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Abstract Sulfide, found in some wastewaters and in-
dustrial off-gases, is a toxic and highly corrosive pollut-
ant, especially in wastewater applications. Sulfide re-
moval was studied in a new sulfide-oxidizing reactor
(External Silicone Membrane Reactor—ESMR) that
employs a tubular silicone rubber membrane for mi-
cro-aeration. The chemical and biological sulfide oxida-
tion at pH 8.0, 9.0, and 10.0 were investigated. The
applied velocity (Vs) in the membrane was also investi-
gated as a system control parameter. The local overall
mass transfer coefficient (R) was estimated for the tubu-
lar silicone rubber membrane and had an average value
of 0.153 m.h−1. Oxygen mass transfer was found to not
be influenced by the applied velocity. The sulfide oxi-
dation to sulfate could be partially avoided and the biotic
tests showed larger sulfur aggregates deposited in the
silicone membrane, which could easily be washed away
upon flushing. By contrast, colloidal sulfur formation
observed in the chemical oxidation assays was harder to
separate from the liquid phase. This study reveals that
the ESMR is a suitable reactor design to promote partial
sulfide oxidation because it provides an adequate oxy-
gen supply with minimized aeration costs.
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1 Introduction

Hydrogen sulfide is a pollutant present in some waste-
waters, anaerobic bioreactor discharges, and industrial
off-gases. Because of its characteristics, such as strong
odor, corrosive effects, and health hazards, the conver-
sion of hydrogen sulfide in wastewater treatment plants
is necessary. Several non-biological alternatives have
been developed for sulfide removal from the liquid
phase, including chemical oxidation processes, which
involve the use of air, ozone, hydrogen peroxide, strip-
ping, and metal precipitation (Lens et al. 1998). The use
of these oxidizing agents results in chemical waste gen-
eration, high costs, and unwanted sulfate production. An
alternative treatment process involves the formation of
elemental sulfur, an insoluble intermediate that can be
separated from the liquid phase and reused (Janssen
et al. 1999; Lohwacharin and Annachhatre 2010;
Krishnakumar et al. 2005; Pokasoowan et al. 2009; Xu
et al. 2012). Elemental sulfur is obtained by the partial
biological or chemical oxidation of sulfide.

Chemical oxidation involves a series of complex
reactions and the formation of intermediates such as
polysulfide, sulfur, thiosulfate, sulfite, and sulfate. The
reactions can be catalyzed by metal ions, and the reac-
tion products depend on conditions such as pH and
sulfide/oxygen ratio (Kleinjan et al. 2005). By contrast,
biological sulfide oxidation can proceed under aerobic,
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anoxic, and even anaerobic conditions (Jensen and
Webb 1995) and can be performed by microorganisms
such as Thiobacillus (Alcantara et al. 2004; Buisman
et al. 1990; Buisman et al. 1991; Janssen et al. 1999).
The main products of biological conversion are elemen-
tal sulfur and sulfate, as shown in Eqs. 1 and 2 (Kuenen
1975).

2HS− þ O2 → 2S0 þ 2OH−

ΔGo ¼ −169:35 kJ :mol−1

ð1Þ

2HS− þ 4O2 → 2S02−4 þ 2Hþ

ΔGo ¼ −732:58 kJ :mol−1

ð2Þ

Partial sulfide oxidation to S0 only occurs under
oxygen-limiting conditions or under high-sulfide load-
ing rates. Janssen et al. (1995) have demonstrated that at
oxygen concentrations below 0.1 mg.L−1 or at an
oxygen/sulfide molar ratio between 0.6 and 1.0, sulfur
is the major end-product of sulfide oxidation. Micro-
aerobic conditions were studied by Jenicek et al. (2010)
in an anaerobic digester that reduced H2S levels in the
biogas. Other investigators studied the dissolved oxygen
(DO) levels, where a DO level of 0.8 mg.L−1 demon-
strated denitrifying sulfide (Chen et al. 2010) and levels
between 0.2 and 1.0 mg.L−1 promoted conversion of
90 % of the sulfide to elemental sulfur (Lohwacharin
and Annachhatre 2010). Yu et al. (2014) also studied the
impacts of micro-aerobic conditions on the microbial
functional structure of sulfate-reducing sulfur-producing
bioreactors and revealed that sulfur-oxidizing bacteria
(SOB) can be greatly stimulated by DO levels of
0.09 mg.L−1; however, under relatively high DO levels
(0.33 mg.L−1), sulfate-reducing bacteria (SRB) and
SOB were strongly inhibited, whereas heterotrophic
microorganisms (especially fermentative microorgan-
isms) were enriched, leading to granular disintegration.

