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ABSTRACT

A consortium, ATCC 202177, 1s enriched to remove target
sulfur compounds from gases 1n the presence of ammonia,
cyanide, carbon monoxide, and other toxic gases and mix-
tures thereof. The ATCC 2021777 1s cultured 1n an anaecrobic
or acrobic nutrient medium until enough cells of ATCC
202177 are recovered to remove the target sulfur species at
a pressure ranging from 1 to 80 atmospheres.
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MICROBIOLOGICAL DESULFURIZATION OF
SULFUR CONTAINING GASES

CROSS-REFERENCE TO RELATED
APPLICATTONS

[0001] This application is a continuation-in-part of appli-
cation Ser. No. 08/651,793, filed May 20, 1996, the entire
contents of which are hereby incorporated by reference.

FIELD OF THE INVENTION

10002] The present invention relates to a biocatalyst which
improves microbiological desulfurization of sulfur contain-
Ing gases.

BACKGROUND OF THE INVENTION

[0003] Natural and other gases, such as landfill gas, syn-
cgas, and geothermal gas, in the United States often contain
hydrogen sulfide as a major contaminant. Hydrogen sulfide
1s a toxic, acid gas that 1s corrosive 1n the presence of water.
A significant portion of the gas produced 1n the U.S. does not
meet pipeline standards and requires treatment to reduce the
concentration of hydrogen sulfide to Yagrain per 100 stan-
dard cubic feet or =4 ppm on a volume basis. Other sulfur
compounds which may occur in these gases include carbo-
nyl sulfide, carbon disulfide, and mercaptans, such as dim-
cthyl mercaptan, methyl mercaptan, and ethyl mercaptan.
While sulfur dioxide 1s occasionally present, sulfur dioxide
1s not one of the common contaminants 1n these gases.

10004] Conventional commercial processes for removing
gaseous sulfur species from a given gas stream are based
upon using at least two groups of chemicals. One group 1s
amine-based reagents, while the second group comprises
liquid redox reagents. Both groups of chemicals need to be
regenerated using additional process steps. Another limita-
tion of these processes 1s that they are not cost effective at
low throughput (amine, less than 100 million standard cubic
feet per day, or <100 MMSCFD, and liquid redox at <5
MMSCEFD) of the contaminated gases. Still other limitations
are related to the operation of a gas-processing plant when
chemical reagents, such as a liquid redox catalyst, are used.

[0005] Another group of chemical reagents, called Scav-
engers can be used for low-volume gas production facilities.
The limitations, however, include (i) only one-time through-
put of the reagent, (i1) high cost of the reagents, and (ii1)
production of hazardous wastes that require costly disposal.

[0006] Biological processes can overcome the limitations
of processes based on chemical reagents. Commonly known
biological processes are of two types. In the first type, a
chemical reagent, such as LO-CAT catalyst, which princi-
pally comprises chelated iron sulfate, oxidizes hydrogen
sulfide to elemental sulfur. Subsequently, the spent catalyst
1s regenerated using microorganisms, such as Thiobacillus
ferrooxidans, rather than air oxidation. In this way, the
process 1s much safer and the power requirements are
reduced, resulting 1n a more economical overall process.

[0007] These microorganisms carry out the regeneration
of the LO-CAT catalyst according to the following reaction:

H,S+Fe,(SO,),—S | +2FeSO,+H,SO, Q)
[0008] microorganisms

2FeSO,+H,S0,+%0,—Fe (SO, );+H,O (i)
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[0009] A recent patent to Rai, U.S. Pat. No. 5,508,014,
teaches that the microorganism Thiobacillus ferrooxidans
regenerates the LO-CAT catalysts at much higher rates than
can be achieved through air oxidation.

[0010] The second type of biological process is the direct
treat process, 1n which bacteria oxidize the sulfur species by
using the sulfur species as an energy source. This reaction 1s
carried out 1n the presence of the following components:

[0011]

[0012] a source of carbon, such as carbon dioxide, present
in the gas stream, or HCO. ™", present in the nutrient solution
(culture medium) for the growth of bacteria; and

0013]

a terminal electron acceptor such as NO,™;

NH,*" as a source of reduced nitrogen.

0014] The predominant biochemical reaction underlying
the direct treat biological process 1s as follows:

0.422H,5+0.422HS 14+NO,~1+0.342CO,+
0.0685HCO, *+0.0865NH, "' — 0.844S0,72+0.5N,+
0.288H*+0.4025H,0+0.0865C,H,O,N (biomass) (iii)

[0015] There are a number of chemolithotrophic bacteria
that oxidize elemental sulfur and use reduced or partially
reduced sulfur compounds as an energy source, carbon
dioxide or bicarbonate as a carbon source, and ammonium
ion as a source of reduced nitrogen. For example, the
anacrobic photosynthetic bactertum Chlorobium thiosulfato-
philum 1s used to convert sulfides to sulfate (Cork et al,
1982). Since the process must be conducted under photo-
synthetic conditions, the capital and operating costs for this
process are economically unattractive.

[0016] Another commonly known chemolithotrophic
microorganism 1s the aerobic bactertum Thiobacillus deni-
trificans. One process for desulfurizing sour natural gas
using this bacterium 1s disclosed 1n Sublette, U.S. Pat. No.
4,760,0277. This patent describes a process wherein bacteria
of the Thiobacillus genus convert sulfides to sulfates under

acrobic conditions and at a controlled temperature of about
30° C.

