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ABSTRACT

The catalytic oxidation of sulphides present in oil refinery wastewaters was investigated in
the present study. The wastewaters were obtained from the wastewater treatment plant of
the oil refinery in Matosinhos (Portugal), Galp Energia. Air, NaOCl and H2O2 were chosen as
oxidants and Fe3+ and Mn2+ as the two catalysts to assess the effective combination of cata-
lyst–oxidant for sulphide removal after oil separation in parallel plate interceptors. Primarily,
air (oxygen) was used as the oxidant and the efficiency of two catalysts (Fe3+ and Mn2+) for
sulphide removal was evaluated. Experimental data suggested that Fe3+ catalysed sulphide
removal in the presence of oxygen was more effective than Mn2+ catalysed reaction. In a sub-
sequent study, oxygen was replaced by NaOCl and H2O2, and the potential of various cata-
lyst–oxidant combinations, NaOCl + [Fe3+], NaOCl + [Mn2+], H2O2 + [Fe3+], H2O2 + [Mn2+],
was assessed. The NaOCl + [Fe3+] combination achieved the maximum sulphide oxidation.
Pseudo-first-order and pseudo-second-order reaction models were fitted to the kinetic
experimental data. The influence of temperature on the kinetic rate was also investigated.
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1. Introduction

Refineries are potential contributors to groundwa-
ter and surface water contamination. Wastewater in
the refineries is generally highly contaminated and
arises from various processes (such as wastewater
from desalting, water from cooling towers, storm-
water, distillation or cracking). Oil refinery wastewater
contains large quantities of emulsified oil, phenols,
mercaptans, cyanides, nitrogen and sulphur, in the
form of ammonia and hydrogen sulphide (H2S),
respectively, and other micropollutants [1–4]. The
treatment of this kind of wastewater involves a
sequence of unit operations (American Petroleum

Institute [API] separator, parallel plate interceptor
[PPI], oxidation of sulphides often coupled with
chemical coagulation and flocculation, dissolved air
flotation [DAF] and biological treatment).

Crude oil is termed as sweet or sour depending on
the low or high sulphur content present in the oil,
respectively. Due to the contact between oil and water
at various stages of the refining operation, significant
quantities of sulphur compounds enter the wastewater
stream. Most of these sulphur compounds are sulp-
hides, which are typically present in the wastewater
as sulphide ions [5]. Sulphide as H2S gas under anaer-
obic conditions is hazardous. The graveness of situa-
tion increases if the same wastewater is treated under
aerobic conditions, when part of the air supplied will
be utilized for oxidation of sulphide back to sulphate,*Corresponding author.
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which leads to reduced efficiency of the aerobic treat-
ment. The released wastewater with high sulphate
levels will be discharged into the environment, which
is undesirable [6].

Corrosion is another major problem caused by the
sulphide present in wastewaters released from refiner-
ies. Jacobs et al. [7] provided significant evidence
about the increased copper corrosion problems in the
presence of sulphide in water utilities causing rapid
copper pitting tube failures. Sulphide concentration as
low as 0.007mg/L [8] is recognised as a major cause
of copper corrosion. Dissolved free sulphides (H2S,
HS� and S2�) are also responsible for the corrosion of
steel and stainless steel, apart from copper. Sulphides
present in aqueous solution are responsible for stress
corrosion cracking of steel, which is also called
sulphide stress cracking.

H2S, which is the most important form of sulphur
exists in equilibrium with bisulphide (HS�) and
sulphide (S2�) in aqueous solution and can volatilize
as H2S gas [9]. Sulphide being the most reduced form
of sulphur, has a high oxygen demand
(2molO2 L

�1mol�1 S2�), causing the depletion of
oxygen at the point of sourwater discharge. Research-
ers have found that oxidation of H2S by oxygen pro-
gresses slowly and the process is feasible under
pressurized conditions [10]. Transition metal ions and
their complexes also enhance sulphur oxidation by
oxygen [11].