Because the air supply and the reactor configuration
are important criteria for the optimization of sulfur for-
mation, several sulfide-oxidizing reactor configurations
have been studied, including stirred tank reactors
(Buisman et al. 1989; Janssen et al. 1995), expanded
granular sludge bed reactors (Janssen et al. 1997; Xu
et al. 2012), gas-fed batch reactors (Jensen and Webb
1995), air lift reactors (Lohwacharin and Annachhatre
2010; Moghanloo et al. 2010; Pokasoowan et al. 2009),
reverse fluidized loop reactors (Krishnakumar et al.

2005), and floated bed micro-aerobic reactors (Chuang
et al. 2005). Directly limiting the oxygen supply to
anaerobic sludge digesters has also been studied (Díaz
et al. 2011). In most reactor configurations, the oxygen
supply is controlled by direct air injection or by spatially
separated liquid aeration. However, direct injection gen-
erally results in turbulence, which disrupts the aggre-
gates. Thus, strict injection control is required.

By contrast, synthetic membranes have long been
used to promote bubbleless aeration in wastewater treat-
ment systems (Suzuki et al. 1994; Wilderer et al. 1985)
and have also been studied for the removal of xylene
(Debus et al. 1992; Debus et al. 1994), chlorophenols
(Wobus et al. 1995), acetate (Casey et al. 1999), organic
carbon, and inorganic nitrogen (Yamagiwa et al. 1998).
In membrane aeration systems, oxygen transfer is con-
trolled by the partial pressure of oxygen, the flow char-
acteristics of the gas side, membrane thickness, and
biofilm formation on the membrane (Brindle and
Stephenson 1996).

Conversely, there is a lack of information about the
use of silicone membranes for sulfide removal, which
constitutes an opportunity to attain micro-aeration con-
ditions for sulfide oxidation to elemental sulfur. For
these reasons, we have chosen to explore a tubular
silicone rubber membrane to control the air supply.
This paper explores the micro-aeration properties of
the External Silicone Membrane Reactor (ESMR) and
its application for chemical and biological partial sulfide
oxidation to elemental sulfur in lab-made wastewater
and also in anaerobic reactor effluent. The influence of
pH and applied velocity in the membrane was investi-
gated. In addition, the local overall gas–liquid mass
transfer coefficient was determined.

2 Materials and Methods

2.1 Experimental Apparatus

The ESMR consisted of a stirred tank and a tubular
silicone rubber membrane to promote micro-aeration
and partial sulfide oxidation (Fig. 1a). The reactor was
operated in a discontinuous mode (batch reactor) in
which lab-made wastewater containing dissolved sul-
fide was circulated through the silicone tube by a posi-
tive displacement pump. The commercial silicone tube
(Perfimed, São Paulo—Brazil) had an internal diameter
of 8.0 mm, wall thickness of 2.4 mm and length of
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200 mm, corresponding to a superficial area of
0.804 dm2. The tank, with a working volume of 1.8 L,
was completely filled with liquid to minimize the vola-
tilization of the sulfur compounds. The reactive medium
was kept agitated at 90 rpm by a magnetic stirrer. The
system control variable was the applied velocity, Vs, in
the membrane, which was calculated as the ratio of the
recirculation flow rate (Q) to the membrane cross-
sectional area (Asec) (Eq. 3). The temperature was main-
tained at 25±1 °C.

Vs ¼ Q

Asec
ð3Þ

2.2 Experimental Protocol

Sulfide oxidation in the ESMR was studied in batch
experiments for three different pH values of 8.0, 9.0
and 10.0, and Vs values of 23.7 95.5 and 167.1 m.h−1.
Abiotic batch tests (denoted by A) were conducted with
lab-made wastewater to assess chemical oxidation, and
biotic batch runs were performed with lab-made waste-
water (denoted by B1) as well as with effluent from an
anaerobic reactor (denoted by B2) treating sulfate-rich
wastewater simulating domestic sewage as described by
Camiloti et al. (2013).