[0017] A review of the literature, however, reveals that, in
contrast to a homogeneous culture consisting of only one
bacterial species (e.g., Thiobacillus ferrooxidans or T. deni-
frificans), a mixed microbial culture (consortium) composed
of compatible bacteria or microorganisms of different bio-
chemical and morpho-physiotypes working 1n synergy bring
about 75% higher sulfide oxidation than a chemical agent.
The important condition, nevertheless, 1s that 1n this system
the sulfide concentration should be =3-8 mM and reaction
conditions should be favorable for the microbial metabo-
lism.

[0018] The above-described direct treat microbial process
for direct removal of hydrogen sulfide from methane or fuel
gas streams containing other hydrocarbons, however, poses
a potential danger of explosion when, for example, methane
and air are mixed. ARCTECH has developed an anaerobic,
non-photosynthetic biological process, described 1n Appli-

cation No. 08/651,793, in which a microbial consortium,
SSII (also known as ATCC 202177) from ARCTECH’s

Microbial Culture Collection (AMCC) reduces the hydrogen

sulfide concentration from up to 10,000 ppm to less than 4
ppm. AI'CC 202177 oxidizes hydrogen sulfide to elemental
sulfur, which 1s neither corrosive nor toxic.
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[0019] There is a critical need for a cost-effective system
for removing gaseous sulfur species 1n the presence of other
gases, even 1n small-volume operations. It 1s critical, then, to
minimize chemicals and nutrients, produce useful by-prod-
ucts which are not hazardous, and eliminate a separate
regeneration step of the catalyst.

[0020] The present invention is related to a method for its
preparing and enhancing the ability of ATCC 202177, also
known as SSII or DSC2, used 1n the parent application to
remove hydrogen sulfur at high rates. Specifically, the
present invention 1s related to a preparation of ATCC 202177
which 1s designed to remove carbon dioxide and gaseous
sulfur species, such as hydrogen sulfide, carbon disulfide,
and mercaptans, 1n the presence of methane, hydrogen,
carbon monoxide, and other gases.

SUMMARY OF THE INVENTION

10021] It is an object of the present invention to overcome
the deficiencies 1n the prior art.

[0022] It is another object of the present invention to
provide a microbial consortium that can metabolize sulfur
under anaerobic conditions.

10023] It is another object of the present invention to
provide a microbial consortium which 1s capable of repro-
ducible sulfur removal, under anaerobic conditions, in the
presence of a gas stream, such as methane or other hydro-
carbons, hydrogen, syngas, biogas, geothermal gas, landfill
oas, tail gas, and the like.

10024] It 1s a further object of the present invention to
provide a method for the production of a facultative anaero-
bic microbial consortium which 1s capable of reproducibly
removing gaseous sulfur species when these sulfur species
are contaminants 1n a gas stream containing any one, or all
of the following: ammonia, carbon dioxide, carbon monox-
ide, cyanide, hydrogen, methane, higher gaseous hydrocar-
bons, and nitrogen.

[0025] It is still another object of the present invention to
provide a process for anaerobic microbial desulfurization of
a given gas stream 1n the presence of ammonia, carbon
dioxide, carbon monoxide, cyanides, hydrogen, methane,
aliphatic hydrocarbons, and nitrogen.

[0026] The above objectives are achieved herein by pro-
viding a viable mixed culture, or consortium, of microor-

cganisms, which has been deposited under the Budapest
Treaty with the American Type Culture Collection (ATCC)

as deposit number ATCC 202177. This microbial consor-
fium, known as ATCC 202177 or SSII, 1s prepared by
enriching microorganisms in the presence of target gaseous
sulfur species contained 1n the presence of ammonia, carbon
monoxide, carbon dioxide, cyanide, hydrogen, and nitrogen.

[10027] The microorganisms are obtained from a variety of
waters from a number of different ecological niches. These
niches include ecological streams, such as acid mine drain-
age or wastewater plants which process a variety of indus-
trial wastewaters. The water from these niches 1s suspended
in a nutrient medium for the growth of the microorganisms
present 1n the waters. The headspace gas of the culture
vessels used for growing the microorganisms contains a
mixture of gaseous sulfur compounds, such as hydrogen
sulfide, carbon disulfide, carbonyl sulfide, dimethyl, methyl,
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and ethyl mercaptans, in the presence of carbon dioxide and
nitrogen. During the enrichment process, the pH of the
orowth medium 1s maintained near neutral, and the tempera-
ture is maintained in a range of 10-60° C.

[0028] The ATCC 202177 consortium was subsequently
evaluated for its ability to remove gaseous sulfur com-
pounds, such as hydrogen sulfide, carbon disulfide, carbonyl
sulfide, dimethyl, methyl, and ethyl mercaptans, either as
single components or as mixtures of two or more of these
compounds. The gaseous sulfur compounds were mixed
with a gas stream containing at least one of the following
gases: ammonia, carbon monoxide, carbon dioxide, hydro-
ogen, methane, and nitrogen.

[10029] The reaction mixture can also contain cyanide,
cither 1n the gas or liquid phase. The ATCC 202177 1is
suspended 1n its nutrient medium (TSN, Table 1), and under
anaerobic conditions 1n an appropriate culture vessel. Under
these conditions, the ATCC 202177 1s contacted with the
gaseous mixture containing sulfur compounds along with
other gases, including ammonia and cyanide(s). The latter
two compounds can be either in the liquid or the gas phase.
The exit gas stream from the culture vessel (a bioreactor) is
free of gaseous sulfur compounds, particularly hydrogen

sulfide.

