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Abstract:  Sulfide-containing waste streams are generated by a number of industries. It is emitted into the environment as dis-
solved sulfide (S and HS") in wastewaters and as H,S in waste gases. Due to its corrosive nature, biological hydrogen sulfide
removal processes are being investigated to overcome the chemical and disposal costs associated with existing chemically based
removal processes. The nitrogen and sulfur metabolism interacts at various levels of the wastewater treatment process. Hence, the
sulfur cycle offers possibilities to integrate nitrogen removal in the treatment process, which needs to be further optimized by
appropriate design of the reactor configuration, optimization of performance parameters, retention of biomass and optimization of
biomass growth. The present paper reviews the biotechnological advances to remove sulfides from various environments.
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INTRODUCTION

Hydrogen sulfide (H,S) is used as a reagent and
an intermediate in the preparation of other reduced
sulfur compounds (HSDB, 1999). It is also a by-
product of desulfurization processes in the oil and gas
industries and rayon production, sewage treatment,
and leather tanning (Ammann, 1986). The annual
statewide industrial emissions from point sources at
facilities reporting under the Air Toxics Hot Spots
Act in California (USA) based on the most recent
inventory were estimated to be 5688172 pounds of
hydrogen sulfide (CARB, 1999).

Sulfide-containing waste streams are generated
by a number of industries such as petrochemical
plants, tanneries, viscose rayon manufactures, the
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gasification of coal for electricity production, or by
the anaerobic treatment of sulfate containing waste-
waters (Brimblecombe ef al., 1989; Kuenen and
Robertson, 1992; Rinzema and Lettinga, 1988).

It is emitted into the environment as dissolved
sulfide (S*" and HS") in wastewaters and as H,S in
waste gases. Hydrogen sulfide is generated in rela-
tively stagnant wastewater systems as a result of the

biological breakdown of sulfates (SOi') in anaerobic

wastewater environments as shown in the following
biochemical reaction (Elizabeth, 2005).

SO + organic matter+anaerobic bacteria
—S$* +H,0+CO,. (1)

Sulfate is present in great abundance in munici-
pal wastewater systems and primarily stems from
household cleaning detergents. Once the anaerobic
bacteria reduce the sulfates to sulfide (Szf), it reacts
with hydrogen to produce hydrogen sulfide according
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to the following reaction:
S*+2H"—H,S. )

Hydrogen sulfide prefers to exist in the gas phase;
thus, once produced in the aqueous phase, it will
rapidly partition to the gas phase once the headspace
in the pipe is available. Once hydrogen sulfide is
present in the headspace of the pipe, aerobic bacteria
lining the interior surface of the pipeline convert the
hydrogen sulfide into sulfuric acid as shown in the
following biochemical reaction (Elizabeth, 2005):

H,S+20,+aerobic bacteria—H,SOy,. 3)

The hydrogen sulfide produced in various sul-
fureta (the habitats in which the oxidation and reduc-
tion of sulfur compounds take place) may undergo
further reactions in the environment, i.e.

(1) Different aerobic microorganisms can oxi-
dize sulfide with oxygen.

(2) Sulfide is one of the few bacterial degrada-
tion products that are autooxidizable (i.e. that can
react with oxygen at normal temperature). The
autooxidation of sulfide is as fast as biological reac-
tions (Cypionka et al., 1985; Jorgensen et al., 1979;
Sorokin, 1972). The mechanism and rate of autooxi-
dation depends upon the pH value, concentration of
the reactants, and the presence of catalytic concen-
trations of heavy metals. At lower pH values (<7),
elemental sulfur is the major oxidation product. While
at higher pH values (>7), thiosulfate and sulfite are
major oxidation products (Almgren and Hagstrom,
1974; Chen and Morris, 1972a; 1972b; Cline and
Richards, 1969; Zehnder and Zinder, 1980). Heavy
metals especially manganese(Il), nickel(II) and co-
balt(Il) compounds stimulate autooxidation of sulfide.
The sulfur, thiosulfate, or sulfite formed may be oxi-
dized further by colorless sulfur bacteria. Under an-
aerobic conditions these sulfur compounds can
change biologically to sulfide; thiosulfate and sulfite
are also microbially misappropriated to sulfide and
sulfate.

(3) Under anaerobic conditions phototrophic
purple sulfur bacteria and green sulfur bacteria con-
vert ¥ to SO, 820327, and SO427. Methane and CO,
are the main products in anaerobic environments
where sulfate is absent, but sulfide and CO, are the
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main products if sulfate is present.

(4) Another characteristic reaction of hydrogen
sulfide is its binding with heavy metals especially
Fe’~ found in the cytochromes to form metal sulfides.
Depending on the environmental conditions, the
heavy metal sulfides may be oxidized after a while or
may be preserved, sometimes over geological periods
(Zehnder, 1988).

Treatment of sulfide rich waste streams is highly
desirable due to its toxic effects upon environment. It
causes an irritating, rotten-egg smell above 1x107°
(1.4 mg/m’), and at concentrations above 10x10° the
toxicological exposure limits are exceeded (WHO,
1981).

The most energy is released when sulfide is
oxidized completely to sulfate as seen in Eq.(4).
Sulfide oxidation often occurs in steps with ele-
mental sulfur as an intermediate product, as seen
with Eqgs.(4)~(7) (Yang, 1992), and in oxy-
gen-limited environments, oxidation may proceed
only to elemental sulfur, producing less energy.
Cells can either deposit sulfur inside or outside their
cell membranes. Other reduced sulfur compounds,
such as thiosulfate, can also be oxidized for energy
as seen in Eq.(7):

H,S+20,— S0 +2H" (AG"=-798.2 kJ/mol), (4)

HS}% Oy HH -8 +H,0 (AG"=-209.4 kJ/mol), (5)

S"+H,0 +% 0,— S0 +2H"

(AG"=-587.1 kJ/mol), (6)
%SZO§’+%HZO+OZ — SO +H"
(AG"=-409.1 kJ/mol). (7)

Sulfide is used as electron donor for cell syn-
thesis in the presence of light by green and purple
sulfur bacteria during a process called anoxygenic
photolithoautotrophic growth (Zehnder, 1988). Dur-
ing this process sulfate is produced as final product.
Significant amounts of sulfur are also produced as
intermediate. Green sulfur bacteria and Ectothi-
orhodospira species form extracellular sulfur,
whereas Chromatium species store intracellular sulfur
globules (Zehnder, 1988). Normally oxygenic
cyanobacteria were shown to perform anoxygenic
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photosynthesis in the presence of sulfide as electron
donor that is oxidized to extracellular sulfur (Cas-
tenholz, 1977; Jergensen et al., 1979; Oren and Padan,
1978; Oren and Shilo, 1979).

CURRENT BIOTECHNOLOGIES TO REMOVE
SULFIDE FROM POLLUTED ENVIRONMENTS

Hydrogen sulfide is emitted into the environ-
ment as dissolved sulfide in wastewaters and as H,S
in waste gases. Hydrogen sulfide and sulfur dioxide
can be converted into elemental sulfur via the bio-
logical sulfur cycle (Buisman et al., 1990). The in-
soluble sulfur can be removed from the treated water,
leading to reduction of the total sulfur content of the
waste stream. The recovered sulfur is a potentially
valuable compound which can be reused, e.g. it can be
purified by melting at high temperatures. It is suitable
for the production of sulfuric acid or it can be applied
in bioleaching processes (Tichy et al., 1994).

In order to remove sulfide from wastewater
streams, a number of physicochemical processes are
in common use today, which involve direct air strip-
ping, chemical precipitation and oxidation. The rela-
tively high energy requirements or the high chemical
and disposal costs (e.g., for FeS or MnO, sludge)
constitute important drawbacks of these methods.
Oxidation processes used for sulfide removal are
aeration (catalyzed and uncatalyzed), chlorination,
ozonation, potassium permanganate treatment and
hydrogen peroxide treatment (Butler and Nadan,
1981; Cadena and Peters, 1988; Chen and Morris,
1972a; 1972b; Martin and Rubin, 1978; Watkins,
1977). In all these processes, apart from elemental

sulfur, thiosulfate (S,03") and sulfate (SO; ) may

also be formed as end products.

Since the conventional physicochemical meth-
ods for removing hydrogen sulfide from wastewaters
and sour gases require large investment and opera-
tional costs (e.g. high pressures, high temperatures or
special chemicals), the continuing search for more
economical methods has led to investigations into
microbiological solutions for purifying H,S-contain-
ing gases, as well as for the desulfurization of coal
and petroleum (Sublette, 1987; Buisman and Prins,
1994). Microbiological processes can proceed around
ambient temperatures and at atmospheric pressure,
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thus eliminating the need for heat and pressure, re-
ducing energy costs to a minimum.

To biologically address the problem of malo-
dorous air, open-bed soil filters began to be used in
the 1920’s and industrial soil biofilters first appeared
in the United States during the 1950’s, but operation
was not well understood (Carlson and Leiser, 1966).
Sulfur compounds are a major component of bad odor
in gases and are produced during biochemical reduc-
tion of inorganic or organic sulfur compounds. Many
soils exhibit a small chemical adsorption capacity for
H,S that is heavily dependent on the iron content of
the soil (Bohn ef al., 1989). It has since been deter-
mined that sustained effectiveness of soil or other
biofiltration beds arises primarily from microbial
oxidation of organic compounds, leading to biomass
formation and nontoxic odorless products, or oxida-
tion of inorganic compounds (such as sulfides), which
supply energy to cells and produce odorless com-
pounds like elemental sulfur and sulfate in the process
(Ottengraf, 1986).