The lab-made wastewater used in the batch assays
was composed of a solution of sodium sulfide
(50 mg.L−1), a phosphate buffer system (Na2HPO4 and
NaH2PO4) for pH values of 8.0 and 9.0, a borate-boric
acid buffer system for pH values of 10.0 and a nutri-
tional solution for autotrophic conditions (Robertson
and Kuenen 2006). The lab-made wastewater was
flushed with N2 to remove dissolved oxygen.

In the biological tests, activated sludge from a
recycled paper mill wastewater treatment plant (São
Carlos S/A—Indústria de Papel e Embalagens) was
used. To enrich the inoculums in sulfide-oxidizing bac-
teria and to adapt the sludge for each pH condition (8.0,
9.0, and 10.0), the activated sludge was acclimated by
gradually feeding in the corresponding lab-made waste-
water. After 4 weeks of cultivation, 180 mL of sludge
was added to the ESMR bioreactor, corresponding to a
volatile suspended solids (VSS) content of approximate-
ly 1500 mg VSS.L−1.

2.3 Analytical Methods

Sulfide was detected colorimetrically in accordance
with American Public Health Association—APHA
(2005). Elemental sulfur was detected by the method
developed by Bartlett and Skoog (1954). The ion sulfate

Fig. 1 a Schematic diagram of
the ESMR. The reactive medium
(1.8 L) inside the tank (1) was
recirculated through the silicon
membrane (8.0 × 12.8 × 200 mm)
(2) by a positive displacement
pump (3). The medium was
magnetically stirred at 90 rpm (4).
b The resistive structures in
silicon membrane based on the
resistance in series model are also
showed: (a) gas phase boundary
layer, (b) silicon membrane wall,
(c) liquid phase boundary layer. c
Schematic of oxygen
concentration profiles through
membrane silicon wall
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was quantified by an ion chromatograph (Thermo Fisher
Scientific, ICS 5000) using an IonPac AS23 analytical
column with a carbonate/bicarbonate eluent (4.5 mM
Na2CO3/×0.8 mM NaHCO3 at 1 mL.min−1). The dis-
solved oxygen concentration was measured by a Hach
HQ40D® portable meter equipped with a luminescent
dissolved oxygen sensor (LDO101).

2.4 Calculations

The conversion of sulfide to elemental sulfur was cal-
culated according to the total dissolved sulfide conver-
sion (Eq. 4) and the sulfate formation (Eq. 5). The
elemental sulfur formation was calculated by Eq. 6
based on Buisman et al. (1989).

S − TDSCONV ¼ S −TDSt ¼ 0ð Þ − S − TDStð Þ
ð4Þ

S − SO2−
4 CONV ¼ S −SO2−

4 t

� �
− S − SO2−

4 t ¼ 0

� �

ð5Þ

Gap − S ¼ S −TDSCONVð Þ − S − SO2−
4 CONV

� �

ð6Þ
S-TDS is the total dissolved sulfide (mg.L−1), SCONV

is the S converted, St=0 is the initial concentration and St
is the final concentration. S-SO4

2−
CONV is sulfide or

other intermediate converted into sulfate (mg.L−1) and
Gap-S is the fraction of the initial sulfide concentration
that could not be retrieved as sulfide or sulfate (mg.L−1).

2.5 Determination of Membrane Overall Oxygen
Transfer Resistance

To describe the oxygen mass flow through the silicone
membrane, a resistance in series model was used as
described by Coté et al. (1989). The model assumes that
the mass transfer resistance is due to the membrane itself
as well as to the boundary layers formed in the gas and
in the liquid phases at the membrane interface (Fig. 1b).
The contribution of each one of the three individual
resistance structures can be summed into a local overall
mass transfer coefficient (R) as expressed by Eq. 7,

1

R
¼ 1

KM
þ 1

KG
þ 1

KL
ð7Þ

in which KM is the membrane mass transfer coefficient
(m.h−1), KG is the gas film mass transfer coefficient
(m.h−1), and KL is the liquid film mass transfer coeffi-
cient (m.h−1).