TABLE 1

Composition of TSN Medium

Component Quantity/L
Na,HPO, 1.2 g
KH,PO, 1.8 g
MgSO,.7H,O 0.4 g
NH,CI 0.5 g
CaCl, 0.03 g
FeCl, 0.02 g
MnSO, 0.02 g
Na,5,0, 10.0 g
NaHCO, 1.0 g
KNO;, 50 g

BRIEF DESCRIPITION OF THE DRAWINGS

[0030] FIG. 1 is a flow diagram illustrating the method of
culturing ATCC 202177 according to the present invention.

10031] FIG. 2 is a flow diagram illustrating how ATCC
2021777 removes sulfur species from a gas mixture.

[10032] FIG. 3 is a graph illustrating that ATCC 202177
was enriched to grow 1n the presence of a mixture of carbon
dioxide, carbon monoxide, hydrogen, methane, and nitro-
gen.

10033] FIG. 4A is a graph illustrating how enriched ATCC

202177 removes hydrogen sulfide 1n a gaseous mixture
without affecting other components of the gas mixture.

10034] FIG. 4B is a graph illustrating how hydrogen
sulfide 1n a gaseous mixture 1s removed 1n the absence of

ATCC 202177.

10035] FIG. 5 illustrates that enriched ATCC 202177 1is
not inhibited by up to 200 ppm ammonia.

[0036] FIG. 6A illustrates hydrogen sulfide removal by
ATCC 202177 m the presence of a fuel or other gas
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containing ammonia (200 ppm), carbon dioxide, carbon
monoxide, hydrogen, methane, and nitrogen.

10037] FIG. 6B illustrates comparative hydrogen sulfide
removal in the presence of ammonia by enriched ATCC

202177 and without ATCC 202177.

[0038] FIG. 7 shows that growth of un-enriched ATCC

202177 1s inhibited by even 50 ppm of cyanide as potassium
cyanide.

10039] FIG. 8 shows that cyanide as potassium cyanide
inhibits removal of hydrogen sulfide by un-enriched ATCC
202177.

10040] FIG. 9 shows that enriched ATCC 202177 removes
hydrogen sulfide from a gaseous mixture containing carbon
dioxide, carbon monoxide, cyanide (up to 100 ppm as
potassium cyanide), hydrogen, methane, and nitrogen.

10041] FIG. 10 is a photomicrograph of the consortium
ATCC 202177.

DETAILED DESCRIPTION OF THE
INVENTION

[0042] The microbial consortium of the present invention,
ATCC 202177, was developed from samples obtained from
sewage sludge, acid mine water, and other such resources.
Enrichment cultures were prepared by inoculating the
samples at 20% loading (volume into volume) into serum
vials or bottles of 125-mL containing 50 mL of TSN. In the
TSN of the present invention, sodium thiosulfate 1s the sole
source of sulfur, and 0.12% yeast extract, or commercially
available Sheftone™ products or Cargill 200/20 as the
organic nitrogen supplement. Replacement of yeast extract
with Sheftone™ products or Cargill 200/20 as the organic
nitrogen source and incorporating any one of the latter
products mto TSN did not compromise the removal of
gaseous sulfur species. The abiotic controls did not contain
any microbial inoculum, but contained the same volume of
sterile water prepared under anacrobic conditions. After
inoculation, the bottles were incubated on a shaker incubator

oscillating at 200 rpm maintained at 25° C. to 30° C. (77° F.
to 86° F.) or at a temperature of 60° C. (140° F.).

[0043] The microbial growth in the bottles was monitored
by measuring the absorbance of the culture liquid at 460 nm
and also by direct microscopic counts of the culture liquad.
These measurements were performed on samples collected
at periodic intervals by withdrawing the culture liquid from
the bottles or serum wvials. The direct microscope counts
were conducted to ensure the microbial growth because, as
one skilled in the art 1s aware, sometimes the turbidity of the
nutrient medium can increases because of the products of
microbial metabolism, rather than solely from microbial
multiplication.

10044] Subsequently, the cultures showing appreciable
orowth 1n the presence of the target gaseous contaminants
were transferred 1nto fresh TSN for at least three passages to
ensure that the cultures were growing. The culture that grew
most rapidly and showed the highest growth was designated
SSII, and 1s also known as DSC2. After verifying all its
properties as described herein, this culture was deposited
with ATCC as accession number ATCC 202177.

10045] The ATCC 202177 was then moculated at 20% v/v
loading in 125 mL serum vials containing 50 mL of TSN and
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cultivated for 24 hours at 25-30° C. (77-86° F.) in a shaker
incubator. Subsequently, the ATCC 202177 was 1noculated
at 10% v/v loading 1n 500 mL of fresh TSN contained 1 a
one-liter Wheaton bottle. The surviving ATCC 202177 was
always maintained 1n 500 mL TSN and, whenever necessary,
was cultivated in 500 mL TSN for 24 hours to yield
sufficient ATCC 202177 biomass to be loaded at a minimum
of 1- wet cell weight to total TSN volume, or 1n the range of
1-20% biomass. These loadings were used in the experi-

ments described below, which 1llustrate the characteristics of
ATCC 202177,

[0046] The method for preparing ATCC 202177 is sum-
marized in FIG. 1. General experimental procedures used
are detailed below.

