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ABSTRACT

The rate of microbial desulfurization of cogl with Sulfolobus

acidocaldarius was increased ten fold by adjusting the nitrogen to

phosphorus and nitrogen to magnesium ratios. The effect of the

inclusion of organic nutrients and chemical oxidants in the medium,

us well as alternate nitrogen sources, Wwere tested. Process

variables such as pulp density, coal particle size, end initial cell

number density were varied in order to find thier independent

optima. A pulp density of 20%, a particle size of 49 um, and an

initial cell number density of 1012 cells/grem pyrite in the coal

were found to be optimal. Environmentul conditions were optimized.

Optimal values of ph .and temperature were fourd to be 1.5 and 70.C

to /5 C, respectively.

1 removal of pyritic sulfur from coal &nd

Kinetics of microbia

microbial oxidation of dibenzothiophene by Sulfolobus acidocaldarius

were investigated.



1. INTRODUCTION

Coal is a relatively inexpensive and abundent energy resource.

The worlds” increaSing'energy crisis, the U.S. deperdency on foreign

0il, and various options for converting coal into liquid fuels, has

led to the consensus that coal will be one of the mzjor energy

sources in the future. However; direct comtustion of coal can cause

serious pollution problems due to the emission of sulfur dioxide

(802) into the &timosphere. Sulfur containing gases emitted into the

atmosphere have adverse effects on animsl and plsnt life [11] and

also contribute to the increasing problem‘of acid rain.

There are several alternatives for the removal of sulfur from

coul. The methods. can be divided into two major

categories-- precombustion desulfurization, end desulfurization

(meinly stack gas desulfurization). The

after combustion

precombustion processes have the advantage of removing serious

equipment wear &nd corrosion problems before it reaches the main

part of the power plant.

~ precombustion desulfurization

imong the present alternatives in

desulfurization,

are physical -and chemical methods. Chemical

however, requires high temperatures and pressureé .(100-500 C,

100-1000 psi) uhich.make the p;océSs very energy intensive. The

Flotation is more cost

mein physical method used is flotation.



¢ifective than chemicel methods but results in an energy loss Dby
removing coal particles containing finely disseminated pyrite (Fesz)

{21]. This method is also ineffective in removing inorganic sulfur

compounds.

Microbiasl Coal Desulfurization (MCD) has many advantages Over

chemical end physicsl methods, one being the advantage of

comparatively low capital and operating costs [17, 16]. This method

is a specific and sengitive means of sulfur removel and is

spplicable 1o the removal of finely disseminated sulfur compounds

[15]. ‘The process is also less energy intensive then chemical &nd

physicel methods and can easily be adapted to cosl slurry pipeline
systems and to the burning of cosl-weter slurries. nitial rates
using btacteria to desulturize coal were too low to allow the process

to Dbecome economically feasible; the use of &an alternative

microorganisnm, Sulfolobus scidocaldarius, however, has providea

significantly higher rates and therefore much more promise for the

process.

n this research report was directed to

The work described 1

improve the rate and extent of sulfur removal from coal uSing the

microorganism Sulfolobus acidocaldarius so the reactor size and/or

residence time of the process may be reduced. Efforts have been

mude to elucidate the kinetics of microbial Temovel of pyritic

sulfur

from coal. The kinetics of microbial oxidation of




as also investigated.

dibenzothiophene by Sulfolobus acidocaldarius w




2. BACKGROUND

Phe sulfur content of United States' coals varies from 0.5% to

over 6%. This -sulfur exists as inorgenic and organic sulfur

compounds. The major inorganic sulfur compound is’ the mineral

e and contain

pyrite (FeS,). Organic -sulfur compounds are divers

mainly thiols, sulfide, disulfide, and thiophene groups [21].

Usually, bituminous cosl has o higher pyritic sulfur content than

sub-bituminous coal, 1ignite, and anthracite. [13].