Oxidation of H2S is also a function of temperature,
pH and ionic strength. The rate of H2S oxidation is
found to increase with increasing temperature and pH
up to 8. Above pH8, the rate is found to be indepen-
dent of pH [12]. The rates of oxidation are even much
higher in seawater than in air-saturated water. Biolog-
ical processes are responsible for the oxidation of H2S
to SO4

2� or elemental sulphur in ventilated water
wells [13]. Chemical reaction of sulphides with dis-
solved oxygen yields a number of products including
hyposulphite (S2O3

2�), sulphate (SO4
2�), sulphite

(SO3
2�) or sulphur as given in Eqs. (1)–(4) [14], but

the process is slow and complex [15,16].

HS� þ 1

2
O2 ! S0 þOH� ð1Þ

HS� þO2 ! 1

2
S2O

2�
3 þ 1

2
H2O ð2Þ

HS� þ 3

2
O2 ! SO2�

3 þHþ ð3Þ

HS� þ 2O2 ! SO2�
4 þHþ ð4Þ

The conventional and current technologies
employed for sulphide removal mainly include the
physicochemical processes involving the addition of
various chemicals as oxidants [17], direct air stripping
and chemical precipitation. Iron salts such as ferric
chloride and ferrous sulphate have also been exten-
sively used for sulphide precipitation in refinery
wastewaters. Fe(II) removes the sulphide by precipi-
tating it as ferrous sulphide (FeS). Fe(III) oxidizes
sulphide to elemental sulphur while being reduced to
Fe(II), which can subsequently produce FeS [18].
Although, complete removal of dissolved sulphide is
difficult and an excess addition of iron salts is
required to obtain adequate control [18]. Recently, an
electrochemical approach has also been proposed for
wastewater sulphide removal, in which sulphide can
be directly oxidized at anode [19–21]. Biological oxida-
tion of sulphide by means of nitrate reducing-sulphide
oxidizing bacteria (NR-SOB) [22] has also shown
promising results. But most of these techniques are
not considered economical and have their own limita-
tions like sludge generation [23]. The oxidation of
sulphide to sulfur is preferable since this requires the
least amount of electrons and thus less energy input is
needed [19]. Several researchers have also performed
the catalytic oxidation of sulphide using sulphur black
dye [24], carbon black, FeCl3 [25,26] and hydrogen
peroxide [27] as catalysts.

In the present study, the removal of sulphide by
catalytic oxidation was investigated. Fe(III) and Mn(II)
were selected as catalysts and oxygen, NaOCl and
H2O2 were used as oxidants. The reaction temperature
was investigated to determine its effect on the reaction
rate over the range of 293–313K. The effect of contact
time and concentration of catalysts were the two
parameters studied to evaluate the performance of the
overall process. The real wastewater samples were
used in the study to determine the feasibility of using
catalytic oxidation in treating the sulphide-containing
wastewater from wastewater treatment plant (WWTP)
of the refinery.

2. Materials and methods

2.1. WWTP samples

The wastewater was collected from the WWTP of
the oil refinery in Matosinhos (Portugal), Galp Energia.
The wastewater samples were taken from the effluents
of PPI and sulphide oxidation/coagulation (OC) unit
of WWTP. Detailed analyses of both samples were
performed. The characteristics of the wastewater
obtained upstream (effluent of PPI) and downstream
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from the OC unit are shown in Table 1. The wastewa-
ter from the PPIs showed high concentrations of
sulphide, oil and grease, Total Petroleum Hydrocar-
bons (TPH) and organic matter (expressed as chemical
oxygen demand [COD] and biochemical oxygen
demand [BOD5]). Total and volatile suspended solids
are also significant, but pH is practically neutral. The
wastewater samples used for the evaluation of the sul-
phide oxidation were collected after the PPI, at three
different days.