General Experimental Procedures

10047] Initially, all experimental procedures to handle the
microbial cultures were conducted under anaerobic condi-
tions according to the techniques described by Hungate as
modified by Bryant. An anaerobic glove box (Coy Corpo-
ration, Ann Arbor, Mich.) was used for culture transfers, cell
washing, and 1solation of cell types 1n microbial consortium.
In the glove box, anaerobic conditions were maintained with
an oxygen-free mixture of nitrogen plus hydrogen
(95.5:4.5). The anaerobic conditions during preparation of
TSN and 1n the reaction vessels were maintained by bub-
bling an oxygen-iree mixture of nitrogen and carbon dioxide
(80:20). For these experiments, all solutions, reagents, and
culture media were also prepared under the same anaerobic
conditions.

[0048] The composition of the culture medium called
thiosulfate nutrient (TSN) medium to grow ATCC 202177 is
orven 1n Table 1 above. As one skilled 1n the art of prac-
ticiing anacrobic microbiology would appreciate, the TSN
was prepared by stepwise addition of each one of the
components of the TSN. Addition was such that the com-
pound added previously was completely dissolved before
the next one was added to the boiling water. The boiling
water was stirred constantly and simultaneously purged with
a mixture of oxygen-free nitrogen and carbon dioxide
(80:20). After all of the components of TSN were dissolved,
the TSN was cooled under constant stirring and simulta-
neous purging with a mixture of oxygen-free nitrogen and
carbon dioxide (80:20) to room temperature. Subsequently,
the pH of the TSN medium was adjusted to 7.5, still under
purging. Then, under purging, 50 mL aliquots of TSN were
transferred to 125-mL serum vials. Larger quantities, up to
500 mL, were transferred to one liter-Wheaton bottles. The
vials were stoppered with butyl rubber stoppers and alumi-
num crimp sealed. The Wheaton bottles were butyl rubber
stoppered and screw capped. Then the serum wvials and
Wheaton bottles were sterilized at 121° C. and 15 psi for 20
minutes. After cooling, the serum vials were used for initial
screening experiments. The Wheaton bottles were used for
growling the microbial inocula.

[0049] For any given experiment, in any type of culture
vessel, the efficacy of the ATCC 202177 to remove the target
gaseous sulfur compounds contained 1n a given gas stream
was evaluated by analyzing the headspace of the reaction
vessel. One skilled 1 the art would realize that the head-
space of a vessel 1s the space between the bottom of the
cover (butyl rubber stopper for serum vials, stainless steel
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flange cover for the Bioflow and Parr reactors) of a reactor,
and the top of the liquid meniscus in the vessel. In this
reaction vessel, ATCC 202177 was cultivated as submerged
culture 1n the TSN. The headspace gas was sampled at
periodic intervals (every 5 minutes of up to one hour; every
half hour thereafter up to four hours, to at least once every
24 hours) with a gas tight syringe. During the preliminary
experiments, liquid samples were also aseptically and
anacrobically removed for analysis of pH, cellular protein
(to measure cell growth), and estimation of soluble sulfur
species: elemental sulfur (S,), SO,~%, SO,~%, S,0,77, and
S,

[0050] The above procedures were used because ATCC
202177 was originally developed under anaerobic condi-
tions. Since anaerobic cultures require special attention and
techniques, an experiment was set up to determine whether
ATCC 202177 1s a facultative or obligate anaecrobe. The
consortium was found to be composed of microaerophilic or
facultative anaerobic microorganisms. Therefore, hence-
forth the cultures were treated in ambient conditions. The
anaerobic methods, however, were continued to maintain the
ATCC 202177. Additionally, the experiments to evaluate

removal of sulfur species were carried out under anaerobic
conditions.

Analytical Methods

[0051] The microbial load and the growth were deter-
mined either by direct cell count, measuring the absorbance
at 460 nm (OD460) or by wet and dry cell weight.

[0052] The wet cell weight was determined on a 24-48
hour culture of the test organism. The culture was dispensed
in a pre-weighed centrifuge bottle of 25 to 250-mL. The
cultures were harvested through centrifugation at 3000 to
3500 rpm for 20 minutes. Subsequently, the cell pellet was
washed with Tris-HCI buffer (50 mM, pH 7.5) through
resuspension and centrifugation. Finally, the centrifuge
bottle containing the cell pellet was weighed. For determin-
ing the dry cell weight, the cell pellet after determining the
wet weight was resuspended in 50 mL of Tris-HC1 buffer (50
mM, pH 7.5) and transferred to a pre-weighed aluminum
boat. Three such preparations were used for this determina-
tion. In three other pre-weighed boats, 50 mL Tris-HCI (50
mM, pH 7.5) was dispensed into each one. These three boats
served as controls. All six boats were then incubated at 105°
C. for 16 hours. Subsequently, the boats were cooled 1 a
desiccator and weighed until a constant weight was
obtained. The wet weight (wwt) was obtained as:

wwi=A-F

[0053] where A is the weight of the harvested, washed cell
pellet plus the pre-weighed centrifuge bottle; and B 1s the
weight of the centrifuge bottle.

[0054] Similarly, the dry weight (dwt) was calculated from
the formula:

dwit=C-D

[0055] where C is the weight of the dried, pre-weighed
aluminum boats containing 50 mL of the washed culture
suspension 1n the Tris-HCI buffer, and D 1s the weight of the
dried, pre-weighed aluminum boats containing 50 mL of the

Tris-HCI bufter.

Determination of Headspace Gases

[0056] Headspace gas analyses were conducted by
directly introducing the needle of a pressure-tight gas
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syringe 1nto the butyl rubber stoppers on the sample con-
tainers. For initial experiments in serum vials, prior to
sampling for headspace gas, the pressure-tight syringe was
made anaerobic by flushing it three times with an oxygen-
free nitrogen:carbon dioxide mixture (80:20). For later
experiments, however, this flushing step was not used
because by then 1t was known that the ATCC 202177
consortium 1s a facultative anaerobe/microacrophilic organ-
1sm.