As reported previously by Coté et al. (1989), the gas
film resistance (1/KG) has a minor influence compared
with the membrane and the liquid film resistances and is
thus usually disregarded. The membrane resistance
(1/KM) is a function of its thickness and permeability,
and can be expressed according to Eq. 8,

1

KM
¼ τe

P ⋅ H 0 ð8Þ

in which τe is the membrane equivalent thickness for
hollow tubular membranes (m), P is the membrane
oxygen permeability (mol.Pa−1.m−1.s−1), and H is
Henry’s law constant (Pa.m3.mol−1).

The membrane equivalent thickness for hollow tub-
ing can be calculated according to Eq. 9,

τ e ¼ rout ⋅ ln
rout
rin

� �
; ð9Þ

in which rout is the membrane outer radius (m) and rin is
the membrane inner radius (m).

Therefore, the individual contributions of the mem-
brane resistance and the liquid film resistance to the
overall oxygen transfer resistance can then be expressed
by Eq. 10.

1

R
¼ τ e

P ⋅ H
þ 1

KL
ð10Þ

The oxygen mass flux through the membrane can be
expressed by a resistance vs. driving force type relation,
which is expressed by Eq. 11 (Casey et al. 1999; Côté
et al. 1989),

J ¼ R ⋅
P

H
− CL

� �
; ð11Þ

in which J is the oxygen mass flux (kg.m−2.h−1), R is the
local overall mass transfer coefficient (m.h−1), p is the
oxygen partial pressure in air (N.m−2), H is Henry’s law
constant (N.m.kg−1), andCL is the oxygen concentration
in the bulk liquid (kg.m−3).

Considering the ESMR as a completely stirred tank
and assuming that oxygen transfer through the silicone
membrane occurs only radially, Eq. 11 can be
rearranged to:
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1

A
⋅
dm

dt
¼ R ⋅

p

H
− CL

� �
ð12Þ

1

A
⋅
d V :CLð Þ

dt
¼ R ⋅

p

H
− CL

� �
ð13Þ

dCL

dt
¼ R ⋅

A

V
⋅

p

H
−CL

� �
ð14Þ

A is the total surface area available for oxygen trans-
fer (m2), and V is the reactor working volume (m3).

Equation 14 can be integrated to obtain

ln

p

H
− CL tð Þ

p

H
− CL 0ð Þ

0
B@

1
CA ¼ − R ⋅

A

V
⋅ t: ð15Þ

The local overall mass transfer coefficient (R) can
then be assessed by temporal profiles of dissolved oxy-
gen concentration using Eq. 15. The profiles were ob-
tained by the dynamic gassing-in method (Atkison and
Mavituna 1983). The assays were conducted in triplicate
for Vs of 23.7 95.5 and 167.1 m.h−1.

The experimental data resulting from the R determi-
nations with different Vs were subjected to the one-way
ANOVA statistical technique to verify the influence of
the operational parameter on mass transfer.

3 Results and Discussion

3.1 Local Overall Mass Transfer Coefficient (R)

The local overall mass transfer coefficient (R) was
assessed to evaluate the silicone membrane’s ability to
promote micro-aeration. Table 1 summarizes the R
values obtained for each Vs. low R values obtained for
the oxygen transport through the membrane indicate
that micro-aeration was achieved.

The coefficient was studied for each Vs to verify
variations in the mass transfer. It is expected that the
hydraulic conditions inside the silicone membrane
would influence the liquid film. The increase in agita-
tion would reduce boundary layer resistance, increasing
the oxygen mass transfer.

Although the R values tended to increase with the
increase of Vs (Fig. 2), this trend was not found to be
statistically significant when the data were subjected to a

statistical analysis. This analysis permitted the conclu-
sion that the levels of applied velocity tested did not
cause significant differences in the R value for the
significance level of 5 %. Therefore, the mass transfer
process was not significantly influenced in the range of
Vs values tested.