2.2. Analytical methods

Total suspended solids (TSS), volatile suspended
solids (VSS), COD, BOD5, chloride and total nitrogen
were measured according to Standard Methods (SM)
for the Examination of Water and Wastewater [28].
Electrical conductivity and pH were measured using a
pH/conductivity meter HANNA HI 4522. Oil and
grease were analysed by the partition-gravimetric
method (SM, method 5520-D) using an analytical bal-
ance (Denver Instrument Company, AA-200). TPH
were analysed by the Soxhlet extraction method (SM,
method 5520-F) using a spectrophotometer (UNICAM
Helios a spectrophotometer). The detection limit for
oil and grease was 0.5mg L�1 and for TPH it was
0.1mg L�1. Phenols in the samples were measured
and analysed by chloroform extraction and direct pho-
tometric methods [29]. Sulphide analysis was per-
formed by the iodometric method (SM, method 4500-
S2� F) [28]. The detection limits for TSS, VSS, COD,
BOD5 and sulphide were 0.5mgL�1, 0.5mgL�1,
10mgO2L

�1, 1mgO2L
�1 and 0.1mgL�1, respectively.

All reagents used in the study were of analytical
grade.

2.3. Experimental procedure

Oxygen from the air served as an oxidant and Fe3+

and Mn2+ acted as model catalysts for the catalytic
oxidation of sulphide. The catalysts were added into
four flasks containing 500mL of wastewater samples.
The sulphate salts of Fe3+ and Mn2+ were used to pre-
pare the solutions having Fe3+ concentration ranging
from 0.08 to 0.78mgL�1 and Mn2+ concentration rang-
ing from 0.04 to 0.54mgL�1. The prepared solutions
were then aerated for 30min using air diffusers. The
tests were carried out at room temperature (± 20˚C)
and at pH 6.8. The concentration of sulphide in the
samples was measured before and after the oxidation
process. The sulphide concentration in the samples
was 156mgL�1 prior to the oxidation process.

The suitability of NaOCl and H2O2 as oxidants
was also investigated using Fe3+ and Mn2+ as catalysts
and the following combinations were checked for
their performance: NaOCl + [Fe3+], NaOCl + [Mn2+],
H2O2 + [Fe3+], H2O2 + [Mn2+]. The concentrations of
Fe3+, Mn2+, NaOCl and H2O2 were 1.2, 1.0, 0.4–1.6
and 0.26–1.5mgL�1, respectively. The wastewater
samples collected from WWTP contained high concen-
trations of suspended particles and therefore were
vacuum filtered prior to the sulphide removal tests
with the above oxidant–catalyst combination. The tests
were conducted at 20˚C and the pH was between 6.4
and 6.9 and the initial sulphide concentration was
148mgL�1.

2.4. Kinetics of sulphide removal

The kinetics of sulphide removal using Fe3+ as a
catalyst in the presence of oxygen from the air was

Table 1
Physicochemical characteristics of the refinery wastewater upstream and downstream from sulphide oxidation unit

Parameters PPIs OC

pH 6.6 6.7

TSS (mgL�1) 1,446 1,130

VSS (mgL�1) 1,279 869

TPH (mgL�1) 909 631

Oil and grease (mgL�1) 1,479 789

COD (mgL�1) 1,095 595

BOD5 (mgL�1) 532 295

Sulphides (mgL�1) 183 40

Total nitrogen (mgL�1) 125 93

Phenols (mgL�1) 1.2 1.0

Chlorides (mgL�1) 460 340

Electrical conductivity (mS cm�1) 1857 1,635

PPIs-Treated wastewater from PPIs unit; OC-Treated wastewater from coagulation and oxidation unit.
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also studied. Experiments were performed by continu-
ously bubbling air through the liquid phase. After
regular time intervals up to 30min, a fixed sample
volume was collected for the determination of the
reduction in sulphide concentration over time. The
initial concentration of sulphide in the samples was
found to be 161mgL�1.

2.5. Effect of temperature on sulphide removal

The experiments were also conducted at different
temperatures, viz., 293, 298, 303 and 313K, to examine
the influence of temperature on the performance of
the catalytic oxidation process.