Biologically active agents have since been used
in a variety of process arrangements, such as biofilters,
fixed-film bioscrubbers, and suspended-growth bio-
scrubbers (Dawson, 1993). These processes may also
be effective at removing multiple contaminants from
a gas stream, increasing their functionality. Fluid-
ized-bed bioreactors have recently been tested for
simultaneous removal of H,S and NH;3 with promis-
ing results (Chung et al., 2001). It is also possible to
achieve co-treatment of volatile organic compounds
and H,S in the same biofilter (Devinny and Chitwood,
1999).

Because of toxic effects, sources of aqueous
sulfide such as petroleum refineries face effluent
limits. Canadian petroleum refinery wastewaters
discharges must not exceed 0.3 kg S*~ per 1000 m® of
oil refined per day (Losier, 1990). The Municipal
Industrial Strategy for Abatement Program in Ontario
set loading limits to the surface water such that oil
refineries must have a monthly average concentration
less than 0.2 mg S* /L with their daily concentration
not exceeding 0.3 mg S* /L (MOE, 1992).

Petroleum refineries typically recover elemental
sulfur from sour water by the Holmes-Stretford
process or by steam stripping followed by the Claus
process. Elemental sulfur, S°, is a non-corrosive solid
that is easy to handle and transport. In addition, it has
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a commercial value exceeding that of sulfuric acid,
although both are used in chemical processing and
fertilizer production. Physicochemical production of
elemental sulfur is costly and energy intensive due to
the need to replace poisoned catalysts, contaminated
reactor liquids and corroded reaction vessels (Cork et
al., 1986). In contrast, biological methods have sev-
eral potential advantages including high removal even
at low sulfide concentrations, and high elemental
sulfur recovery.

BIOREACTORS FOR H,S REMOVAL INVOLV-
ING CHEMOTROPHIC BACTERIA

Various kinds of bioreactors used for hydrogen

sulfide removal are shown in Fig.1. Further applica-
tions and specific examples are described below.

gas

(©)

Fig.1 Bioreactors for removal of hydrogen sulfide. (a)
Bioscrubber; (b) Biofilter; (c) Biotrickling filter (Syed
et al., 2006)

Gas-fed batch reactors

Janssen et al.(1995) used two batchfed reactors
to study the oxidation of sulfide using a mixed culture
of Thiobacilli. Pure oxygen was supplied to the re-
actors. The maximum sulfur production (73%=10%)
occurred at oxygen to sulfide ratio of 0.6 to 1.0
mol/(L-h). At lower oxygen to sulfide ratios, the
lower biological oxidation capacity resulted in the
production of more thiosulfate. At higher oxygen to
sulfide ratios, more sulfates were produced because
more energy was consumed for bacterial growth than
for the formation of elemental sulfur.

Continuous-flow reactors

Sublette and Sylvester (1987a; 1987b) reported
on a continuous stirred-tank reactor (CSTR) system
using Thiobacillus denitrificans to remove H,S from

gas streams. Ninety-seven percent of the H,S bubbled
was removed and oxidized to sulfate.

Buisman et al.(1990) tested three different con-
tinuous-flow reactor configurations: fixed-film CSTR,
biorotor (a rotating cage containing reticulated poly-
urethane biomass support particles, partly immersed
in the reactor liquid), and a fixed-film upflow reactor.
For the upflow and biorotor reactors, 95% to 100%
sulfide removal efficiencies were achieved for load-
ing rates up to 500 mg H,S/(L-h). The removal effi-
ciency decreased rapidly above this loading rate. At
938 mg/(L-h) (biorotor) and 1040 mg/(L-h) (upflow)
loadings, sulfide removal efficiencies were 69% and
73%, respectively. At a 500 mg/(L-h) sulfide loading
rate, the stirred-tank reactor’s removal efficiency was
approximately 62%.

Bioscrubbers

Removal of H,S using bioscrubbers (Fig.1a)
involves a two stage process, firstly absorption of H,S
by a liquid followed by biological oxidation of H,S in
the liquid (Syed et al., 2006). Nishimura and Yoda
(1997) used a multiple bubble-tray airtight contact
tower (bioscrubber) to scrub hydrogen sulfide from
the biogas produced by an anaerobic wastewater
treatment process. A two-reactor system (a gas-liquid
contact tower and an aeration tank) was used to
separate the oxidation process from the absorption
process to prevent air from mixing with the biogas.
Mixed liquor from the activated sludge process was
continuously fed to and withdrawn from the contact
tower, where H,S from the biogas was absorbed into
the mixed liquor and subsequently oxidized to sulfate
by sulfur oxidizing bacteria after returning to the
aeration tank. Based on their preliminary results, a
full scale plant treating potato processing wastewater
was constructed. When treating 2000x10°° of H,S in
40 m’/h of biogas, more than 99% removal efficiency
was achieved.

Mesa et al.(2002) described a bioscrubber sys-
tem which can be integrated into a system to remove
H,S from biogas by a combination of chemical and
biological processes. H,S removal can be achieved by
absorption in a ferric sulfate solution producing fer-
rous sulfate and elemental sulfur. Ferric sulfate can be
regenerated by biological oxidation using Acidithio-
bacillus ferrooxidans. Relevant reactions are shown
in Table 1. The study investigated the oxidation of
ferrous iron by A. ferrooxidans which was immobi-
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Table 1 Reactions involving chemotrophic bacteria (Syed et al., 2006)

Bacteria Reactions Reference
Thiobacillus  2HS +0,—2S*+20H" Chung et al.(1996)
thioparus — 28°+30,+20H —280; +2H"

H,S+20,—S0; +2H" Kim et al.(2002)
Thiobacillus  3HS +3.9NO; +0.2NH, +HCO; +1.7H —CH, 5 Oy s Ny »+1.9N,+3S0; +2.3H,0 Kleerebezem and Mendez
denitrificans (2002)
14.5HS +5NO5 +0.2NH, +HCO; +20.5H'—-CH, 5 O s Ny ,+2.5N,+14.58+17.5H,0 Lampe and Zhang (1996)
555+20C0,+50NO; +38H,0+4NH, —4CsH;0,N+25N,+55805 +64H" McComas and Sublette
SHS +8NO; +3H"—5S0; +4N,+4H,0 (2001)
Thiobacillus  2FeSO4+H,S04+0.50,—Fe,(SO,);+H,0 Mesa et al.(2002)
Jerrooxidans  FeS,+7.50,+H,0—Fey(SO4);+H,S0, Takano et al.(1997)

lized on a polyurethane foam support with the support
particles being placed in an aerated column. Ferric
precipitates were accumulated on the support and on
the air diffusers which necessitated periodic inter-
ruptions of the process for cleaning. Precipitation, air
supply, and chemical cost are the potential constraints
for this process.

A full scale plant located northeast of Brooks,
Alberta, Canada uses Shell-Paques process for natural
gas desulfurization (Benschop et al., 2002). H,S is
removed from a gaseous stream by absorption into a
sodium carbonate/bicarbonate solution. The sulfide
containing scrubbing liquid is treated in the bioreactor
where it is mostly converted biologically to elemental
sulfur. The bioreactor is supplied with a nutrient
stream, air, make-up water, and sodium hydroxide. It
is reported that normally less than 3.5% of the sulfide
is converted to sulfate and a continuous bleed stream
is required to avoid accumulation of sulfate. A com-
post filter is used to treat the trace H,S present in the
spent air from the bioreactor. Less than 4% 10°° (v/v)
effluent H,S concentration is achieved when treating
natural gas containing 2000x 10 (v/v) H,S.

Biofilters

A biofilter (Fig.1b) is a three-phase bioreactor
(gas, liquid, and solid) made with a filter bed with
high porosity, high buffer capacity, high nutrient
availability, and high moisture retention capacity to
ensure that the target microorganisms can grow on it
(Elias et al., 2002; Jorio and Heitz, 1999; Dastous et
al., 2005). The contaminated gas is continuously fed
into the biofilter, while a nutrient solution is discon-
tinuously added. Various types of biofilter media
have been used by researchers (Syed et al., 2000).
Table 2 references several studies on biofiltration of
H,S with specific bacterial populations.

Table 2 Specific microorganisms studied for biofil-
tration of H,S

Microorganism Reference

Thiobacillus Degorce-Dumas et al.(1997); Ni-

species shimura and Yoda (1997); Koe and
Yang (2000); Oh et al.(1998)

Thiobacillus Cho et al.(2000); Cadenhead and

thioxidans Sublette (1990)

Thiobacillus Sublette ef al.(1994); Sublette and

denitrificans Sylvester (1987a; 1987b)

Thiobacillus Cho et al.(1992); Cadenhead and

thioparus Sublette (1990)

Thiobacillus Jensen and Webb (1995)

ferrooxidans

Thiobacillus Chung et al.(1998)

novellus

Thiobacillus Cadenhead and Sublette (1990)

versutus

Thiobacillus Cadenhead and Sublette (1990)

neopolitanus

Pseudomonas Chung et al.(1996; 2001)

putida

Hyphomicrobium  Zhang et al.(1991)

Xanthomonas Cho et al.(1992)

species DY44

Chung et al.(1996) immobilized Thiobacillus
thioparus CH11 with Ca-alginate producing pellet
packing material for the biofilter. At a 28 s optimal
retention time, the H,S removal efficiency was more
than 98%. Elemental sulfur or sulfate was produced
depending on the inlet H,S concentration.

