the IR spectrum of the light yellow pow-
der precipitated during the saturation process, the absorption bands of the – S– S– bond
(492.57–438.71 cm−1) characterized for elemental sulfur appear completely. In comparing
the melting point of elemental sulfur at 112°C with that of the authentic sample, sulfur
formation can be reaffirmed. It is known that the elemental sulfur in the alkaline solution
disproportionates rapidly to form sulfide and thiosulfate at a temperature above 50°C. So
the thiosulfate produced during the sulfide oxidation by stilbenequinone is presumably a
product of alkaline hydrolysis of elemental sulfur.

In our early study [12], we assumed that sulfate, one of the products of sulfide catalytic
oxidation, was formed from non-catalytic oxidation of thiosulfate by oxygen. However, a
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significant amount of hydrogen peroxide was found in an aqueous-alkaline medium dur-
ing the catalyst regeneration [14]. This changed our perception of the source of sulfate
formation in the catalytic oxidation of sulfide. Accordingly, sulfate is likely to be formed
from thiosulfate oxidation and even from sulfide oxidation by hydrogen peroxide. Besides,
in a strongly alkaline solution, the possibility of partial non-catalytic oxidation of sulfide
to form sulfate cannot be ruled out [12].

Based on the literature review and experimental data presented above, the mechanism
of the catalytic oxidation of sulfide in the presence of stilbenequinone (C30H42O2) can be
summarized by the following reactions:

The stage of sulfide oxidation with stilbenequinone:

S2− + H2O → HS− + OH− (I)

C30H42O2 + HS− → C30H43O−
2 + S (II)

C30H43O−
2 + H2O → C30H44O2 + OH− (III)

6OH− + 4S → S2O2−
3 + 2S2− + 3H2O (IV)

The stage of catalyst regeneration

C30H44O2 + O2 + OH− → C30H43O·
2 + O·−

2 + H2O (V)

O·−
2 + H2O → HO·

2 + OH− (VI)

C30H43O·
2 + O2 → C30H42O2 + HO·

2 (VII)

C30H43O·
2 + HO·

2 → C30H42O2 + H2O2 (VIII)

HO·
2 + HO·

2 → H2O2 + O2. (IX)

According to the above reactions, one stilbenequinone molecule oxidizes one sulfide ion
to elemental sulfur with the formation of diphenylethylene (C30H44O2), and the latter is
oxidized by one oxygen molecule during the catalyst regeneration. This indicates that the
rate of catalytic oxidation of sulfide can be a function of the reactant concentration in the
first-degree relatives.

In order to confirm the above statement, the reaction orders with respect to reactants
were identified using the differential method by varying initial concentrations of sodium
sulfide, oxygen and stilbenequinone. It is evident that plots of the logarithmic initial rate of
sulfide oxidation rate versus the logarithmic initial concentration of reactants are straight
lines with a slope of approximately 1 (Figure 4). It can be stated that the studied reaction is
the first order with respect to sulfide, oxygen, and stilbenequinone.

The determination of the reaction order by the differential method as described above
was merely carried out by the change in the sulfide concentration over time. However, it
was found earlier [8] that non-catalytic oxidation of sulfide by oxygen can also occur during
the catalytic process. To convincingly confirm the first order of the studied reaction in each
of the reactants, the change in reactants concentrations during the sulfide oxidation with
stilbenequinone in an oxygen-free environment and the change in oxygen concentration
during catalyst regenerationwere studied. The results are shown in Figures 5 and 6. A linear
change in the concentration logarithm with reaction time is a clear indication of the first-
order reaction with respect to each reactant. The overall kinetic equation for the reaction
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Figure 4. The logarithmic dependence of the initial rate of sulfide oxidation on the initial concentration
of reactants at 90°C.