2.6. Parameters estimation

The experimental data obtained from kinetic stud-
ies were fitted to mathematical models by a non-linear
regression method (FigSys for Windows from
BIOSOFT). Model parameters were obtained by mini-
mizing the sum of the squared deviations between
experimental and predicted values. Model goodness
was evaluated through the calculation of relative stan-
dard deviations (RSD), sum of square residuals (SR2 )
and regression coefficient (R2).

3. Results and discussion

3.1. Effect of catalyst type

Experiments were conducted to evaluate and com-
pare the performance of Fe3+ and Mn2+ as catalysts
for sulphide removal in the presence of oxygen from
air. The catalytic oxidation was performed using Fe3+

and Mn2+ salts under identical experimental condi-
tions. The characteristics of the wastewater sample
were: pH=6.8; T= 20˚C and [S2�] = 156mgL�1. The
results (Fig. 1) suggest that the concentration of
1.5mgL�1 Mn2+ is sufficient to achieve a 64% sul-
phide removal in the presence of oxygen, at room
temperature. While, only 1.2mgL�1 Fe3+ was neces-
sary to achieve sulphide removal with an efficiency of
83%. A minimum concentration of 0.3mgL�1 Fe3+

removed 40% of sulphide. However, the maximum
removal efficiency of 90% was achieved using an Fe3+

concentration of 2.4mgL�1.
The better performance of Fe(III) as a catalyst for

sulphide removal has been proven previously by
other researchers [30]. Tomar and Abdullah [10]
reported that the optimum iron dosage for complete
sulphide removal was 20% lower for the ferric solu-
tion than the ferrous solution. The presence of O2 or
any weak oxidizing agent is also found to assist the
formation of FeS2 [31].

The net autooxidation stoichiometry of sulphide in
the presence of iron (haematite) has been previously
explained by Herszage and Afonso [32] as provided
in Eqs. (5)–(8):

4Fe2O3 þH2Sþ 14Hþ ! 8Feþ2
aq þ SO¼

4 þ 8H2O ð5Þ

4Fe2O3 þ 2H2Sþ 14Hþ ! 8Feþ2
aq þ S2O

¼
3 þ 9H2O ð6Þ

H2Sþ 2O2 ! SO¼
4 þ 2Hþ ð7Þ

2H2Sþ 2O2 ! S2O
¼
3 þH2Oþ 2Hþ ð8Þ

In the present investigation, wastewater samples,
effluent from the sulphide oxidation and coagulation
unit (catalyst dose: 4.5mgL�1 of iron sulphate; oxi-
dant: air; coagulant dose: 20mg Al2O3 L

�1 of PAX-18
(17% Al2O3); neutral pH; residence time= 4min),
were obtained during five monitoring surveys at the
WWTP in different seasons of the year. The sul-
phide removal efficiency of the process varied from
74.1 to 80.4% in the presence of 4.5mgL�1 Fe2(SO4)3
and dissolved air. The lower efficiency observed in
real conditions might be attributed to the variation
in oxygen concentration and temperature of the
wastewaters.

3.2. Effect of oxidant type

The corrosion caused by sulphide can be con-
trolled by oxidizing sulphide with various oxidants
such as hydrogen peroxide, hypochlorites, chlorine

Fig. 1. Sulphide removal efficiency by catalytic oxidation
with oxygen from air and Fe3+ and Mn2+ as catalysts
([S2�]initial = 156mgL�1; pH=6.8; T= 293K).
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and potassium permanganate other than oxygen
[10,33]. In the present study, the performance of the
two other oxidants, namely NaOCl and H2O2, was
examined and four combinations were evaluated:
NaOCl+ [Fe3+], NaOCl+ [Mn2+], H2O2 + [Fe3+],
H2O2 + [Mn2+]. The characteristics of the wastewater
sample were: pH=6.6; T= 20˚C; [S2�] = 148mgL�1.
The removal of sulphide was significantly altered
when replacing the air by these oxidants. The results
in Fig. 2 exhibit that NaOCl+ [Fe3+] is a potential cata-
lyst–oxidant combination for sulphide removal and a
concentration of 1.6mgL�1 NaOCl gives the maxi-
mum sulphide removal efficiency (ca. 93%). Cadena
and Peters [34] also observed that chlorine com-
pounds are relatively more efficient than H2O2 and O2

for the oxidation of sulphide. As can be seen in
Table 1, the sulphide concentration in the effluent of
oxidation (OC) unit indicates that ca. 78% sulphide
removal is achieved in WWTP, Galp Energia. Thus, the
results of the present study suggest that the combina-
tion of NaOCl + [Fe3+] can be considered as an effec-
tive catalyst–oxidant combination for sulphide
removal from the oil refinery wastewaters.