Gadre (1989) also passed actual biogas from a
lab scale anaerobic digester (~55% CHy, ~42.5% CO,,
and 2.04% H,S) through a 50-ml glass-bead-packed
biotrickling filter washed with inoculum isolated
from distillery wastewater. The collection vessel for
the wastewater was open to the atmosphere and as-
sumed to contain aerobic Thiobacillus species due to
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a pronounced drop in pH of 3.0. 69.5% H,S removal
was achieved at a loading rate of 187 mg H,S/d
(Gadre, 1989).

Nishimura and Yoda (1997) performed a similar
experiment with a more methane rich biogas (~80%
CHy, ~20% CO,, and 2000x10°° H,S), and were able
to achieve 99.5 % reduction in H,S with a gas flow of
40 m’/h in a bubble column reactor.

Manure composts have been used for biofiltra-
tion of other compounds as well. Chou and Cheng
(1997) tested compost pig- and cow-manure media
mixed with wood chips and activated sludge, for
removing methyl ethyl ketone (MEK), and achieved
removal rates of around 50 g/(m’ solids-h).

Chung et al.(1997) used Thiobacillus novellus in
a biofilter for H,S oxidation under mixotrophic con-
ditions. A removal efficiency of 99.6% was achieved
with the products being sulfate (83.6%) and sulfite
(12.6%). Little conversion of sulfide to elemental
sulfur was achieved. Later, Chung et a/.(2001) used
biofilters packed with co-immobilized cells Pseu-
domonas putida CH11 and Arthobacter oxydans CH8
for removal of H,S and NHj3, respectively, which are
often present in off-gases of a livestock farm. In the
5x107°~65%10"° range, H,S and NH; removal effi-
ciencies were greater than 96%. However, at higher
concentrations, H,S and NH; showed inhibitory ef-
fects on H,S removal. They also assessed the envi-
ronmental risk associated with the release of bacteria
when treating large volumes of waste gases. The
exhaust gas contained small amounts of bacteria (<19
CFU/m’ in all cases) and was considered safe.

Degorce-Dumas et al.(1997) tested biofilter
columns with peat and dry wastewater sludge on
actual biogas (characterized as 50%~60% CH,,
40%~50% CO, and 0.5%~2.0% H,S), mixed 2:1 with
air. The H,S concentration in the gas stream was
measured at 3260 mg/m’® (2375%10°°), and the col-
umn maintained 100% removal efficiency for 10 d at
a loading rate of 129 g H,S/(m’ solids-h). Autoclaved
compost, used as a control, showed only 60% H,S
removal under similar conditions. A Henry’s law
calculation indicated that the abiotic removal effi-
ciency cannot come only from H,S absorption into
water, but must also be from chemisorption.

Cardenas-Gonzalez and Ergas (1999) compared
properties of immature and mature yard waste and
horse-manure composts for biofiltration of VOC’s

and found that horse manure compost had higher
microbial activity and shorter acclimation time, but
was not so stable for long term operation.

Wani et al.(1999) described the removal char-
acteristics of H,S and other reduced sulfur com-
pounds emitted from kraft pulp mills using three dif-
ferent biofilter mediums: compost, hog-fuel (pulver-
ized mixture of raw bark, wood waste, and other
materials) and a mixture of compost and hog fuel at
1:1 (w/w) ratio. Dolomitic lime was mixed with each
medium to act as a pH buffer. No significant differ-
ence was observed in the H,S elimination capacities
of these three media. However, the pH of the media
decreased significantly over an operating period of
more than six months. At H,S concentrations up to
250x10°° (v/v), complete removal was observed. The
removal efficiency for inlet concentrations higher
than 250x10°° (v/v) was above 90%. Compost,
hog-fuel, and the mixture media had maximum
elimination capacities of 136, 137, and 138 g/(m’-h),
respectively.

A comparison between removal efficiencies of
inorganic (H,S) and organo-sulfur (methyl mercaptan,
dimethyl sulfide, and dimethyl disulfide) odor com-
pounds by immobilized T. novellus is presented in the
study of Cha et al.(1999). They observed T. novellus
can degrade H,S>methyl mercaptan>dimethyl disul-
fide>dimethyl sulfide with removal efficiency being
100% for H,S and methyl mercaptan, 87% for di-
methyl disulfide, and 73% for the dimethyl sulfide.
The final metabolic product was sulfate.

To investigate inorganic media supports for du-
rability during low-pH H,S biofiltration, Cho et
al.(2000) specifically immobilized Thiobacillus thi-
oxidans on lava rock. The rock showed favorable
moisture retention and resisted excessive pressure
drops. Increased removal capacities up to 428 g S/(m’
solids-h) were reported with space velocities of 300
h™' (Cho et al., 2000). In a previous study, Cho ef
al.(1992) reported 89% removal of dimethyl-sulfide,
methanethiol, dimethyl-disulfide, and H,S with a
Thiobacillus thioparus biofilter treating exhaust gas
from a night-soil (septic sludge) treatment plant.

Shareefdeen et al.(2002) reported the operation
of a commercial biofilter for the treatment of an air
stream containing hydrogen sulfide, ammonia, di-
methyl sulfide, methanethiol, and ethylamine. This
proprietary wood-based (BIOMIX™) biofilter
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achieved 96.6% removal of H,S at an inlet concen-
tration of 1.07 mg/m’.

Elias et al.(2002) used packing material made up
of pig manure and sawdust for biofiltration purposes.
More than 90% H,S removal efficiency was attained
at a loading rate of 45 g/(m>-h). No nutrient was added
to the system with the porosity of the packing material
decreasing from 23.1% to 12.9%. However, this
change in porosity did not affect the removal effi-
ciency significantly and it was claimed that the
biofilter could be easily cleaned by flushing water
through the inlet. The main by-product of the bio-
degradation process was sulfur (82% of total sulfur
accumulation), accompanied by sulfates and thiosul-
fates (<18%).

Kim et al.(2002) investigated the simultaneous
removal of H,S and NH; using two biofilters, one
packed with wood chips and the other with granular
activated carbon (GAC). A mixture of activated
sludge (as a source of nitrifying bacteria) and Thio-
bacillus thioparus (for sulfur oxidation) was sprayed
on the packing materials and the drain solution of the
biofilter was recirculated to increase the inoculation
of microorganisms. Initially both of the filters showed
high (99.9%) removal efficiency. However, due to the
accumulation of elemental sulfur and ammonium
sulfate on the packing materials removal efficiency
decreased over time to 75% and 30% for H,S and
NHs, respectively.

Kleerebezem and Mendez (2002) proposed the
simultaneous degradation of H,S and NH; using T.
denitrificans and nitrifying bacteria. Thiobacillus
denitrificans is able to degrade H,S in both aerobic
and anaerobic conditions using oxygen or nitrate as an

electron acceptor. Nitrate (NO;) can be obtained

from the nitrification of ammonia by nitrifying bac-
teria. Thiobacillus denitrificans simultaneously oxi-
dizes H,S to elemental sulfur or sulfate and reduces
nitrate to nitrogen gas. Stoichiometric equations for
autotrophic denitrification by 7. denitrificans are
presented in Table 1 (Kleerebezem and Mendez, 2002;
Lampe and Zhang, 1996).

Malhautier et al.(2003) also performed an ex-
periment involving H,S and NH; using two labora-
tory scale biofilters packed with granulated digested
sludge. One unit was fed mainly with H,S and the
other unit with NH;. Complete H,S removal (100%)
was obtained and no influence on NH; or H,S re-
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moval was observed. An 80% NH; removal effi-
ciency was obtained, however, the authors concluded
that the oxidation of high levels of H,S might have a
negative effect on the growth and activity of nitrifying
bacteria.

Morgan-Sagastume et al.(2003) investigated
changes in the physical properties of a compost
biofilter treating hydrogen sulfide. Bench-scale
biofilter columns filled with compost media consisting
of mature compost derived from food, leaf, yard
waste, and horse manure were used. H,S removal
efficiency decreased from 100% to 90% over 206 d of
operation. They concluded that the variation in
moisture content and specific surface area can explain
the decrease in removal efficiency over time. They

also mentioned that SO; accumulation which re-

duced the pH of the compost media from 7.5 to 4.5
could be an important factor. After re-mixing of the
compost media, the H,S removal efficiency returned
to near 100%.

Oyarzin et al.(2003) used peat for the filter bed
of a biofiltration system inoculated with Thiobacillus
thioparus. Supplemental nutrient was added and the
initial moisture content was adjusted to 92%. The pH
was also adjusted to 6.0. Full removal was achieved
when fed with 355x10°° H,S at 0.03 m’/h. The re-
moval efficiency decreased with increasing inlet H,S
concentrations and a maximum removal capacity of
55 g/(m3 -h) was obtained.