This result can be explained by assessing the mem-
brane resistance contribution to the overall mass transfer
resistance. As documented in the literature, untreated
polydimethylsiloxane silicone membranes, such as
those used in the present work, have oxygen permeabil-
ities ranging from 2.0110−13 mol.Pa−1.m−1.s−1 (Côté
et al. 1989) to 2.08×10−13 mol.Pa−1.m−1.s−1 (Houston
et al. 2002), and levels can reach up to 3.12×10−13

mol.Pa−1.m−1.s−1 (Stern et al. 1987). For Henry’s law
constant for oxygen of 77.9×103 Pa.m3.mol−1 at 25 °C
and a calculated equivalent thickness of 0.003 m (Eq. 6),

Table 1 Local overall oxygen transfer coefficient (R) relative to
applied velocity (Vs)

Vs R Average

(m.h−1) (m.s−1) (m.s−1)

23.7 1.432 × 10−5 1.446 × 10−5

1.532 × 10−5

1.372 × 10−5

95.5 1.402 × 10−5 1.422 × 10−5

1.492 × 10−5

1.372 × 10−5

167.1 1.542 × 10−5 1.717 × 10−5

1.860 × 10−5

1.751 × 10−5

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

R 
(m

/h
)

Vs - 23.7 m/h Vs - 95.5 m/h Vs - 167.1 m/h

Fig. 2 Local overall oxygen transfer coefficient (R) values deter-
mined in the ESMR for different applied velocities (Vs). The error
bars indicate 95 % confidence intervals of three replicates
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the membrane resistance (1/KM) is estimated to range
between 1.23×105 s.m−1 and 1.92×105 s.m−1 according
to Eq. 5. These obtained values are of the same order of
magnitude as the experimentally assayed overall mass
transfer resistance (1/R), which ranges from 0.93×
105 s.m−1 to 1.12 × 105 s.m−1. Consequently, these
values indicate that the membrane resistance was re-
sponsible for almost all the overall oxygen transfer
resistance.

Tang (1975) investigated oxygen transfer through
silicone tubing and reported that for laminar regimes
and silicone thicknesses of up to 371 μm, the mass
transfer resistance of the liquid film accounted for up
to 74 % of the total resistance. However, in the present
study, although the Reynolds number was well into the
laminar region (Re<460 for all experiments), the mem-
brane thickness employed was over six times higher.
Therefore, in this case, a higher contribution of mem-
brane resistance to the overall oxygen transfer resistance
is expected.

Membrane resistance dominance in overall mass
transfer in silicone membranes has also been reported
for other permeates. Raghunath and Hwang (1992)
found that the membrane resistance will dominate for a
silicone membrane above 1.16 mm in thickness, and
Brookes and Livingston (1995) reported an increase by
a factor of 1.5 in the overall mass transfer coefficient for
phenol when the membrane thickness was reduced from
0.5 to 0.3 mm. In a similar manner, Chuichulcherm et al.
(2001) used silicone-based membranes (from 0.24 to
0.59 mm in thickness) combined with biological sulfide
production for the treatment of metal-containing waste-
water. They used the resistances-in-series model and
compared liquid film resistances with the mass mem-
brane resistance values to show that the membrane
resistance was the dominant resistance for H2S transfer.

In summary, the alteration of liquid film thickness by
hydraulic condition variation had little or no influence
on the mass transfer process. To use Vs as a system
control parameter, silicone membranes of lower thick-
ness or increased oxygen permeability would be
necessary.

3.2 Sulfide Conversion

The performance of chemical and biological sulfide
oxidation under micro-aerobic conditions was evaluated
in batch assays. Under chemical oxidation conditions
(A), 94.1±5.8 % of the total dissolved sulfide (TDS)

was removed and under biotic conditions (B1), an aver-
age of 94.1±3.1 %, of TDS was removed in the ESMR.
When anaerobically treated wastewater was used (B2),
an average of 95.6 ± 5.4 % of TDS was removed.
Elemental sulfur formation was observed in all experi-
ments and was confirmed by colorimetric analysis. The
conversion of sulfide to sulfate and other intermediates
(mass balance gap) are shown in Table 2. The conver-
sion data was presented for three different levels of
applied velocity and three different pH values (8.0;
9.0, and 10.0).

The chemical oxidation experiments (A), showed
low percentages of sulfide conversion to sulfate, except
for the test with a pH value of 8.0 and Vs of 23.7 m.h−1.
The low percentage of sulfide conversion to sulfate
denotes the ESMR capacity of micro-aeration and sul-
fide removal by the conversion to other intermediates,
such as elemental sulfur. A colloidal sulfur suspension
was developed in the chemical oxidation experiments,
as confirmed by colorimetric analysis.