Figure 5. Logarithmic dependence of the change in the reactant concentration on reaction time dur-
ing the sulfide oxidation with stilbenequinone in an oxygen-free medium at different temperatures:
[Na2S]0–0.097 mol L−1, [C30H42O2] – 0.13mol L−1.

of catalytic oxidation of sulfide is:

ω = k × [Na2S] × [O2] × [C30H42O2] (8)

where ω is the rate of catalytic oxidation of sulfide, k is the rate constant
Since the oxidation reaction of sulfide was carried out in the outer kinetic region with

the excess of both oxygen and catalyst, the reaction order can be attributed to pseudo-first
with respect to the sulfide. In this case, the reduced kinetic equation takes the form:

ω = keff × [Na2S] (9)
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Figure 6. Logarithmic dependence of oxygen consumption on reaction time during the
diphenylethylene oxidation in the presence of base-catalyst 10% NaOH at different temperatures:
[C30H44O2]0–0.013mol L−1, kerosene volume 50 cm3, NaOH volume – 1 cm3.

Table 3. Kinetic and thermodynamic parameters of the reaction of sulfide oxidation in the presence of
catalyst based on a hydrocarbon solution of 3,3′, 5,5′-tetra-tert-butyl-stilbenequinone, [Na2S]0–0.7mol
L−1, [C30H42O2]0–0.052mol L−1.

Apparent �H# �S# Gibbs free
energy Activation Activation energy of

Rate activation, Precoefficient, enthalpy, entropy, activation,
constant, c−1 kJ. mol−1 c−1 kJ Mol−1 J mol−1 K−1 kJ Mol−1

31.07± 1.55 6.23± 0.31 244.98± 12.24 3.21± 0.16 −209.15± 10.45 79.12± 3.96

where keff is the effective reaction rate constant, is equal to:

keff = k × [O2]0 × [C30H42O2]0 (10)

where [O2]0, [C30H42O2]0 are the initial concentration of oxygen and stillbenequinone
respectively. The effective rate constant of the pseudo-first-order reaction mathematically
determined by the tangent of the slope of the linear dependence ln ([S2−]τ /[S2−]o) versus
reaction time τ .

As shown above, the reaction of catalytic oxidation of sulfide occured at the interface,
however, the reaction rate constant was determined from the change in the volume concen-
trations of reactants. The determined activation energy of the studied reaction, therefore,
refers to the apparent one. The kinetic and thermodynamic parameters of this reaction are
given in Table 3.

The apparent activation energy calculated according to the Arrhenius equation in the
outer kinetic region at various temperatures of 50–90°C, sulfide concentration – 0.70mol
L−1, stilbenequinone concentration – 0.052mol L−1, the ratio of the kerosene fraction to
the reaction solution is 1: 2, the oxygen concentration – 99.90% vol, is equal to 6.23 kJ /
mol, and the pre-exponential factor in the Arrhenius equation at 90°C is also determined
to be 244.98 s−1, the calculation equation for determining the rate of the sulfide oxidation
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Figure 7. IR spectra of the kerosene fraction before (1) and after (2) nine reaction cycles of sulfide
oxidation catalyzed by stilbenequinone.

in the presence of stilbenequinone is described as follows:

ν = 244.98 × exp(6230/RT) × [Na2S] × [O2] × [C30H42O2], (11)

where R is the universal gas constant (8.314 J mol−1 K−1), T is the reaction temperature to
Kelvin (K).

As it was shown above, the formation of reactive oxygen species (O·−
2 , HO·

2, H2O2)
during the catalyst regeneration, which can degrade the hydrocarbon chains in the
kerosene fraction. Fortunately, analysis results of the IR spectra of kerosene fraction have
confirmed the absence of changes in the molecular structure of kerosene fraction during
nine reaction cycles (Figure 7). In this case, the catalytic activity of stilbenequinone was
not completely reduced, corresponding to the number of revolutions of the catalytic cycle
equals to 121.15.

The formation of strong reactive oxygen species during the catalyst generation plays an
extremely important role in the oxidation reaction catalyzed by stilbenequinone. This not
only creates a strong oxidizing agent for sulfide oxidation but also paves the way for the
development of a new catalyst based on stilbenequinone in the future.