Schieder et al.(2003) described the “BIO-
Sulfex” biofilter to remove H,S from biogas which
uses thiobacteria attached on fixed bed material. The
biomass was aerated and the filter was flushed with
nutrient containing liquid to remove sulfur from the
system. Six BIO-Sulfex modules to treat biogas con-
taining up to 5000x10° H,S were operated at flow
rates of 10 to 350 m’/h with 90% or more H,S re-
moval achieved.

Clark et al.(2004) operated a pilot-scale agri-
cultural biofilter to reduce odors from a swine manure
treatment plant’s exhaust air. Biofilters were packed
with polystyrene particles and peat moss (3:1 ratio by
volume). The packing volume was 1.89 m’. The gas
flow rate was 100 L/s. The inlet load contained
2x10°~60x107° hydrogen sulfide and 2x107°~
30x10"® ammonia. The addition of nutrients did not
play an important role in the overall system per-
formance. Average odor reduction was approximately
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38% without addition of nutrients and 45% when
nutrients were added. Increasing the temperature had
a favourable effect during the acclimatisation phase
only.

Biotrickling filter

The working principle of a biotrickling filter
(Fig.1c) is the same as for a biofilter except that the
packed bed is continuously trickled over by an
aqueous phase nutritive solution (Cox and Deshusses,
2001). Cox and Deshusses (2001) used two laboratory
scale biotrickling filters made of polypropylene, in-
oculated with biomass from a toluene biodegrading
filter operating at pH of 7.0 and 4.5 to treat H,S and
toluene in a gas stream. There was no significant
difference between the performances of the two re-
actors in terms of H,S removal. At an inlet concen-
tration of approximately 50x10°° (v/v), complete
consumption of H,S was observed. However, the
removal efficiency decreased to 70%~80% when the
inlet concentrations were raised to 170x107° (v/v).

High removal efficiency for H,S, in comparison
to other reduced sulfur compounds was obtained by
Gabriel and Deshusses (2003) using Thiobacillus sp.
in a biotrickling filter. For inlet H,S concentrations as
high as 30x107°, typical removal efficiency was 98%.
Methyl mercaptan, arbonyl sulfide, and carbon disul-
fide removal efficiencies were 67%, 44%, and 35% at
inlet concentrations of 67, 193, and 70x10°°, respec-
tively.

Sercu et al.(2005) studied the aerobic removal of
hydrogen sulfide using a biotrickling filter packed
with 1 L-polyethylene rings (73% volume free) in-
oculated with Acidithiobacillus thiooxidans ATCC-
19377. The inlet H,S concentration was varied be-
tween 400x10°® and 2000x10°® and the airflow rate
was varied between 0.03 and 0.12 m*/h. However, the
system performance was not affected by changing the
operational conditions and a maximal removal effi-
ciency of 100% was obtained. During the experiment,
the pH of the nutritive solution decreased to 2~3, but
this did not affect the process performance.

Soreanu et al.(2005) developed a laboratory-
scale biotrickling system to remove H,S from digester
biogas under anaerobic conditions. In these experi-
ments, polypropylene balls inoculated with anaero-
bically digested sludge were used as packing material
in the bioreactor (packing volume of 0.0062 m’, 90%

volume free). Sodium sulfite was added in the nutri-
tive solution as an oxygen scavenging agent. Nitrate
was used as electron acceptor in the absence of oxy-
gen. Removal efficiency greater than 85% was
achieved for an H,S inlet concentration of 500x10°
and a gas flow rate of 0.05 m*/h. Of particular interest,
inhibition of the biological process by trace amounts
of O, was noticed when a nitrate solution was used as
the sole nitrogen/nutrient source.

Chemotrophic bacterial sulfide removal

A number of studies were conducted using
chemotrophic (Nishimura and Yoda, 1997; Chung ef
al., 1997; Oh et al., 1998) and photoautotrophic (Basu
et al., 1996; Kim and Kim, 1996) bacteria to convert
H,S to S” since Henshaw ez al.(1998) summarized the
work done in this area prior to 1995. The photoauto-
troph of choice is the naturally occurring green sulfur
bacterium (GSB) Chlorobium thiosulfatophilum. A
sulfide loading of 104 mg/(h-L) was achieved by Basu
et al.(1996) in a continuous stirred-tank reactor
equipped with a sulfur separator. A 20 min gas re-
tention time was required to remove the hydrogen
sulfide from a gas stream containing 2.5% H,S at
1.01x10° Pa and converted up to 99.2% to elemental
sulfur. Kim and Kim (1996) used a plate-type gas-lift
photoreactor with LEDs emitting at a wavelength
tuned to one of the GSB infrared absorption peaks for
enhanced light efficiency. In each of these latter two
investigations, sulfide was fed into the reactor as a gas
as opposed to removing sulfide directly from waste-
water.

Major disadvantages in using photosynthetic
bacteria on a large scale lie in their anaerobic nature
and their requirement for radiant energy and hence
extremely transparent solutions. Also, phototrophic
bacteria generally store the produced sulfur internally,
making a separation of cells and sulfur impossible.
Secondly, the oxidation of sulfide to elemental sulfur
or sulfate by using chemolithoautotrophic bacteria
belonging to the genus Thiobacillus is frequently
described (Buisman et al., 1990; Jensen and Webb,
1995).

Microbial processes operate around ambient
temperatures and at atmospheric pressure, thus
eliminating high costs for heat and pressure genera-
tion as required in a variety of chemical processes.
The use of colorless sulfur bacteria looks to be the
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most reliable biotechnological approach for H,S re-
moval (Buisman et al., 1990; Jensen and Webb, 1995),
because these organisms have very simple nutritional
requirements; i.e., they utilize reduced inorganic
sulfur compounds as their electron donors and carbon
dioxide as carbon source. The two most important
bioconversions in an aerobic sulfide-oxidizing bio-
reactor are (Kuenen, 1975):

2HS +0,—2S"+20H"

(AG"=-129.50 kJ/(mol HS")), (8)
2HS +40,— 2SO0} +2H"
(AG"=-772.43 kJ/(mol HS")). )

The presented AG” values (STP) are given for
physiological conditions, i.e., at pH 7. Under oxygen-
limiting circumstances, i.e., at oxygen concentrations
below 0.1 mg/L, sulfur is the major end-product of the
sulfide oxidation (Eq.(8)), whereas sulfate is formed
under sulfide-limiting circumstances (Eq.(9)) (Janssen
et al., 1995). In biological treatment plants, the for-
mation of sulfur is preferred for several reasons. First,
elemental sulfur is nonsoluble and can therefore, in
principle, be removed from the water stream. More-
over, the recovered sulfur can be purified and reused
as a valuable raw material; e.g., in bioleaching proc-
esses (Tichy et al., 1994). Second, sulfate formation
requires four fold more oxygen and, consequently,
higher energy consumption is needed for aeration.

Reaction products from many of these micro-
organisms include sulfates and H', which form sul-
furic acid in the leachate and reduce the pH. Some
Thiobacillus species are acidophilic and therefore
function adequately at low pH, but organic media
tend to degrade under these conditions causing plug-
ging and increased pressure.

A comprehensive study of operational parame-
ters, design, and basic kinetic modeling for removing
H,S from air with composted sewage sludge and yard
waste was conducted by Yang and Allen (1994a).
Variables studied included temperature, residence
time, concentration, loading rate, compost sulfate
level, acidity, and water content. H,S removal effi-
ciencies greater than 99.9% were noted using yard
waste composts and inlet concentrations ranging from
5x10° to 2650x107°. Maximum elimination capaci-
ties for the composts ranged from 11.5 to 130 g S/(m’
solids-h) (Yang and Allen, 1994a; 1994b).
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H.,S levels up to 10000x10°® were oxidized by
Sublette et al.(1994) with pure cultures of Thioba-
cillus denitrificans in less than 2 s under anoxic con-
ditions. Here, added nitrate, rather than oxygen,
served as the terminal electron acceptor. These reac-
tion times indicated that limitations in H,S removal
were due to mass transfer rather than biological
limitations. Up to 97% reduction in inlet H,S levels
was achieved (Sublette ef al., 1994).

Koe and Yang (2000) also tested Thiobacillus
thioxidans with plastic packing and found that for
gas-retention times greater than 5 s and a loading rate
below 90 g S/(m3 solids-h), 99% H,S removal was
obtained.

Vaiopoulou et al.(2005) treated hydrogen sulfide
from oil-refining wastewater through autotrophic
denitrification. Anoxic sulfide to sulfate oxidation,
with nitrate as a terminal electron acceptor, proved
very successful, as incoming concentrations of 110
mg S*/L were totally converted to sulfate. At com-
plete denitrification, the concentration of $*~ in the
reactor effluent was less than 0.1 mg/L. Fluctuating
S*” concentration in the feed could be tolerated with-
out any problems, as the accumulated sulfide in the
effluent of the denitrification stage is oxidized
aerobically in a subsequent activated-sludge treat-
ment stage. This alternative new treatment scheme
was further introduced at the refinery’s wastewater
processing plant. Thus, complete H,S removal is now
accomplished by the combination of the proposed
biological method and the existing stripping with CO,.
As a result, stripping, and thus its cost, is reduced by
70%.