[0057] Headspace gas composition of carbon dioxide,
carbon monoxide, hydrogen, methane, and nitrogen was

determined by gas chromatography using a thermal conduc-
tivity detector (TCD). A GOW-MAC gas chromatograph

(GC) fitted with a 10x18 inch OD stainless steel column
packed with 100/120 mesh Carbosieve S-II (Supelco Co.)
was used to analyze the gas samples. The conditions were:
column temperature, 200° C.; detector and injector tempera-
tures, 220° C.; detector current, 170 mA. Helium was used
as a carrier gas (30 mL/min at 50 psi on the cylinder). A HP
integrator (Model 3396A) integrated the data. The calibra-
tion standard was prepared with a mixture of carbon dioxide
(29.3%), carbon monoxide (10.2%), hydrogen (4.9%), nitro-
gen (24.9%), and methane (30.7%).

[0058] A Varian model 3700 gas chromatograph was used
to analyze the gaseous sulfur species. A flame photometric
detector with sulfur filter at 220° C. was used. The carrier
cgas was helium at a flow rate of 40 mL/min. A 60/80
Carbopak B, 1.5% XE-60, 1% H;PO, glass column was
used. The oven temperature was isothermal at 50° C., and
the injector was set at 220° C. This instrument was also
calibrated with a standard gas mixture consisting of 10 and
1000 ppm hydrogen sulfide and 999 ppm each of carbonyl
sulfide, carbon disulfide, methyl mercaptan, ethyl mercap-
tan, and dimethyl mercaptan.

[0059] The fate of major ionic species comprising the
culture medium was monitored by high-pressure liquid
chromatography (HPLC) and inductively coupled plasma
spectrometer (ICP-AES). The ions monitored were NH,**,
F62+, Na+1, K+1, Mg2+, MI]2+, ZI]Z_I_, NOZ_l, NOB_l, S—Z?
SO,™%, SO,™>, and S,0,>. The parameters used for HPLC
were a Waters 501 HPLC pump connected to a WISP U6K
autosampler. The columns used were IC-PAK anion HC and
Hamilton PRP-X200. The detectors used were a 400 UV
detector and a 430 conductivity detector. Different eluents
were used depending on the 10n to be analyzed. For example,
5 mM dibasic sodium phosphate was used to separate
sulphur species. The eluent was prepared by adding 0.7092
o dibasic sodium phosphate to a one-liter volumetric flask
and bringing the volume to the mark with HPLC grade
water. The eluent was filtered through a 0.2 um membrane
filter, and protected from adsorbing atmospheric carbon
dioxide.

[0060] Standard solutions for HPLC were prepared by
standard methods well known to those skilled 1n the art.

Inoculum Preparation

[0061] For all the following examples, the inoculum of
ATCC 202177 was prepared according to the following
procedure. For 1nitial screening experiments, the inocula
were prepared 1n one-liter Wheaton bottles containing 300
mL of the TSN medium. After an incubation period of one
week, the cultures were aseptically and anaerobically har-




US 2001/0006809 A1l

vested by centrifugation and washed twice 1n an equivalent
quantity of 50 mM, pH 7.5 Tris-HCl1 buffer, by re-suspension
and centrifugation. Finally, the washed microbial pellet was
re-suspended in sufficient TSN medium to provide enough
inoculum for the experiment to be performed. Initial screen-
Ing experiments were carried out at a microbial loading of
1%. The wet weight of the inoculum was recorded and the
fotal cell count measured directly with epifluorescence
microscopy. This method of inoculum monitoring provided
a means of keeping the initial bacterial mnoculum constant
for different treatments within a given experiment or
between the experiments. It also provided a method whereby
all the experiments could be carried out at a consistent
microbial load. Thus, any discrepancy due to variations 1n
the microbial loading could be disregarded or minimized.

[0062] Larger quantities of mmoculum required for scaled
up experiments were prepared in four-liter Erlenmeyer
flasks containing two liters of TSN. After an appropriate
per1od of incubation, the biomass was harvested by centrifu-
gation, washed with Tris-HC1 buffer (50 mM, pH 7.5) for
two passages, and re-suspended at appropriate biomass
loading. The biomass loading depended upon the experi-
ment to be conducted and the reactor to be used for that

experiment. For example, 2.1 ¢ wet biomass was loaded 1n
600 mL TSN to obtain 0.35% microbial loading.

EXAMPLES

[0063] The following examples will familiarize one
skilled 1n the art with the present invention. These examples
are 1llustrative and are not meant to limit the scope of the
invention 1n any way.

Example 1

Isolation of Individual Microbial Types
Constituting ATCC 202177

[0064] 1 mL aliquots of an actively grown inoculum were
aseptically added to sterile tubes containing 9 mL of 0.1%
peptone water. The dilution was 10"/mL. Subsequent dilu-
tions in the range of 107 to 10~°/mL were prepared by
aseptically withdrawing 1 mL aliquots from tubes 1 through
8 and adding this to tubes 2 through 9. Each of tubes
between tubes 2 and 9 also contained 9 mL of 0.1% peptone
water. Then, 0.1 mL aliquots of the contents of tubes 4, 6,
and 9 were transferred to aseptically prepared plastic petri
plates containing TSN+ 2% agar (to solidify the TSN). Thus,
the final dilutions ranged from approximately 10~°/mL to
10~'°/mL. These plates were subsequently incubated in a
sterile, moist chamber for up to one week at room tempera-
ture. After this time five morphologically distinct colonies
were observed on each of the plates. Each of the distinctive
colonies was re-plated, one colony to a plate to ensure
homogeneity of the colony, 1.e., the colonies looked the
same as on the original plate. These colonies were then
examined microscopically under phase contrast at 1000
magnification to ensure that each colony consisted of only
one morphotypic bacterium.