3.3. Oxidation kinetics of sulphide removal

Sulphide oxidation can result in various end prod-
ucts, namely viz. S0, S2O3

2�, SO3
2�, SO4

2� [14]. As the
oxidation of sulphide using air or oxygen over NaOCl
and H2O2 offers an alternative as well as an inexpen-
sive means of treating wastewaters, the sulphide

kinetics was conducted using O2 from air and Fe3+ as
a catalyst at 293K. The progress of the reaction was
noted by measuring the reduction in the sulphide con-
centration with time. The characteristics of the waste-
water sample were: pH=6.8; T= 20˚C; [S2�] =
161mgL�1. It was observed that sulphide concentra-
tion was reduced to nearly half in 10min and it took
30min to minimize the sulphide concentration to
0.00065M (21mgL�1) from 0.005M (160mgL�1)
(Fig. 3). Ahmad et al. [35] also studied the oxidation
kinetics of sulphide in the presence of H2O2 and ferric
oxide catalyst and achieved complete removal of sul-
phide in 55min when the initial sulphide concentra-
tion was 0.0128M (410mgL�1).

Kinetic experiments were also conducted at 298,
303, 308 and 313K to study the behaviour of sulphide
oxidation on increasing the temperature. It was
observed that with the increase in temperature, sul-
phide removal efficiency increased slightly. Similar
results were obtained by Ahmad et al. [35].

3.3.1. Kinetic models

Two well-known kinetic models, viz., pseudo-first-
order and pseudo-second-order models were fitted to
the experimental data obtained from the kinetic stud-
ies. Pseudo-first-order and second-order kinetic mod-
els can be given as Eqs. (9) and (10):

Ct ¼ C0 � e�k1t ð9Þ

Fig. 2. Sulphide removal efficiency by catalytic oxidation
with NaOCl and H2O2 ([Fe3+] = 1.2mgL�1, [Mn2+]
= 1.0mgL�1; [S2�]initial = 148mgL�1; pH=6.6; T= 293K).

0.0
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Time (min)
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Pseudo-first-order model

Pseudo-second-order model

Fig. 3. Kinetics of sulphide concentration with contact
time: data points and kinetic models (air + [Fe3+] = 1.2mg
L�1; [S2�]initial = 161mgL�1; pH=6.6; T= 293K).
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Ct ¼ C0

1þ k2C0t
ð10Þ

where C0 is the initial sulphide concentration and Ct

is the concentration of sulphide (mol L�1) at time t, k1
and k2 are the pseudo-first- and pseudo-second-order
rate constants in s�1 and Lmol�1 s�1. The values of
rate constants in case of the two models at various
temperatures are provided in Table 2. Model good-
ness was evaluated through the calculation of RSD
and R2. The performances of two models were com-
pared by using the F-test [36,37]. Fcal is defined as

Fcal ¼ S2
RðAÞ
S2
RðBÞ

ð11Þ

where S2R (A) and S2R (B) are, respectively, the model
variances of models A and B. Fa and a are, respec-
tively, the critical value tabulated and the level of
confidence. In general, the residual variance of the
model expected to produce the better fitting is placed
in the denominator (model B). If Fcal > F, the model
corresponding to the denominator is statistically bet-
ter than the other, according to the chosen level of
significance (a= 0.05). Results for a 95% confidence
level show that the difference is not statistically sig-
nificant.