Mathioudakis et al.(2005) tested a biological
method for controlling odor problems caused by H,S
originating from sewer networks under anaerobic
conditions. The proposed method is based on the
continuous addition of nitrate which oxidizes dis-
solved sulfide according to an autotrophic biological
procedure and inhibits further sulfide production by
sulfate reducing bacteria, until complete denitrifica-
tion. The proposed method was first laboratory tested
in an anaerobic batch reactor simulating municipal
wastewater. Addition of nitrate in non-septic (not
sulfide containing) wastewater inhibits the production
of sulfide until complete denitrification. Heterotro-
phic denitrification rate was found to be 4.5 and 3.9
mg NO;-N/(L-h) at 25 °C and 30 °C respectively.
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Higher C/N ratio is, probably, responsible for the
increased denitrification rate of the lower temperature.
The addition of nitrate into septic wastewater led to
preferential autotrophic denitrification with sulfide as
electron donor at a rate of 0.8 and 1.5 mg NO;-N/(L-h)
at 25 °C and 30 °C, respectively. After complete sul-
fide oxidation, heterotrophic denitrification takes
place inhibiting any further sulfate reducing activity.
Based on these experimental results, a continuous
addition of 10 kg NH4NOs/h is proposed for practical
implementation as the optimal dosing, considering
sufficient odor control and tolerable increase of the
ammonia load. The proposed method is not only ef-
fective but also financially interesting taking into
account the facility cost and the monthly operational
cost, during the summer months of the year
(Mathioudakis et al., 2005).

FUTURE PROSPECTS OF SULFIDE REMOVAL

Biotreatment of heavy metals

Sulfate-rich wastewaters from various sources,
e.g. spoil leachate, acid mine drainage and landfill
percolates, are often also contaminated with heavy
metals (Tichy et al., 1998). The extremely low solu-
bility of metal sulfides produced in sulfidogenic bio-
reactors, allows the removal of heavy metals from the
water stream by precipitation (Gadd and White, 1993).
Hence, maximization of sulfide production in sul-
fate-reducing reactor units is an attractive way to
remove both sulfate and heavy metals from waste-
water (Hao et al., 1996). As these types of wastewater
usually contain little or no organic matter, an alterna-
tive electron donor should be added (Hulshoff Pol et
al., 1998). Full scale processes are currently applied
for heavy metal removal from Zn and Cd (effluent
concentrations below the x10™ range) contaminated
groundwater at a long-standing smelter site (Scheeren
etal., 1991).

Nitrogen removal

Nitrogen and sulfur metabolism interact at
various levels of the wastewater treatment process
(Hulshoff Pol et al., 1998). Sulfide is toxic as it nitri-
fies (Hooper and Terry, 1973) and thus can upset
nitrification in the aerobic post treatment. Besides,
Sulfate Reducing Bacteria (SRB) can readily utilize
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most of the carbon sources added to denitrify
wastewater (e.g. methanol and lower volatile fatty
acids), thus leading to loss of carbon source for the
denitrification step. However, methanol utilization by
SRB can be avoided by proper selection of the hy-
draulic residence time (van der Hoek et al., 1988). On
the other hand, sulfide can also contribute to nitrogen
removal. As electron donor it can be reoxidized to S°
or sulfate by Thiobacillus denitrificans using nitrate
as electron acceptor. This type of denitrification re-
duces the overall requirements for carbon at a nutrient
removal plant (Garuti ef al., 1992). Also SRB can be
involved in alternative denitrification routes, as some
SRB can use nitrate, instead of sulfate, as terminal
electron acceptor (Widdel, 1988). However, SRB
convert nitrate to ammonium, and thus other treat-
ment steps are needed if complete nitrogen removal is
required. Hence, the sulfur cycle offers possibilities to
integrate nitrogen removal in the treatment process,
which need to be further optimized by appropriate
design of the reactor configuration (Hulshoff Pol et
al., 1998).

There has been a considerable amount of interest
in the past 10 to 15 years in the design of nitrifica-
tion-denitrification systems employing nitrite as the
primary intermediate—thereby eliminating the for-
mation of nitrate—in both the nitrification and deni-
trification steps. Numerous authors (Chen et al., 1991;
Balmelle et al., 1992; Fdz-Polanco et al., 1996; Gar-
rido et al., 1997; Yoo et al., 1999) reported the capital
and operational benefits of the process, referred to
here as the nitrate shunt, to include a 25% reduction in
aeration requirements, a 40% reduction in external
carbon addition for denitrification, a potential reduc-
tion in anoxic zone volume, and a significant reduc-
tion in sludge production.

Partial nitrification techniques, such as the con-
tinuously aerated SHARON (single reactor high ac-
tivity ammonia removal over nitrite) or ANAMOX
(anaerobic ammonia oxidation) process, have been
denoted for quite a while as very promising for im-
proved sustainability of wastewater treatment (Abel-
ing and Seyfried, 1992). In the SHARON process,
partial nitrification of ammonium nitrogen to nitrite
nitrogen is established by working at high tempera-
ture (above 25 °C) and maintaining an appropriate
sludge retention time (SRT) of 1 to 1.5 d, so that
ammonium oxidizers are maintained in the reactor,
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while nitrite oxidizers are washed out and further
nitrification of nitrite to nitrate is prevented. In this
way, significant aeration cost savings is realized in
comparison with conventional nitrification to nitrate.
Partial nitrification techniques are very suitable for
reducing the load of streams with high ammonium
concentration rather than to meet strict effluent stan-
dards.

The principles of partial nitrification and sulfide
oxidation can be utilized to investigate simultaneous
biological sulfide and nitrite removal from wastewa-
ters. Effluents from partial nitrification processes can
be used in anoxic sulfide oxidizing reactor (ASOR) to
achieve simultaneous nitrite and sulfide removal.
Nitrite can be used as electron acceptor instead of
nitrate to test the potential of anoxic sulfide oxidizing
reactor (ASOR) because nitrite should be more reac-
tive in aqueous medium as compared with nitrate.

Control of odor from sewers

Because of the severe environmental and eco-
nomic problems that arise from microbial hydrogen
sulfide production, its removal from wastewater has
become mandatory (Mathioudakis et al., 2005). Hy-
drogen sulfide is associated with corrosion of metal
and cement pipes (USEPA, 1998), operational prob-
lems in wastewater treatment plants (WWTP) (£Esey
et al., 1997), as well as with hygiene and odor prob-
lems (Hvitved-Jacobsen et al., 2002).

Among others chemicals such as oxygen, hy-
drogen peroxide and ferric salts inhibiting H,S for-
mation or removing sulfide from wastewater, addition
of nitrate seems a promising technique when applied
to fields like oil industries—to avoid oil souring or
precipitation of metal sulfide in reservoirs (Davidova
et al., 2001; Melidis et al., 2004) and sewer systems
for odor control (Mathioudakis et al., 2005). In regard
to sewer networks, microbial utilization of dissolved
oxygen and nitrate leads to the prevalence of anaero-
bic conditions (septicity). A large number of sub-
stances, produced under anaerobic conditions, lead to
odor problems, e.g. fermentation products, volatile
organic compounds and hydrogen sulfide. From an
engineering point of view, hydrogen sulfide can be
considered the appropriate indicator for odor control
in wastewater treatment plants and sewers (Hvit-
ved-Jacobsen et al., 2002; Gostelow and Parsons,
2000).

Although sulfide formation is typically recog-
nized as a problem in pressure mains, it is also ob-
served in gravity sewers with slow flow rates and
insufficient reaeration potential at relatively high
temperature. Better understanding of chemical and
microbial processes taking place in sewers has led to a
greater use of nitrate for control of odor due to hy-
drogen sulfide (Nielsen et al, 1992; Huvit-
ved-Jacobsen et al., 2002). The effectiveness of the
use of nitrate in odor control has been proved recently
in sewer networks. Addition of nitrate in septic
wastewater biologically oxidizes dissolved sulfide via
autotrophic denitrification by sulfur-oxidizing deni-
trifying bacteria such as Thiobacillus denitrificans
and Thiomicrospira denitrificans. When dissolved
sulfide is completely oxidized, excess concentration
of nitrate is reduced via heterotrophic denitrification
inhibiting any further sulfide production (Mathiou-
dakis et al., 2005). Nitrite can also be used as electron
acceptor to biooxidize sulfide for odor control in
sewer networks.

CONCLUSION

(1) Sulfide in waste streams is generated from
various sources and is emitted into the environment as
dissolved sulfide (S*~ and HS") in wastewaters and as
H,S in waste gases. Hydrogen sulfide prefers to exist
in the gas phase; thus, once produced in the aqueous
phase, it will rapidly partition to the gas phase.

(2) To remove sulfides from wastewater streams,
a number of physicochemical processes are in com-
mon use today involving direct air stripping, chemical
precipitation and oxidation. The relatively high en-
ergy requirements or the high chemical and disposal
costs (e.g. for FeS or MnO,; sludge) constitute im-
portant drawbacks of these methods. Microbiological
processes can proceed around ambient temperatures
and at atmospheric pressure, thus eliminating the need
for heat and pressure, reducing energy costs to a
minimum.