The smount of sulfate sulfur (FeSO4) in freshly mined coal 1is

less than O.1%. The sulfate sulfur content gradually increuses

efter mining due to oxidetion (chemical and biological) of pyrite in

the presence of weather-[Zl]. Sultate is soluble, however, and can

The presence of sulfate sulfur, therefore, causes

be washed away.

no problem in coal desulfurization.

The microbial desulfurization of coal using the organism

Thiobucillus ferrooxidans, & chemoautotrophic &nd autotrorhic

bucterium found in acid mine waters, has been studied by many

researchers |5, 6, 7, 8, 9, 10, 18, 19, 20, 22]. A mixed culture of

s also been used for the

., ferrooxidens and 7, thiooxidens ha

removal of suliur compounds from coal [9]. The rates obtained in

these studies, however, were too low to reduce the reactor size to &

reasonable level [2]. The organisms are &also ineffective in



removing orgenic sulfur compounds which, in some coals, is an

apprecizble amount of the total sulfur content.

An alternative orgenism which ‘may be used {for MCD is the

thermophilic, acidophilic microorganism Sulfolobus acidocaldafius.
This orgunuism, & tfacultative autotroph, has & temperature optimum
near 70 C and thrives at low pH (ph 1.5-4). 1t oxidizes reducea
suliur and iron compounds. 1he organism was originally isolated by

brierly [2] from the acidic hot springs of Yellowstone National

Park. Seversl high temperature strains of Sulfdiobgg were isolated

and further characterized by Brock et. al. [3, 4]; Crganisms of the

genus are widespread in solfatara areas and c&n be isolated from

thermel acid hot springs. The organism Sulfolobus acidocaldarius

may be an important geochemicsal egent in the production of sulfuric

scid irom sulfur in high.temperature~hydrothermul systems [3].

The severe environmental conditions at which Sulfolobus thrives

ofter many advantages to its use in MCD. Lue 'to the high

temperature and low pH,

conditions need not be maintained. Iron deposition is alsolgreaily

reduced as the pH is lowered. The rate of chemical oxidation of

pyrite by the ferric jon at 70 C is more than two times greater than

the reaction rate at 30 C-[12].. Also at high temperatures, high

cell concenirations cen be used without expensive cooling systems.

‘the chance of contemination is 1low; sterile




As previously stated, Sulfolobus is & facultative autotroph.

1t can also be grown heterotrophically, and is mainteined as such.

This' shows a potential pathway for breaking down some orgenic sulfur

compounds present in coal. A concentrated culture of this organism

hes therefore been pleced on dibenzothiophene, a model organic

sulfur compound found in cosl. Preliminary results have indicated

oxidation of this sultur compound with the release of sulfate.
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%, MATERIALS AND METHODS

%,1 Coal Samples
Coal samples were obtained from the Pennsylvania Power end

Light Company and were ground to desired particle sizes. Various

size fractions were. separated using U.S. standard sieve pletes. The
initisl experiments were conducted with 100-150 mesh size (104 m <

Dp < 147 m) coal particles. In later experiments smaller particle

siyze ranges were used (150-200 mesh and 270-%25 mesh) .. "Two
difterent cosls were used, both from the sesme source-- a plant feed
cosl with “4 wip total sulfur content,(2.1 wtd pyritic sultur) snd

cosl refuse with "12 wi% sulfur (11;5»wt% pyritic sulfur).

3.2 Microbiological Methods

h pure ctlture of Sulifolobus acidocaldarius originally isolated

by Brock et. gl. [4] (strain 98-3) was used. The,experiments and

culture transfers were performed using the minersl salis. médium

developed by Brock et. al. 4] (see Appendix for composition). The

cells were grown on severai-substrates: (1) heterotrophically on

glucose (10 g/1) and yeast extract (1 g/1) for 3-4 days, (2)

autotrophically on finely ground pyrite (20 g/1) for 10-14 days, and

(3) on & 10 wtp coal slurry of plant feed codl (100—150-mesh) for

10-14  days. S concentrated culture was -also kept ~ ou

dibenzothiophene (DBT, 0.3 g/1) eand a specially developed sulfate-

For all the above

iree mineral salts medium for about 30 days.
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mentioned'bultures, 100 ml of the mineral salts medium was mixed
with the desired substrate in.-a 500 ml baftled shake flask.q»The pH
was adjusted to 2.5-3.0 and the flesk and contents were autoclaved
for 1% minutes at 121 C. The flasks were inoculated on cooling and
placed at 70 C for the duration of ihe experiment. Stationary
cultures were also maintained on yeast extract (1 g/1) in & 150 mm
culture tube containing 5 ml of medium. These tubes were maintained
at 70 C for 3 days, with daily shaking, and then left at room

temperature for the remeinder of the week.