[0065] The morphological characteristics of ATCC
202177 and of the five microorganisms constituting ATCC
202177 are described below 1n Table 2.
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TABLE 2

Morphological Characteristics of [solates of SSII
(ATCC 202177)

[solate Name Colony Morphology Size and Shape

[solate A round, entire, creamy with gram negative bacilli,
yellowish center, raised and 2.5 to 3.0 ugm long and
mucold colony about 2 mm in 0.8 to 1 gm wide
diameter

Isolate B round, entire, creamy, raised gram negative bacilli,
and mucoid colony about 2 mm 1.6 to 1.9 ugm long and
in diameter 0.4 to 0.5 um wide

[solate C round, entire, creamy, raised gram negative bacilli,
and mucoid colony about 1 mm 1.6 to 1.9 #m long and
in diameter 0.8 to 1 u#m wide

[solate D irregular, serrated, creamy, gram negative bacilli,
flat and non-mucoid about 4 2.5 to 3.0 ym long and
mm 1n diameter 0.8 to 1 um wide

[solate F round, yellowish, entire, gram negative bacilli,

raised and mucoid about 1 mm
in diameter

1.6 to 1.9 um long and
0.4 to 0.5 um wide

*The 1solates were plated on TSN medium with 2% Agar.

Example 2

Comparative Hydrogen Sulfide Removal at High
Pressure by ATCC 202177 and Different Bacterial
Isolates Constituting ATCC 202177

[0066] Starting from 1% wet cell loading, e¢.g., 10 g/L of
the TSN, each of the 1solates and ATCC 202177 were grown
for approximately two weeks to obtain approximately 60
orams wet cell weight for each of the six microorganisms. In
separate experimental runs, 60 grams wet cell weight of each
of ATCC 202177 and each of the 1solates comprising ATCC
202177 were evaluated for removal of hydrogen sulfide
from a gaseous mixture. The experiments were run in a Parr
reactor at 1000 psi (68.03 atm) and 60° C. according to the
schematic shown 1n FIG. 2. The data collected on residual
hydrogen sulfide gas 1n the culture vessel over a period of
fime was used to calculate the removal rates of hydrogen
sulfide. The data shown 1n Table 3 indicate that all of the
constituent 1solates making up ATCC 202177 are necessary
to obtain high removal rates of hydrogen sulfide.

TABLE 3

Comparative Removal of H,S by the ATCC 202177 and Each of
Its Constituting Bacterial Isolates®
Experimental Conditions:

Batch Mode at 1,000 psi (68.03 atmospheres), pH 7.5 and 60° C.

H,S
Concentration
(ppmv)

Organism [nlet Outlet H,S Removed %
Control without bacteria 3,900 2,250 42.31
ATCC 202177 3,000 0 100.00
[solate A 3,900 625 83.97
[solate B 4,000 1,500 62.50
[solate C 3,000 250 91.70
[solate D 4,250 2,500 41.18
Isolate E ND ND ND
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Example 3

Comparative Hydrogen Sulfide Removal by ATCC
202177 and Its Isolates at Atmospheric Pressure

[0067] The experiment of Example 2 was conducted at
atmospheric pressure. In this experiment, the gas from a
single source was simultancously fed to several different

one-liter vessels, each containing 0.6 liters of TSN medium.
Each vessel contained either ATCC 202177 or one of the

1solates making up ATCC 202177. The control was TSN
without any bacteria. In this example, the gas stream con-
taining the gascous sulfur species was bubbled through the
vessels at 1.8 liter/hour. The removal of hydrogen suliide
was again monitored by analyzing headspace gas and con-

finued until a steady state was reached. After the steady state
was achieved, the removal was monitored for two to three

hours. These data, shown in Table 4, again indicate that each
one of the 1solates of ATCC 202177 1s required for a higher

removal of hydrogen sulfide from a gas stream contaminated
with sulfur compounds.

TABLE 4

Comparative Removal of H,S by the ATCC 202177 and Each of
[ts Constituting Bacterial Isolates*
Experimental Conditions:
Continuous Mode at Ambient Pressure

H,S
Concentration

Treatment (ppmv)

(Organism/Control) [nlet  Outlet H,S Removed %

Control without bacteria 200 16.6 901.70

AL'CC 202177 200 0.0 9997

Isolate A 200 3.2 98.40

Isolate B 200 3.0 08.50

Isolate C 200 2.9 98.60

[solate D 200 7.3 96.30

Isolate E 200 3.9 08.05
[0068] Examples 2 and 3 clearly establish that ATCC

202177 can remove hydrogen sulfide when carbon dioxide,
methane, and nitrogen are present i the gas mixture.

[0069] The next examples were used to evaluate the
removal of hydrogen sulfide in the presence of carbon
dioxide, methane, nitrogen, and other compounds that are
present 1n either the gas or the liquid phase of the reaction
mixture. The compounds tested were: carbon monoxide

(CO), hydrogen (H,), cyanide (CN), and ammonia (NH;).
Example 4

Removal of Hydrogen Sulfide 1n the Presence of
Carbon Monoxide, Carbon Dioxide, Hydrogen,
Methane, and Nitrogen

[0070] The experimental setup for Examples 4-7 was that
shown 1 FIG. 2. The following gives the general experi-
mental procedure used to evaluate the efficacy of ATCC
202177 1n removing hydrogen sulfide in the presence of
carbon monoxide, cyanide, and ammonia.