The Fenton reaction discovered by Henry John Horstman Fenton over 130 years ago is
still widely applied for wastewater treatment in the present time [15]. In which, oxidative
degradation of pollutants in aqueous solution by a catalytic system of Fe (II) and hydrogen
peroxide occurs. The reaction involves in situ formation of the most strongly oxidizing
agents – hydroxyl radicals (OH∗) which are able to react unselectively and instantaneously
with the surrounding chemicals, including all types of aqueous pollutants and inhibitors
[16]. The general chemical equation of the Fenton reaction (Fe/H2O2) is [17]:

Fe2+ + H2O2 → Fe3+ + OH· + OH− (X)

When excess amount ofH2O2 is added, iron (III) ion further reactswith hydrogen peroxide
to regenerate the catalyst.

Fe3+ + H2O2 → Fe2+ + HO·
2 + H+ (XI)
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Fe3+ + HO·
2 → Fe2+ + O2 + H+ (XII)

Fe3+ + O2 → Fe2+ + O·−
2 (XIII)

Fe3+ + O·−
2 → Fe2+ + O2 (XIV)

HO·
2 + HO·

2 → H2O2 + O2 (XV)

It is evidenced that the Fenton reaction produces highly reactive radicals (OH·,HO·
2,

O·−
2 ) by activating hydrogen peroxide (H2O2) through the redox cycle of dissolved

Fe(II)/Fe(III) species. Thus, instead of using conventional hydrogen peroxide, we can use
the redox cycle of stilbenequinone/ diphenylethylene as an abundant source of H2O2 for
the Fenton reaction. If this hypothesis is correct, then we would have converted all of
the oxygen into its most active form – highly reactive radicals and catalytic system based
stilbenequinone/Fe(II)/O2 is considered as a step forward for the ‘Fenton reaction’. To vali-
date the practical effectiveness of the proposed hypothesis, we have added a certain amount
of iron (II) salt to the sulfide catalytic oxidation in the presence of stilbenequinone.

Initially, we experimented with a normal concentration of sulfide, but the sulfide oxi-
dation occurred so quickly that we could not identify the remaining sulfide content in
the reaction solution. To control the reaction, a concentrated solution of sulfide is used
to investigate the activity of catalytic system based stilbenequinone/Fe(II)/O2. It is known
that iron is also a catalyst for sulfide oxidation. Consequently, to avoid misunderstanding
that the catalytic activity of stilbenequinone/Fe(II)/O2 system is caused by iron, the com-
parison of catalytic activity of iron (II) ion and stilbenequinone/Fe(II)/O2 system in the
sulfide oxidation was also carried out.

The preliminary test results to compare the activity of various catalysts in the sulfide
degradation process are presented in Table 4. It is evident that the catalytic degradation
efficiency of sulfide in the presence of stilbenequinone significantly increases by adding
iron (II) ions to the reaction solution. In comparison with the sulfide oxidation separately
catalyzed either by iron (II) ion or by stilbenenquinone, the initial rate of sulfide oxidation
in the presence of the Fe/stilbenequinone system rises to almost 10-fold. It is easy to see that
the catalytic oxidation reaction in the presence of stilbenequinone/ Fe (II) radiates a signif-
icant amount of heat energy which increases the temperature of reaction solution up to 5–7
degrees. This has revealed that the reaction was very intense. The obtained results dispel
the suspicion that the catalytic activity of Fe/stilbenequinone is merely the total catalytic
activity of iron and stilbenequinone.

Table 4. The oxidation efficiency of sulfide in the
presence of various catalysts types: T = 90°C,
[Na2S] = 1.75mol L−1; [ FeSO4] = 0.01 g L−1.