(3) Biologically active agents have been used in
a variety of process arrangements, such as biofilters,
fixed-film bioscrubbers, and suspended-growth bio-
scrubbers. These processes may also be effective at
removing multiple contaminants from a gas stream,
increasing their functionality. Fluidized-bed biore-
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actors have recently been tested for simultaneous
removal of H,S and NH; with promising results.

(4) The extremely low solubility of metal sul-
fides produced in sulfidogenic bioreactors, allows the
removal of heavy metals from the water stream by
precipitation, thus maximization of sulfide production
in sulfate-reducing reactor units is an attractive way to
remove both sulfate and heavy metals from waste-
water.

(5) Nitrogen and sulfur metabolism interact at
various levels of the wastewater treatment process.
The principles of partial nitrification and sulfide
oxidation can be utilized to investigate simultaneous
biological sulfide and nitrite removal from wastewa-
ters. This type of denitrification reduces the overall
requirements for carbon at a nutrient removal plant.

References

Abeling, U., Seyfried, C.F., 1992. Anaerobic-aerobic treat-
ment of high strength ammonium wastewater-nitrogen
removal via nitrite. Wat. Sci. Tech., 26(5-6):1007-1015.

Asey, A., Odegaard, H., Bentzen, G, 1997. The effect of
sulfide and organic matter on the nitrification activity in a
biofilm process. Wat. Sci. Tech., 37(1):115-122.
[d0i:10.1016/S0273-1223(97)00760-9]

Almgren, T., Hagstrom, 1., 1974. The oxidation rate of sulfide
in sea water. Water Res., 8(7):395-400. [doi:10.1016/
0043-1354(74)90069-4]

Ammann, H.M., 1986. A new look at physiologic respiratory
response to H,S poisoning. J. Haz. Mat., 13(3):369-374.
[doi:10.1016/0304-3894(86)85008-7]

Balmelle, B., Nguyen, K.M., Capdeville, B., Cornier, J.C.,
Deguin, A., 1992. Study of factors controlling nitrite
build-up in biological processes for water nitrification.
Wat. Sci. Tech., 26(5-6):1017-1025.

Basu, R., Clausen, E.C., Gaddy, J.L., 1996. Biological con-
version of hydrogen sulfide into elemental sulfur. Environ.
Prog., 15(4):234-238. [doi:10.1002/ep.670150412]

Benschop, A., Janssen, A., Hoksberg, M., Seriwala, R., Abry,
R., Ngai, C., 2002. The Shell-Paques/THIOPAQ Gas
Desulphurization Process: Successful Start Up First
Commercial Unit. Http://www.paques.nl (2006/02/15)

Bohn, H.L., Fu, Y., Huang, C.H., 1989. Hydrogen sulfide
sorption by soils. Soil Sci. Soc. Am. J., 53(6):1914-1917.

Brimblecombe, P., Hammer, C., Rodhe, H., Ryaboshapko, A.,
Boutron, C.F., 1989. Human Influence on the Sulfur Cy-
cle. In: Brimblecombe, P., Lein, A.Y. (Eds.), Evolution of
the Global Biogeochemical Sulfur Cycle, SCOPE 39.
Wiley, Chichester, UK, p.77-121.

Buisman, C.J.N., Prins, W.L., 1994. Symposium “Biological
Water Streams, in Environmental Technology and Waste
Gas Cleaning”. Heidelberg.

Buisman, C.J.N., Geraats, B.G., [jspeert, P., Lettinga, G., 1990.

Optimization of sulfur production in a biotechnological

sulfide-removing  reactor.  Biotechnol.
35(1):50-56. [doi:10.1002/bit.260350108]

Butler, L., Nadan, S., 1981. Destructive oxidation of phenolics
and sulfides using hydrogen peroxide. AIChE Symp. Ser.,
229:108-111.

Cadena, F., Peters, R.-W., 1988. Evaluation of chemical oxi-
dizers for hydrogen sulfide control. J. Water Pollut.
Control Fed., 60(7):1259-1263.

Cadenhead, P., Sublette, K.L., 1990. Oxidation of hydrogen
sulfide by Thiobacilli. Biotechnol. Bioeng., 35(11):
1150-1154. [doi:10.1002/bit.260351111]

CARB (California Air Resources Board), 1999. Air Toxics
Emissions Data Collected in the Air. Toxics Hot Spots
Program. CEIDARS Database as of January 29, 1999.

Cardenas-Gonzalez, B., Ergas, S.J., 1999. Characterization of
compost biofiltration media. Journal of the Air and Waste
Management Association, 49:784-793.

Carlson, D.A., Leiser, C.P., 1966. Soil beds for the control of
sewage odors. J. Water Pollut. Control Fed., 38(5):
829-840.

Castenholz, R.W., 1977. The effect of sulfide on the
blue-green algae of hot springs. II. Yellowstone National
Park. Microb. Ecol., 3(2):79-105. [doi:10.1007/BF0201
0399]

Cha, J.M., Cha, W.S., Lee, J.H., 1999. Removal of organo-
sulphur odor compounds by Thiobacillus novellas SRM,
sulphur-oxidizing microorganisms. Process Biochemistry,
34(6-7):659-665. [doi:10.1016/S0032-9592(98)00139-3]

Chen, K.Y., Morris, J.C., 1972a. Kinetics of oxidation of
aqueous sulfide by oxygen. Environ. Sci. Technol.,
6(6):529-537. [doi:10.1021/es60065a008]

Chen, K.Y., Morris, J.C., 1972b. Oxidation of sulfide by O,:
Catalysis and inhibition. J. Sanit. Eng. Div., Proc. Am.
Soc. Civ. Eng., 98(1):215-2217.

Chen, S.K., Juaw, C.K., Cheng, S.S., 1991. Nitrification and
denitrification of high strength ammonium and nitrite
wastewater with biofilm reactors. Wat. Sci. Tech.,
23(7-9):1417-1425.

Cho, K.S., Hirai, M., Makoto, S., 1992. Enhanced removal
efficiency of malodorous gases in a pilot-scale peat
biofilter inoculated with Thiobacillus thioparus DW44.
Journal  of  Fermentation and  Bioengineering,
73(1):46-50. [doi:10.1016/0922-338X(92)90230-R]

Cho, K.S., Ryu, HW., Lee, N.Y., 2000. Biological deodori-
zation of hydrogen sulfide using porous lava as a carrier
of Thiobacillus thiooxidans. Journal of Bioscience and
Bioengineering, 90(1):25-31. [d0i:10.1016/S1389-
1723(00)80029-8]

Chou, M.S., Cheng, W.H., 1997. Screening of biofiltering
material for VOC treatment. Journal of the Air and Waste
Management Association, 47:674-681.

Chung, Y.C., Huang, C., Tseng, C.P., 1996. Operation opti-
mization of Thiobacillus thioparus CH11 biofilter for
hydrogen sulfide removal. Journal of Biotechnology,
52(1):31-38. [doi:10.1016/S0168-1656(96)01622-7]

Chung, Y.C., Huang, C., Li, C.F., 1997. Removal characteris-
tics of H,S by Thiobacillus novellus CH3 biofilter in

Bioeng.,



1138 Mahmood et al. / J Zhejiang Univ Sci A 2007 8(7):1126-1140

autotrophic and mixotrophic environments. J. Environ.
Sci. Health, 32(5):1435-1450.

Chung, Y.C., Huang, C., Tseng, C.P., 2001. Biotreatment of
hydrogen sulfide- and ammonia-containing waste gases
by fluidized bed bioreactor. Journal of the Air and Waste
Management Association, 51:163-172.

Clark, O.G., Edeogu, 1., Feddes, J., Coleman, R.N., Abol-
ghasemi, A., 2004. Effects of operating temperature and
supplemental nutrients in a pilot-scale agricultural
biofilter. Canadian Biosystems Engineering, 46:6.7-6.16.

Cline, J.D., Richards, F.A., 1969. Oxygenation of hydrogen
sulfide in seawater at constant salinity, temperature, and
pH. Environ. Sci. Techol., 3(9):838-843. [d0i:10.1021/
es60032a004]

Cork, D.J., Jerger, D.E., Maka, A., 1986. Biocatalytic produc-
tion of sulfur from process waste streams. Biotechnol.
Bioeng., 16:149-162.

Cox, H.H.J., Deshusses, A.M., 2001. Co-treatment of H,S and
toluene in a biotrickling filter. Chemical Engineering
Journal, 3901:1-10.

Cypionka, H., Widdel, F., Pfennig, N., 1985. Survival of sul-
fate-reducing bacteria after oxygen stress, and growth in
sulfate-free oxygen-sulfide gradients. FEMS Microbial.
Ecol., 31(1):39-45. [doi:10.1111/j.1574-6968.1985.
tb01129.x]

Dastous, P.A., Soreanu, G., Nikiema, J., Heitz, M., 2005.
Biofiltration of Three Alcohols on a Mature Bed Compost.
2005 A&WMA Annual Conference Proceedings
CD-ROM, Paper #1038. Air and Water Management
Association, Pittsburgh, PA.