[0071] For these experiments, 600 mL of TSN medium
was 1noculated with 10% (w/v) wet cells of ATCC 202177

and the culture vessel was incubated for sixteen hours at
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room temperature (approximately 20-23° C.) under constant
agitation. One hour prior to the experiment, the culture was
supplemented with 1.2 ¢ of organic nitrogen supplement and
6 g of sodium thiosulfate. This culture was then charged into
the Parr reactor, and the reaction mixture was allowed to
come to 37° C. At this point the Parr reactor was pressurized
to 68.03 atm with the following gas mixtures:

TABLE 5

To Additional 34.01 atm
with Gas Mixture B

To 34.01 atm with
(Gas Mixture A

29.34% Carbon Dioxide
10.2% Carbon Monoxide
4.9% Hydrogen

30.7% Methane

24.9% Nitrogen

4.99% Carbon Dioxide
1% Hydrogen Sulfide
89% Methane

5.01% Nitrogen

[0072] After pressurizing the Parr reactor, the headspace
cgas was analyzed for carbon dioxide, carbon monoxide,
hydrogen, hydrogen sulfide, methane, and nitrogen. The
headspace of the Parr reactor was sampled soon after pres-
surization (time zero) and subsequently at intervals of ten
minutes for the first hour and thereafter at 15 minute
intervals for two hours, and finally at one hour intervals for
the duration of the experiment. The data collected showed

that under the experimental conditions used, hydrogen sul-
fide was not removed by ATCC 202177.

Example 5

Preparation of AT'CC 202177 Capable of Removing
Hydrogen Sulfide in the Presence of Carbon
Monoxide, Carbon Dioxide, Hydrogen, Methane,
and Nitrogen

[0073] Before evaluating the removal of hydrogen sulfide
in the Parr reactor any further, the growth capability of
ATCC 202177 1 the presence of carbon monoxide and
hydrogen in the gas mixture was evaluated. This experiment
was conducted 1n three sets of three serum wvials each, for a
total of nine serum vials. The serum vials were distributed as
follows.

[0074] Set one comprised three 125-ml. serum vials con-
taining 50 mL TSN medum prepared anaerobically as
described in the general experimental procedures. The head-
space of these vials was exchanged with a gas mixture of the
following composition: carbon dioxide, 29.34%; carbon

monoxide, 10.2%; hydrogen, 4.9%; methane, 30.7%; and
nitrogen, 24.9%.

[0075] Sets two and three each, also comprised three
125-mL serum vials containing 50 mL TSN medium pre-
pared anaerobically as described above. The headspace of
these vials was not exchanged with the above gas mixture.

[0076] Sets one and two were charged at 10% biomass
loading with a freshly prepared culture of ATCC 202177.
Thus, set two was a biotic control for set one. Set three
served as an abiotic control for both sets one and two. All of
the vials were incubated at 23-25° C. in a shaker incubator
oscillating at 100 rpm. At the beginning of the experiment
and at predetermined periodic intervals, liquid samples were
taken from all nine vials and were monitored for turbidity at
460 nm. The data show that the ATCC 202177 did not

exhibit any significant growth.
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[0077] Further development of ATCC 202177 involved
incubating a mixture of ATCC 202177 obtained from the
Parr reactor mixed with a freshly-prepared culture of ATCC
202177 at a biomass loading of 10% 1 50 mL of TSN 1n a
serum vial. The headspace of the serum vial contained the
gas mixture composed of: carbon dioxide, 29.34%; carbon
monoxide, 10.2%; hydrogen, 4.9%; methane, 30.7%; and
nitrogen, 24.9%. This step was continued for three transfers.
Then the growth of ATCC 202177 was re-examined 1n the
vials prepared as above. The data shown 1n FIG. 3 exhibit
an 1ncrease 1n the growth of the enriched ATCC 202177

compared to what was observed with un-enriched ATCC
202177.

[0078] The experiment of Example 4 was repeated with
enriched ATCC 2021777 as prepared above. An abiotic con-
trol experiment was also run 1n a similar manner. The data

show that there was little hydrogen sulfide removal 1n the
absence of ATCC 202177 (FIG. 4A) in comparison to when

ATCC 202177 was present (FIG. 4B). Thus, the data
presented 1 FIGS. 4A and 4B clearly indicate that ATCC
202177 reduces the hydrogen sulfide concentration 1n a
ogrven stream to an undetectable range, while not affecting
the useful components of the gas stream.

Example 6

Removal of Hydrogen Sulfide by ATCC 202177 1n
the Presence of Ammonia

[0079] The effect of ammonia on the growth of ATCC
202177 and removal of hydrogen sulfide by ATCC 202177
was evaluated by first growing the consortium at 100-200
ppm liquid ammonia added to TSN medium. The growth
was evaluated as 0D460 measurement. The data shown in
FIG. 5 show that ATCC 202177 enriched 1n the presence of
ammonia was not inhibited by up to 200 ppm ammonia. The
cifect on the removal of hydrogen sulfide at 68.03 atm was
tested according to the method presented in Example 4,
except that liquid ammonia at 200 ppm concentration was
mixed 1n the TSN containing 60 g of enriched ATCC 202177
when the Parr reactor was charged. The data shown 1n FIG.
6B show that ATCC 202177 removes the hydrogen sulfide to
zero ppm 1n about 70 minutes, 1n contrast to un-enriched

ATCC 202177, as shown 1n FIG. 6A.