Oxidation time, min

0 30 60 90

Catalysts types Oxidation efficiency of sulfide, %

Without catalyst O2 0 2.10 4.01 5.05
Fe2+/O2 0 8.00 15.10 22.00
Stilbenequinone/ O2 0 5.50 18.20 34.13
Stilbenequinone/Fe2+/ O2 0 40.00 73.00 95.50
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Figure 8. The catalytic efficiency of sulfide oxidation as a function of the temperature (A) and the ferric
concentration (B): for (A) t= 60min, [Fe2+] = 0.01 gL−1; for (B) t= 90min, T= 90°C; [Na2S] = 1.75mol
L−1; [stilbenequinone] = 0.052mol L−1.

A preliminary investigation into the effects of some factors such as temperature and Fe
(II) ion dosage on the sulfide oxidation affirms again that the oxidation reaction catalyzed
by stilbenequinone/Fe(II)/O2 system is a Fenton-like reaction (Figure 8). Hydrogen perox-
ide at high temperature is easily thermally decomposed into water and oxygen. Therefore,
the Fenton reaction can occur slightly under this condition. Likewise, the optimal tem-
perature for sulfide oxidation catalyzed by stilbenequinone/Fe(II)/O2 is around 70°C and
continuing to increase the temperature will decrease the reaction rate. This phenomenon
is absent in the sulfide oxidation reaction catalyzed by stilbenequinone alone, in which the
reaction rate increases linearly with temperature.

The dosage of reagents (H2O2 and Fe2+) is perhaps the most important determinant
in the mechanism of the Fenton reaction. The concentration of Fe2+ has a great influence
on the kinetics of pollutant oxidation, whereas a high concentration of H2O2 also inhibits
the reaction kinetics. Increasing the dosage of Fe2+ and H2O2 increases the oxidation rate
constant due to the generation of large amounts of reactive oxygen species such as super-
oxide radicals (O·−

2 ), hydroperoxyl radical (HO2), and hydroxyl radicals (OH·). However,
an uncontrolled increase in Fe2+ dosage reduces the amount of reactive oxygen species
as described by wasting reactions (XV–XVII) below and thereby significantly decreases
the efficiency of the reaction [17–19]. A similar phenomenon is observed in the case of
stilbenequinone/Fe(II)/O2.

Fe2+ + OH· → Fe3+ + OH− (XV)

Fe2+ + HO·
2 → Fe3+ + HO−

2 + OH− (XVI)

Fe2+ + HO·
2 → Fe3+ + HO−

2 + OH− (XVII)

Unfortunately, the instantaneous formation of hydrogen peroxide during the stil-
benequinone recovery makes it difficult to evaluate the effect of H2O2 concentration on
the catalytic reaction efficiency.
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According to the results obtained, it can be seen that the combination of stilbenequinone
and Fe(II) has produced a highly active catalytic system for sulfide oxidation with oxygen.
It also lays the foundation for the development of an advanced catalytic system based on
the Fenton reaction.

Based on the theoretical background of the Fenton reaction, we have replaced iron (II)
with other transition metal ions, and even with their compounds in the reaction of sul-
fide oxidation catalyzed by stilbenequinone. It was found that iron and its compounds are
not the most optimal for the catalytic system of stilbenequinone/Fe(II)/O2. This will be
discussed in the next paper.

4. Conclusion

This study has provided a more holistic understanding of mechanism as well as kinetic
regularly of the sulfide oxidation reaction catalyzed by hydrocarbon solution of 3,3′,
5,5′-tetra-tert-butyl-stilbenequinone. It has also been shown that elemental sulfur is an
intermediate product of sulfide oxidation, which under the action of a strong alkaline envi-
ronment and intense oxidizing agents produced in the catalytic process, can be converted
to non-toxic form such as thiosulfate, sulfate. The transition of catalytic process from dif-
fusion region to the kinetic region was described by the algebraic equations, based on of
which the optimal conditions for catalytic oxidation of sulfide can be established.

The formation of strong reactive oxygen species during the catalyst generation not only
plays an extremely important role in the oxidation reaction catalyzed by stilbenequinone,
but also paves the way for the development of a new catalyst based on stilbenequinone in
the future.
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