Davidova, 1., Hicks, M.S., Fedorak, P.M., Sufita, J.M., 2001.
The influence of nitrate on microbial processes in oil in-
dustry production waters. Journal of Industrial Microbi-
ology and Biotechnology, 27(2):80-86. [doi:10.1038/sj.jim.
7000166]

Dawson, D.S., 1993. Biological treatment of gaseous emis-
sions. Water Environment Research, 65:368-371.

Degorce-Dumas, H.R., Kowal, S., LeCloirec, P., 1997. Micro-
biological oxidation of hydrogen sulfide in a biofilter.
Canadian Journal of Microbiology, 43:263-271.

Devinny, J.S., Chitwood, D.E., 1999. Co-Treatment of VOC’s
in Low-sulfide Biofilters. 92nd Annual Meeting and Ex-
hibition. Air and Waste Management Associations, Mis-
souri, St. Louis, p.9.

Elias, A., Barona, A., Arreguy, A., Rios, J., Aranguiz, I., Penas,
J., 2002. Evaluation of a packing material for the bio-
degradation of H,S and product analysis. Process Bio-
chemistry, 37(8):813-820. [doi:10.1016/S0032-9592
(01)00287-4]

Elizabeth, D., 2005. Http://www.chemrisk.com/team/pdfre-
sume/DahlenResumeV2%20 2 Pdf

Fdz-Polanco, F., Villaverde, S., Garcia, P.A., 1996. Nitrite
accumulation in submerged biofilters-combined effects.
Wat. Sci. Tech., 34(3-4):371-378. [doi:10.1016/0273-
1223(96)00601-4]

Gabriel, D., Deshusses, A.M., 2003. Retrofitting existing
chemical scrubbers to biotrickling filters for H,S emis-

sion control. Proceedings of the National Academy of
Science of the United States of America, 100(11):
6308-6312. [doi:10.1073/pnas.0731894100]

Gadd, G.M., White, C., 1993. Microbial treatment of metal
pollution—A  working  biotechnology?  Tibtech.,
11:353-359.

Gadre, R.V., 1989. Removal of hydrogen sulfide from biogas
by chemoautotrophic fixed-film bioreactor. Biotechnol.
Bioeng., 34(3):410-414. [doi:10.1002/bit. 260340317]

Garrido, J.M., van Bethum, W.A.J., van Loosdrecht, M.C.M.,
Heijnen, J.J., 1997. Influence of dissolved oxygen con-
centration on nitrite accumulation in a biofilm airlift
suspension reactor. Biotechnol. Bioeng., 53(2):168-178.
[doi:10.1002/(SIC1)1097-0290(19970120)53:2<168::AID-B
1T6>3.0.CO;2-M]

Garuti, G., Dohanyos, M., Tilche A., 1992. Anaerobic-aerobic
combined process for the treatment of sewage with nu-
trient removal: the ananox process. Wat. Sci. Tech.,
25:383-394.

Gostelow, P., Parsons, S.A., 2000. Sewage treatment works
odour measurement. Wat. Sci. Tech., 41(6):33-40.

Hao, O.J., Chen, J.M., Huang, L., Buglass, R.L., 1996. Sul-
fate-reducing bacteria. Crit. Rev. Env. Sci. Technol.,
26:155-187.

Henshaw, P.F., Bewtra, J.K., Biswas, N., 1998. Hydrogen
sulfide conversion to elemental sulfur
pended-growth continuous stirred tank reactor using
Chlorobium limicola. Water Res., 32(6):1769-1778.
[doi:10.1016/S0043-1354(97)00393-X]

Hooper, A.B., Terry, K.R., 1973. Specific inhibitors of am-
monia oxidation J.  Bacteriol.,

in a sus-

in Nitrosomonas.

115:480-485.
HSDB (Hazardous Substances Data Bank), 1999. U.S. Na-
tional Library of Medicine, Bethesda, MD.

Http://sis.nlm.nih.gov/sis1

Hulshoft Pol, L.W., Lens, P.N.L., Stams, A.J.M., Lettinga, G.,
1998. Anaerobic treatment of sulfate-rich wastewaters.
Biodegradation, 9(3/4):213-224. [doi:10.1023/A:100830
7929134]

Hvitved-Jacobsen, T., Vollertsen, J., Yongsiri, C., Nielsen,
A.H., Abdul-Talib, S., 2002. Sewer Microbial Processes,
Emissions and Impacts. 3rd International Conference on
Sewer Processes and Networks, April 15-17, Paris,
France.

Janssen, A.J.H., Sleyster, R., van der Kaa, C., Jochemsen, A.,
Bontsema, J., Lettinga, G., 1995. Biological sulfide oxi-
dation in a fed-batch reactor. Biotechnol. Bioeng.,
47(3):327-333. [doi:10.1002/bit.260470307]

Jensen, A.B., Webb, C., 1995. Treatment of H,S-containing
gases: A review of microbiological alternatives. Enzyme
Microb. Technol., 17(1):2-10. [doi:10.1016/0141-0229
(94)00080-B]

Jorio, H., Heitz, M., 1999. Traitement de ’air par biofiltration.
Canadian Journal of Civil Engineering, 26(4):402-424.
[doi:10.1139/cjce-26-4-402]

Jorgensen, B.B., Kuenen, J.G., Cohen, Y., 1979. Microbial
transformation of sulfur compounds in a stratified lake



Mahmood et al. / J Zhejiang Univ Sci A 2007 8(7):1126-1140 1139

(Solar Lake, Sinai). Limnol. Oceanogr., 24:799-822.

Kim, Y.J., Kim, B.W., 1996. Desulfurization in a platetype
gas-lift photobioreactor using light emitting diodes. Ko-
rean J. Chem. Eng., 13(6):606-611.

Kim, H., Kim, J.Y., Chung, S.J., Xie, Q., 2002. Long-term
operation of a biofilter for simultaneous removal of H,S
and NHj. Journal of the Air and Waste Management
Association, 52:1389-1398.

Kleerebezem, R., Mendez, R., 2002. Autotrophic denitrifica-
tion for combined hydrogen sulfide removal from biogas
and post-denitrification. Wat. Sci. Tech., 45(10):349-356.

Koe, L.C.C,, Yang, F., 2000. A bioscrubber for hydrogen
sulfide removal. Wat. Sci. Tech., 41(6):141-145.

Kuenen, J.G., 1975. Colorless sulfur bacteria and their role in
the sulfur cycle. Plant and Soil, 43(1-3):49-76.
[d0i:10.1007/BF01928476]

Kuenen, J.G., Robertson, L.A., 1992. The use of natural bac-
terial populations for the treatment of sulfur containing
wastewater. Biodegradation, 3(2-3):239-254. [doi:10.
1007/BF00129086]

Lampe, D.G., Zhang, T.C., 1996. Evaluation of Sulfur-based
Autotrophic  Denitrification. Proceedings of the
HSRC/WERC Joint Conference on the Environment.
Great Plains, Rocky Mountain Hazardous Substance
Research  Center.  Http://www.engg.ksu.edu/HSRC/
96Proceed/lampe.pdf (2006/02/16)

Losier, L., 1990. Environmental Status Report of the Canadian
Petroleum Refinery Industry 1987. Report EPS 1/PN/3.
Environment Canada, Ottawa, Canada.

Malhautier, L., Gracian, C., Roux, C.J., Fanlo, L.J., le Cloirec,
P., 2003. Biological treatment process of air loaded with
an ammonia and hydrogen sulfide mixture. Chemosphere,
50(1):145-153. [doi:10.1016/S0045-6535(02)00395-8]

Martin, J.L., Rubin, A.J., 1978. Removal of Sulfides by Cata-
lytic Oxygenation in Alkaline Media. Proceedings of 33rd
International Waste Conference, Purdue University,
p-814-822.

Mathioudakis, V.L., Vaiopoulou, E., Aivasidis, A., 2005.
Addition of Nitrate for Odor Control in Sewer Networks:
Laboratory and Field Experiments. Conference on Envi-
ronmental Science and Technology, September 1-3, 2005.
Rhodes, Greece.

McComas, C., Sublette, L.K., 2001. Characterization of a
novel biocatalyst system for sulfide oxidation. Biotech-
nology  Progress, 17(3):439-446. [doi:10.1021/
bp0100169]

Melidis, P., Vaiopoulou, E., Aivasidis, A., 2004. Autotrophic
Denitrification for Hydrogen Sulfide Removal from Pet-
rochemical Wastewater. 10th World Congress of An-
aerobic Digestion, Montreal, Canada.

Mesa, M.M., Macias, M., Cantero, D., 2002. Biological iron
oxidation by Acidithiobacillus ferrooxidans. Chemical
and Biochemical Engineering Quarterly, 16(2):69-73.

MOE (Ontario Ministry of the Environment), 1992. Back-
ground Document on the Development of the Draft Pe-
troleum Refining Sector Effluent Limits Regulation.
Toronto, Ontario.

Morgan-Sagastume, M.J., Noyola, A., Revah, S., Ergas, J.S.,
2003. Changes in physical properties of a compost
biofilter treating hydrogen sulfide. Journal of Air and
Waste Management Association, 53:1011-1021.