One of the first studies on the mechanism of cata-
lytic oxidation of H2S was conducted on activated car-
bon and the overall reaction rate of oxidation of H2S
was found to be first order in H2S, which is in accor-
dance with our modeling results [38]. In our case, the
pseudo-first-order model seems to fit better, to experi-
mental data as seen in Fig. 3, although the difference
between the two models was not statistically signifi-
cant. Also, under the conditions of continuous air sup-
ply into the liquid phase, the oxygen coverage of the
catalyst surface was assumed to be constant during
the oxidation process. Under these conditions, the
reaction rate becomes independent of the oxygen
concentration [39].

3.3.2. Activation energy

The influence of the temperature on the kinetic
rate can be expressed mathematically by the Arrhe-
nius equation:

ln k ¼ ln k0 � Ea

R

1

T
ð12Þ

where R is the universal gas constant
(8.314 Jmol�1K�1), T is the temperature (K), Ea is the
activation energy (Jmol�1), k0 is a temperature-inde-
pendent factor and k is the kinetic constant (s�1, from
the pseudo-first kinetic model). An Arrhenius plot
using the k values is shown in Fig. 4. The activation
energy for the sulphide catalytic oxidation can be
obtained from the slope of the linear plot of ln k against
1/T. The values of k0 and Ea were reported to be 0.031
± 0.002 s�1 and 7,788± 84 Jmol�1, respectively. The
value of Ea obtained in the present study is in close
agreement with those obtained by other researchers
[38–40]. The difference in some values could be due to
the types and nature of catalysts in various studies [41].

Table 2
Estimated pseudo-first-order and second-order kinetic model parameters (value ± relative standard deviation)

T (K) Pseudo-first-order model Pseudo-second-order model Test F

k1� 103 (s�1) R2 S2R�108 (mol L�1)2 k2 (Lmol�1 s�1) R2 S2R�108 (mol L�1)2 Fcal F1�a

293 1.27 ± 0.07 0.994 2.53 0.45 ± 0.05 0.987 5.16 2.0

6.4

298 1.34 ± 0.07 0.994 2.71 0.47 ± 0.05 0.988 5.06 1.9

303 1.41 ± 0.09 0.993 3.25 0.51 ± 0.05 0.988 4.89 1.5

308 1.5 ± 0.1 0.991 4.30 0.54 ± 0.06 0.989 4.51 1.1

313 1.6 ± 0.1 0.989 5.05 0.58 ± 0.06 0.990 54.27 1.2

ln (k) = -936.7/T -3.47
R² = 0.9997

-6.70

-6.65

-6.60

-6.55

-6.50

-6.45

-6.40

0.00315 0.00322 0.00329 0.00336 0.00343 0.00350

ln
 (

k)

1/T (K-1)

Data Points

Arrehnius law

Fig. 4. Temperature dependency of the catalytic oxidation
of sulphide according to the Arrhenius equation (air +
[Fe3+] = 1.2mgL�1; [S2�]initial = 161mgL�1; pH=6.6);
T= 293, 298, 303, 313K).
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4. Conclusions

In the present study, abatement of sulphide from
the refinery wastewater was studied by the catalytic
oxidation process. The results exhibited that Fe3+ acts
as an effective catalyst in the presence of oxygen. The
maximum removal efficiency of 90% was achieved
using an Fe3+ concentration of 2.4mgL�1 in the pres-
ence of oxygen. The kinetics of the process was com-
pleted in ca. 30min. It was observed that with the
increase in temperature from 298 to 313K, the sulphide
removal efficiency increased slightly. Pseudo-first-
order model fitted well to the experimental data. NaO-
Cl + [Fe3+] combination was found to be the most effec-
tive for sulphide removal and a concentration of
1.6mgL�1 NaOCl yielded the maximum sulphide
removal efficiency (ca. 93%). The achieved sulphide
removal obtained in this study was found relatively
higher than the efficiency obtained in the oxidation
tanks in the WWTP, Galp Energia. Thus, the results of
the present study suggest that Fe3+ + oxygen or NaOCl
+ [Fe3+] can be economically and effectively used for
the treatment of sulphide containing wastewater.
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