The coal desulfurization experiments were performed.in'SOO ml
pvaffled shake flasks. The flasks were charged with 100 ml of
mineral salts medium and the desired emount of coal particles of

known particle size. The pH adjustment and sterilization procedures

are the sume as previously mentioned. The flasks were inoculated

with 10 ml of active cells and were placed at 70-75 C and 200 RPM in
a contirolled environment incubator shaker (New Brunswick Scientific
Co. model G26) for the duration of the experiment. The inoculum

culture wes usually grown on pyrite. The samples were withdrawn

daily for the analysis of soluble iron and sulfate after addition of

sterile water to compensate for evaporation loss. The amount of

water needed was determined by weighing the flask before. sampling

and subtracting the value from the weight of the flask recorded

after the previous semple had been taken.




A control flask was used to determine the npn;biological (acid

catalyzed) sulfur and iron removl.

For experiments with recorded initiel cell concentrations,

heterotrophically grown celle were used. These ce€lls were

centrifuged and washed aseptically with gterile mineral salts medium
und resuspendea in the seme for. counting. The counting was done
using & Petroft-Hauser counter under 40X magnification. The samples

were dilutes appropriately and used for inoculum for ithe

experimental flusks.

3,% Analytical Methods
The samples were filtered through Whatmen No. 2 filter paper to

remove coal particles from the, liquid medium. The residuel solids

were washed with O.1N hydrochloric acid (HC1) to extract adsorbed

sulfate and iron from the coal surfece into the filtrate [19]. The

nd total soluble iron.

filtrate was anslyzed for sulfate a

¥

Sulfute concentration was measured turbidimetrically [J, 15].

Two ml ot 10% BaCl, solution was added to 2 ml of appropriately

¢iluted semple and 0.5 ml of u conditioning .solution containing

alcohol and glycerine for improved suspension and heCl and- HC1 for a

more consistent Babo4 crystal formation. The ingredients were mixed

for one minute in a Genie vortex mixer. The meaximum turbidity of

the final mixture over 8 three minute period was measured in &

10



B T A a3

A e A AR AU STIEY LT

spectrophotometer (Bausch and Lomb, Spec. 700) &t 420 nm and was

compared 1o & celibration line.

Totel iron concentration was measured colorimetrically. One ml

of 1% hydroquinone was edded to 1 ml of the diluted sample to reduce

‘The totel iron concentration

3

the ferric iron into the ferrous form.

vus measured by adding 2 ml of a 031%.o-phenanthroline.solution-to

the semple &nd meésuring the. absorbance af 500 nm i &

spectrophotometer and comparing the results to those of & ferrous

sulfate standard.

Totul suliur content of the coal wus determined by the Eschka

method [15]

Suliute sulfur content of coal semples W&s determined by

e¢xtrecting one grem samples of coal with dilute (0.4N) -HCl by
4() minutes. The

refluxing with & cold finger condenser for

extracted ecid was analyzed for sulfate [1].

Pyritic sulfur content was determined by refluxing 1 gram coal

semples in hot 2N HNO, for 90 minutes. lron concentration in the

finel 1liquid was snalyzed using the o-phenanthroline method

describea betore. The pyritic sulfur content 1is then .determined

{rom the difterence of the total inorganic suliur (nitric wcid

extractiion) end the sulfate sulfur content (hydrochloric acid
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cxtraction).

Crganic sulfur content is determined indirectly from the

aiiterences between total sulfur and total inorganic sulfur content.

The details of these methods are provided in the eppendices.