Example 7

Removal of Hydrogen Sulfide 1n the Presence of
Cyanide

[0080] This experiment was conducted in the same man-
ner as Example 5. Initial data show that even at 50 ppm

loading, cyanide inhibited the growth of ATCC 202177
(FIG. 7), and ATCC 202177 not enriched by cyanide was
not capable of removing hydrogen sulfide (FIG. 7). The
tolerance of ATCC 202177 to 100 ppm cyanide as potassium
cyanide was modified according to the method of Example
5 by enriching ATCC 202177 in TSN medium supplemented
with potassium cyanide. The data shown in FI1G. 8 show that
hydrogen sulfide removal by this enriched ATCC 202177 1n

the presence of potassium cyanide 1s not 1nhibited.

|0081] The foregoing description of the specific embodi-
ments will so fully reveal the general nature of the invention
that others can, by applying current knowledge, readily
modify and/or adapt for various applications such speciiic
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embodiments without undue experimentation and without
departing from the generic concept, and, therefore, such
adaptations and modifications should and are mntended to be
comprehended within the meaning and range of equivalents
of the disclosed embodiments. It 1s to be understood that the
phraseology or terminology employed herein 1s for the
purpose of description and not of limitation. The means,
materials, and steps for carrying out various disclosed func-
tions may take a variety of alternative forms without depart-
ing from the 1nvention. Thus the expressions “means to . . .
” and “means for . . .”, or any method step language, as may
be found in the specification above and/or in the claims
below, followed by a functional statement, are intended to
define and cover whatever structural, physical, chemical or
clectrical element or structure, or whatever method step,
which may now or 1n the future exist which carries out the
recited function, whether or not precisely equivalent to the
embodiment or embodiments disclosed in the specification
above, 1.e., other means or steps for carrying out the same
function can be used; and 1t 1s intended that such expressions
be given their broadest interpretation.
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What 1s claimed 1s:
1. A method for preparing an enriched culture of microbial
consortium ATCC 202177 comprising:

(a) enriching the consortium of microorganisms to
remove gascous sulfur species;

(b) providing an organic nitrogen source, gaseous sulfur
species, and a mineral salt solution as a growth sub-
strate for the microorganisms of step (a) and maintain-
ing the pH of the growth substrate in the range of pH
6.8-8.0 during the growth of said microorganism on
said growth medium for a time sufficient to obtain the

consortium ATCC 2021777 which 1s capable of metabo-
lizing sulfur species.

2. The method according to claim 1, further comprising
recovering the microorganisms capable of reproducible
metabolism of gaseous sulfur species resulting from step (b).

3. The method according to claim 1, wherein said gaseous
sulfur species 1s a compound selected from the group
consisting of sulfur compounds which are sulfides, thiosul-
fates, thionates, thionites, and mixtures thereof.

4. A method for desulfurizing a gas stream containing,
gaseous sulfur species comprising contacting an aqueous
nutrient solution loaded with enriched ATCC 202177, said

enriched ATCC 202177 prepared by a method comprising:
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(a) enriching the consortium of microorganisms to
remove gaseous sulfur species;

(b) providing an organic nitrogen source, gaseous sulfur
species, and a mineral salt solution as growth substrate
for the microorganisms of step (a) and maintaining the
pH of the growth substrate in the range of pH 6.8-8.0
during the growth of said microorganism on said
orowth medium for a time sufficient to obtain the
enriched consortium ATCC 202177 which 1s capable of

metabolizing sulfur species;

(c) recovering the microorganisms capable of reproduc-
ible metabolism of gaseous sulfur species resulting
from step (b); and

(d) keeping said gas stream in contact with said enriched
ATCC 202177 whereby gaseous sulfur species in the
gas stream are oxidized to elemental sulfur by said

enriched ATCC 202177.

5. The method according to claim 4, wherein the nutrient
solution comprises (a) an organic nitrogen source from yeast
extract, Sheftone™ products, soy flour, cottonseed flour,
animal proteins; and

(b) a solution of at least one mineral salt selected from the
group consisting of ammonium sulfate, boric acid,
calcium chloride, cobalt chloride, copper (II) sulfate,
ferric chloride, magnesium sulfate, manganeses sulfate,
potassium nitrate, potassium nitrite, dihydrogen potas-
sium phosphate, sodium bicarbonate, sodium disulfite,
sodium molybdate, sodium tungstate, zinc sulfate, and
mixtures thereof.

6. The method according to claim 4, wherein the tem-
perature of the reactor is maintained between about 10° C.

and 60° C.

7. The method according to claim 4, wherein the pressure
of the reactor 1s maintained between 1 and 80 atmospheres.

8. The method according to claim 4, wherein the gas
contains ammonia.

9. The method according to claim 4, wherein the gas
contains cyanides.

10. The method according to claim 4, wherein the gas
contains fuel gases.

11. The method according to claim 4, wherein the gas 1s
selected from the group consisting of natural gas, syngas,
landfill gas, biogas, geothermal gas, industrial gas, and tail
oas.

12. The method according to claim 4, wherein the wet cell
loading of the enriched ATCC 202177 1n the nutrient solu-

tion 1s between 0.35% and 20%.

13. The method according to claim 4, wherein the pH of
the nutrient solution 1s maintained between 6.8 and .0.
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