Elemental sulfur formed in the B1 and B2 tests was
deposited in the membrane and had a pale yellow color,
which is associated with biological sulfur formation
(Janssen et al. 1999). This is an important result, since
the sulfur attached can be removed and recovered.

The biological tests performed with lab-made waste-
water (B1) and anaerobic reactor effluent (B2) presented
the highest conversion to sulfate for the batch runs with
Vs of 167.1 m.h−1 and pH 8.0. Both tests showed an
increase in the sulfate formation for Vs values above
95.5 m.h−1, indicating that the applied velocity could
interfere in the sulfide conversion. Although the applied
velocity did not cause significant differences (signifi-
cance level of 5 %) in the mass transfer process, the
increase in the flow could have flushed the sulfur at-
tached to the membrane, which could have reacted with
sulfide resulting in polysulfides, sulfate, and other inter-
mediates (Eqs. 16–18).

HS− þ x − 1ð ÞS0 → S2−x þ Hþ ð16Þ

S2−x þ 1:5O2 → S2 O2−
3 þ x − 2ð ÞS0 ð17Þ

2S0 þ 3O2 → 2SO2−
4 þ 2Hþ ð18Þ

Besides the type of elemental sulfur aggregates
formed, the time for the completion of the reaction
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(Table 2) was another advantageous property of bio-
logical oxidation tests. While B1 and B2 assays took
between 4872 and 2448 h, respectively, for the total
oxidation of sulfide, the abiotic assays (A) took be-
tween 96 and 168 h. The experimental temporal
profiles obtained for the chemical and biological
(B1) sulfide oxidation assays at pH 9.0 are presented
in Fig. 3 along with the fitted rate equations. The
advantage of biological sulfide conversion in relation
to chemical conversion can be observed in this plot.
This result is in agreement with the observed batch
duration necessary for total sulfide conversion. The
combined chemical and biological oxidation (B1 and
B2) took, in average, 36 % less time than chemical
oxidation alone.

The B1 and B2 tests showed low percentages for
sulfide conversion to sulfate also for pH 10.0.
However, in these tests the biomass probably played
no role in sulfide conversion. Although the biomass
was gradually acclimated to each pH condition, in the
tests with pH 10.0 the biomass precipitated after only a
few hours, denoting its inactivation. Chemical oxidation
is probably the main mechanism involved at this pH. In
fact, Chen and Morris (1972) and Millero et al. (1987)
reported that sulfide auto-oxidation was accelerated
with the increase in pH. Further careful acclimation of
the biomass to this extreme pH could be of interest in
future studies.

Mixed chemical and biological oxidation in the B1
and B2 tests was probably responsible for the sulfide
consumption. While investigating mixed chemical
and biological sulfide oxidation at a pH value of
7.0, Wilmot et al. (1988) reported that biological
oxidation is responsible for less than 40 % of the
total oxidation.

The Gap-S, presented in Table 2, can be under-
stood as the conversion of sulfide to other interme-
diates, such as thiosulfate, sulfite, polysulfide, and
elemental sulfur. Although thiosulfate and sulfite
could not be detected, evidence of polysulfide for-
mation was observed. Color alteration in the reactive
medium was noted in the chemical and biological
sulfide oxidation tests. For pH values of 7.6 to 9.0, a
greenish color was observed at the beginning of the
experiments, followed by conversion to a whitish
color upon total sulfide oxidation. The greenish col-
or is associated with the formation of S4

2− and S5
2−,

whereas the whitish color is related to colloidal
sulfur suspension formation (Chen and Morris
1972; Buisman et al. 1989 and Janssen et al.
1995). Steudel (1996) studied the stoichiometry of
the oxidation of polysulfide ions. The author report-
ed that the final reaction products after the yellow-
to-orange color transition, after the disappearance of
the polysulfide solution were thiosulfate and sulfur
(Eq. 19).

S2−x þ 3

2
O2 →S2O

2−
3 þ x − 2ð ÞS0 ð19Þ

In the experiments in which medium color alteration
was observed, a whitish color was noted, indicating total
polysulfide oxidation, with elemental sulfur and
thiosulfate being possible end products. Krishnakumar
et al. (2005) used a reverse fluidized loop reactor
treating a sulfide solution and reported that polysulfide
was always observed along with a high accumulation of
thiosulfate. Thiosulfate, as demonstrated in Eq. 19, most
probably originates from the autoxidation of polysulfide
anions (Steudel 1996).