Protein concentrations were determined using an assay developed
by Bio-Rad Laboratories. The standerd Lowry protein assay could not
be easily used due to interference from coel. .The protein
concentration was correlated to cell number and dry weight. The
cells weré digested in 1N- NaCH in e boiling water bath for 15

minutes end the pH was readjusted to 2.0 tefore analysis of the

protein.

Total protein (attached &nd iree cells) was analyzed using the

sbove method and a calibration curve constructed with samples of a

known cell number and the same coal pulp density. Free cells were

separuted from the coal-water slurry by filtration through a coarse

grede tilter paper (Whatmen No.s 4 or 541) and washing with an equel

volume of 0.1N HCl. The protein concentration was then determined

using a cslibration line consiructed from semples with known cell.

number but no coal. Atteched cell number was determined indirectly

from the difference of the total and free cell number.
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4. RESULTS AND DISCUSSION

This work wes performed in order to improve the rate and extent
of sulifur vremovel from coal wusing the organism Sulfolobus

acicocaldarius and to elucidate the kinetics of 'pyritic sulfur

removal. hany aspects of the process must be studied in order to
determine the best set of conditions for meximum sulfur removal
rate. f1he cell growth medium and/or desulfurization medium can be.
changed in many ways. The substrate which the organism is to
desulfurize can be gltered chemically or physically &s well &s
chenging its concentration. The organisms characteristics may also
be changea by adjusting the environmentsal conditions. Meny of these
variebles have been varied to find the optimal conditions. The
experimental  progrem  was designed to understand  the basic
chsracteristics of the prbcégs and the general effect of each of the
following variables-- the effect of simple medium ccmponents, coal,
concentration end particle sizes, pHs, cell _coﬁcentrations; and
temperstures.  An attempt was made to firnd an optimum with respect

to each ot these variables independently.

4.1 hedium Improvement

The initiel medium used for the coal desulfurization
experiments und culture transfers was that proposed by Brock et. al.
[5,‘4]. The'basic-ingredients.of'the medium are 1.3 g/l (NH4)2SO4,

0.26 g/1 KoHPO,, 0.25 &/1 MgS0, THy0, 0.0 g/1 CaCly 2H0, and 0.02
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g/l FeCl3 6H,0. Cther trace minerals were also added (see appendix
for complete medium compoSition). This is & very simple well
defined medium prepared to allow good growth on glucose and yeast
extrsct, pyrite, coal, or elemental sulfur. The fact that it
provides the minerals essentiel for good growth, however, does not
guarentee  that it will sllow the Dbest desulfurization
charscteristics. Therefore, & few organic nutrients, chemical
oxidsnts, and &lternate minerels were tested to determine thier

efiects on the rate and extent of the sulfur removal from coal.

4.1.1 Organic Nutrients

1he eifect of the addition of yeast extract (0,02%) and peptone
(C.1%) on the -rate of sulfur end iron removal was tested. These
organic nuirients were_oﬁly supplied in. small gmounts to determine
if there was a positive or negative effect on the rate of removal of
sulfur, not to quantify this effect. A 10% coal slurry of plant
feed coal (2.1% inorgénic sul fur) was used. The inoculum used was &

10 nl semple of Sulfolobus &acidocaldarius grown autdtrophical]y on

pyrite. The temperature wes controlied at 75 C end the initisl pH

wus sdjusted to 2.5. The coal particle size was 104-147 um. The

experimentel results are depicted in figure 4-1. The rate &and extent

ot sulfur removal in the presence of 0.02% yeast. extract were lower
than thst with only minersl salts medium. A similar, more

pronounced eifect was seen in the flask containing both yeast

¢xtract and peptore.  The experiment indicated that the organism

14




Figure 4-1: Effect of organic nutrients and
chemical oxidants on sulfur removel

o - 0.01M FeC13
o -Mineral salts (MS) +cells
A -Control (MS only)
B -MS +yeast extract

A-ES +yeast extract +peptone

SULFATE CONCENTRATION (g/l)

%5 ¢ 7 § 9

TIME (DAYS)

could remove sulfur from coal in minerel selts medium ealone. The

inclusion of orgenic- nutrientis did not improve thc rate and-even had

an sdverse effect.  The orgenic nutrients seem to &ct as an

aliernative substraie for growth which competes with the suliur

compounds in coel and therefore reduces the smount of sulfur and

15




iron utilized.