Nielsen, P.H., Raunkjaer, K., Norsker, N.H., Jensen, N.A.,
Hvitved-Jacobsen, T., 1992. Transformation of waste-
water in sewer systems—A review. Wat. Sci. Tech.,
25(6):17-31.

Nishimura, S., Yoda, M., 1997. Removal of hydrogen sulfide
from anaerobic biogas using a bio-scrubber. Wat. Sci.
Tech., 36(6-7):349-356.  [doi:10.1016/S0273-1223(97)
00542-8]

Oh, K.J., Kim, D., Lee, L.H., 1998. Development of effective
hydrogen sulfide removing equipment using Thiobacillus
sp. IW. Environ. Pollut., 99(1):87-92. [doi:10.1016/
S0269-7491(97)00168-1]

Oren, A., Padan, E., 1978. Introduction of anaerobic, photo-
autotrophic growth in the cyanobacterium Oscillatoria
limnetica. J. Bacteriol., 133:558-563.

Oren, A., Shilo, M., 1979. Anaerobic heterotrophic dark me-
tabolism in the cyanobacterium Oscillatoria limnetica:
sulfur respiration and lactate fermentation. Arch. Micro-
biol., 122(1):77-84. [doi:10.1007/BF00408049]

Ottengraf, S.P.P., 1986. Exhaust Gas Purification. Chapter (12)
in Biotechnology 8. /n: Rehm, H.J., Reed, G. (Eds.), VCH
Verlagsgesellschaft. Weinheim, Germany, p.425-452.

Oyarzun, P., Arancibia, F., Canales, C., Aroca, G.E., 2003.
Biofiltration of high concentration of hydrogen sulfide
using Thiobacillus thioparus. Process Biochemistry,
39(2):165-170. [doi:10.1016/S0032-9592(03)00050-5]

Rinzema, A., Lettinga, G., 1988. Anacrobic Treatment of
Sulfate Containing Waste Water. /n: Wise, D.L. (Ed.),
Biotreatment Systems. CRC Press, Boca Raton, FL,
3:65-109.

Scheeren, P.J.H., Koch, R.O., Buisman, C.J.N., Barnes, L.J.,
Versteegh, J.H., 1991. New biological treatment plant for
heavy metal contaminated groundwater. Trans. Instn. Min.
Metall. (Sect. C: Mineral Process. Extr. Metall.),
101:C190-C199.

Schieder, D., Quicker, P., Schneider, R., Winter, H., Prechtl, S.,
Faulstich, M., 2003. Microbiological removal of hydro-
gen sulfide from biogas by means of a separate biofilter
system: Experience with technical operation. Wat. Sci.
Tech., 48(4):209-212.

Sercu, B., Nuilez, D., Langenhove, V.H., Aroca, G., Verstraete,
W., 2005. Operational and microbiological aspects of a
bioaugmented two-stage biotrickling filter removing hy-
drogen sulfide and dimethyl sulfide. Biotechnology and
Bioengineering, 90(2):259-269. [doi:10.1002/bit.20443]

Shareefdeen, Z., Herner, B., Wilson, S., 2002. Biofiltration of
nuisance sulfur gaseous odors from a meat rendering
plant. Journal of Chemical Technology and Biotechnol-
0gy, 77(12):1296-1299.  [doi:10.1002/jctb.709]

Soreanu, G., Al-Jamal, M., Béland, M., 2005. Biogas Treat-
ment Using an Anaerobic Biosystem. Proceedings of the
3rd Canadian Organic Residuals and Biosolids Man-
agement Conference, Calgary, AB, p.502-513.



1140

Sorokin, Y.I., 1972. The bacterial population and the process
of hydrogen sulfide oxidation in the Black Sea. J. Conseil
Int. Explor. Mer., 34:423-455.

Sublette, K.L., 1987. Aerobic oxidation of sulfide by Thioba-
cillus denitrificans. Biotechnol. Bioeng., 29(6):690-695.
[doi:10.1002/bit.260290605]

Sublette, K.L., Sylvester, D., 1987a. Oxidation of hydrogen
sulfide by continuous cultures of Thiobacillus denitrifi-
cans. Biotechnol. Bioeng., 29(6):753-758. [doi:10.1002/
bit.260290613]

Sublette, K.L., Sylvester, D., 1987b. Oxidation of hydrogen
sulfide by mixed cultures of Thiobacillus denitrificans
and heterotrophs. Biotechnol. Bioeng., 29(6):759-761.
[doi:10.1002/bit.260290614]

Sublette, K.L., Heskth, R.P., Hasan, S., 1994. Microbial oxi-
dation of hydrogen sulfide in a pilot-scale bubble column.
Biotechnology Progress, 10(6):611-614. [doi:10.1021/
bp00030a005]

Syed, M., Soreanu, G., Falletta, P., Béland, M., 2006. Removal
of hydrogen sulfide from gas streams using biological
processes—A review. Canadian Biosystems Engineering,
48:210-214.

Takano, B., Koshida, M., Fujiwara, Y., Sugimori, K., Ta-
kayangi, S., 1997. Influence of sulfur-oxidizing bacteria
on the budget of sulfate in Yugama Crater Lake, Ku-
satsu-Shirane volcano, Japan. Biogeochemistry, 38(3):
227-253. [doi:10.1023/A:1005805100834]

Tichy, R., Janssen, A., Grotenhuis, J.T.C., Lettinga, G.,
Rulkens, W.H., 1994. Possibilities for using biologi-
cally-produced sulfur particles for cultivation of Thioba-
cilli with respect to bioleaching processes. Biores. Tech-
nol., 48(3):221-227. [doi:10.1016/0960-8524(94)90150-3]

Tichy, R., Lens, P., Grotenhuis, J.T.C., Bos, P., 1998.
Solid-state reduced sulfur compounds: environmental
aspects and bioremediation. Crit. Rev. Environ. Sci. Tech.,
28:1-40.

USEPA, 1998. Sewer and Tank Sediment Flushing. Case
Studies EPA/600/R-98/157, Chapter 4: Hydrogen Sulfide
and Sulfuric Acid Estimation Techniques.

Vaiopoulou, E., Melidis, P., Aivasidis, A., 2005. Sulfide re-
moval in wastewater from petrochemical industries by
autotrophic denitrification. Water Res., 39(17):4101-4109.
[doi:10.1016/j.watres.2005.07.022]

van der Hoek, J.P., Latour, P.J.M., Klapwijk, A., 1988. Effect

Mahmood et al. / J Zhejiang Univ Sci A 2007 8(7):1126-1140

of hydraulic residence time on microbial sulfide produc-
tion in an upflow sludge blanket denitrification reactor
fed with methanol. Appl. Microbiol. Biotechnol.,
28(4-5):493-499. [doi:10.1007/BF00268221]

Wani, A.H., Lau, A.K., Branion, M.R., 1999. Biofiltration
control of pulping odors-hydrogen sulfide: performance,
microkinetics and coexistence effects of organo-sulfur
species. Journal of Chemical Technology and Biotech-
nology,  74(1):9-16. [doi:10.1002/(SICI)1097-4660
(199901)74:1<9::AID-JCTB981>3.0.C0O;2-B]

Watkins, J.P., 1977. Controlling sulfur compounds in waste-
waters. Chemical Engineering, 84:61-65.

WHO, 1981. Environmental Health Criteria 19. Geneva.

Widdel, F., 1988. Microbiology and Ecology of Sulfate- and
Sulfur Reducing Bacteria. In: Zehnder, A.J.B. (Ed.),
Biology of Anaerobic Microorganisms. Wiley, New York,
p.469-585.

Yang, Y., 1992. Biofiltration for Control of Hydrogen Sulfide.
Ph.D Thesis, University of Florida, Gainesville, FL,
p-199.

Yang, Y., Allen, E.R., 1994a. Biofiltration control of hydrogen
sulfide. 1. Design and operational parameters. Journal of
the Air and Waste Management Association, 44:863-868.

Yang, Y., Allen, E.R., 1994b. Biofiltration control of hydrogen
sulfide. 2. Kinetics, biofilter performance and mainte-
nance. Journal of the Air and Waste Management Asso-
ciation, 44:1315-1321.

Yoo, H.S., Ahn, K.H., Lee, H.J., Lee, K.H., Kwak, Y.J., K.G.,
Song, 1999. Nitrogen removal from synthetic wastewater
by simultaneous nitrification and denitrification (SND)
via nitrite in an intermittently aerated reactor. Water Res.,
33(1):145-154. [doi:10.1016/S0043-1354(98)00159-6]

Zehnder, A.J.B., 1988. Principles of the Biological Sulfur
Cycle. Biology of Anaerobic Microorganisms, John
Wiley & Sons, Inc., USA, p.546-560.

Zehnder, A.J.B., Zinder, S.H., 1980. The Sulfur Cycle. In:
Hutzinger, O. (Ed.), The Handbook of Environmental
Chemistry, Pt. A. Springer-Verlag, Heidelberg,
1:105-145.

Zhang, L., Hirai, M., Shoda, M., 1991. Removal characteristics
of dimethyl sulfide, methanethiol and hydrogen sulfide by
Hiphomicrobium sp. 155 isolated from peat biofilter.
Journal  of  Fermentation and  Bioengineering,
72(5):392-396. [doi:10.1016/0922-338X(91)90093-V]