Table 2 Conversion of sulfide to sulfate and other intermediate by chemical and biological oxidation in the ESMR configuration for three
different levels of applied velocity and three different pH values

Variable Abiotic test (A) conversion (%) Biological test (B1) conversion (%) Anaerobic effluent test (B2) conversion (%)

pH Vs (m.h
−1) S-TDS S-SO4

2− Gap-S Time (h) S-TDS S-SO4
2− Gap-S Time (h) S-TDS S-SO4

2− Gap-S Time (h)

8.0 23.7 99.6 43.1 56.5 120 89.7 20.1 69.6 48 98.3 49.5 48.8 24

8.0 167.1 97.3 18.9 78.4 96 97.9 85.1 12.8 72 97.6 94.0 3.6 24

9.0 95.5 92.6 12.3 87.7 168 95.2 53.9 46.1 96 100 68.9 31.1 48

10.0 23.7 98.6 21.6 77.0 120 92.4 3.2 89.2 72 97.9 36.2 61.7 48

10.0 167.1 94.8 0.7 94.0 120 97.2 15.9 81.3 72 86.2 10.8 75.4 48

Vs: applied velocity in the tubular membrane; S-TDS: total dissolved sulfide; and Time: batch duration
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The higher values to the sulfide conversion to sulfate
for pH values of 8.0 and 9.0 in the B1 and B2 tests can
be a result of the thiosulfate and other sulfur intermedi-
ates formed by chemical auto-oxidation that were fur-
ther oxidized to sulfate in biotic conditions. The activa-
tion energy of sulfate formation can be decreased by
enzymatic reactions promoted by microorganisms,
which is in contrast to chemical oxidation that requires
elevated activation energy (González-Sánchez and
Revah 2007). However, the intermediate formed in both
chemical and biological tests were not completely oxi-
dized to sulfate due to the limited oxygen supply. These
results were also found byGonzáles-Sánchez and Revah
(2007) and indicate the importance of strict oxygen
concentration control.

The reduced sulfate concentrations achieved in the
batch assays denote that the micro-aeration promoted by
the silicone membrane avoided further oxidation of the
sulfur intermediates to sulfate. Although the biotic oxi-
dation tests (B1 and B2) had higher sulfide conversion
to sulfate when compared with the chemical oxidation
tests and exhibited biomass inactivation at pH values of
10.0, biological oxidation proved advantageous with
respect to the type of aggregation of the elemental sulfur
formed and the average time for complete sulfide oxi-
dation. The sulfur particles attached to the membrane
could be drawn from the system by a change in the
hydrodynamic conditions in the membrane, such as
increasing the flow inside the membrane and withdraw-
ing sulfur to avoid further oxidation to intermediate and
sulfate.

4 Conclusions

The performance of the sulfide oxidation in an ESMR
was investigated. Significant silicone membrane poten-
tial for micro-aeration and sulfide oxidation was found
in all experiments.

The local overall oxygenmass transfer coefficient (R)
determined for the silicone membrane had an average
value of 0.153 m.h−1 and was not influenced by the
applied velocity in the membrane. To use the applied
velocity as a system control parameter, silicone mem-
branes of lower thickness or increased oxygen perme-
ability would be necessary.

The elemental sulfur observed in the biotic oxidation
experiments was formed into large aggregates that could
easily be washed away upon flushing of the membrane.
Colloidal sulfur was observed in the chemical oxidation
tests. Reduced sulfate concentrations were achieved in
the batch assays and denote that the micro-aeration
promoted by the silicone membrane avoided further
oxidation of the sulfur intermediates to sulfate.
Although the biotic oxidation tests had higher sulfide
conversion to sulfate, the biological oxidation proved
advantageous with respect to the type of aggregation of
the elemental sulfur formed and the average time for
complete sulfide oxidation.

In summary, the ESMRwas able to convert sulfide to
sulfur and to avoid complete sulfide oxidation to sulfate.
Further investigations of the ESMR combined with an
anaerobic reactor are in progress to achieve both sulfate
reduction and sulfide oxidation in a single unit.
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