4.1.2 Chemical Oxidants

The inclusion of -FeClb into the reaction medium initiates
chemicsl oxiagation of ironm, end therefore sultur. The eftect of* the
sadition o1 G.01 N FeCl3 slone cah be. seen by comparing the sulfur
removiel of the- flask conteining the chemical oxidant to the control
flusk containing only minerel salts without the chemical oxident
(1ig. 4-1). Howéver, on compuaring the results of'the 0.04 M.F8013
flusk to the flask containing only cells, one can sce that after a
short lag rphase, the raté,and extent of sulfur removal in mineral
seltis medium ealone exceeds that of ‘the chemical oxidant.: It was

also shown that on combining the ‘two veriables (cells +:-chemical

cxident) the high FeCIB concentration inhibifs the sulfur removal

when compared to the miners]l salts medium and cells alone.

4.1.% Nitrogen to Phosphorus Ratio
1n order to improve the rate and the extent of pyritic sulfur
removel, the N/P. and N/hg (nitrogen to phosphorus - and nitrogen 1o

negnesium ratios, respectively) were varied in the mineral salts

meaium. in the experiment, phosphorus Ww&s kept constsnt at the

value Jroposed by Brock et. al. [3, 4]. The amount of (NH4)2SG4

and NgSC, added was then varied according. to a EFox-Wilson

experimental design for two independent varisbles. The experiment

The coel

was run at 70 C and the initisl pH was set 1o 2.5

16
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rarticle size used was 147 to 104 um. The results of the cxperiment

are presented in fable 4-1 on the following page.

rable 4-1: The influence of N/P and N/Mg ratios on
pyritic sulfur removal from coel

(NH4)§504 ‘N/P N[Mg Rate Sulfur
’ (mg &/1 hr) Removal

- o . o o o - -—— - - e @ - —— o - - - - -

%.50 54,8 22.0 17.4 £8.1
0.%5 5.5 22.0 - 1.7
1.9% 5041 %64 15.6 92.1
1.9% 501 7.3 22.1 64.1
5.04 47.5 32.0 5% 1 74.6
.04 47.5 1.5 2’74 8&. 1
¢.61 12.7 2.5 9.9 24.6
U.b1 12.9 11.5 14.% ' 54.5
1.4% 5Cat 21.9 16.2 61.9

The optimal N/P ‘and N/Ng ratios were .found to be 47.5 and 11.5,

respectively, resulting in a reaction -rate of nearly 28 mg S

removed/1 hr and 88% pyritic sulfur removal. The meximum rete of

pyritic sulfur removal obteined in the experiment was about an order

ot mugnitude higher then our previous'results obtained with & 5%
coal slurry. Up to 92k of the initial pyritic sulfur-was removed in

¢ single batch.
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4.1.4 Alternate Nitroéen Sources

The use of (NHg)pSO4 in large emounts (high N/P) causes some
difficulty in the enalysis of sulfate. The high dilution necesséry
to reduce the sulfate concentration to the linear portibn of 1the
celibration curve mugniiies the error of the wussgy. Several other
gmmonium sources (NH4N03, (NH4)2CO3, NH,C1, &nd (NH2)2CO) were,
therefore, tested to see if high initial sulfate concentrations
could be wvoided, without reducing the rate and extent of sulfur
recmoval. Figurc 4-2 depicts the influence of the alternate nitrogen
sources on the pyritic sulfur removsl from coal. The smmonium
sulfate (recommended in Brock's medium) was substituted with the
above nitrogen sources while keeping the N/P ratio nearly constant.
The rate of pyritic -sulfur removal was not significantly affected by
ihe nitrogen-source.used, with the exception of urea. The (NH4)QSO4
and NH,Cl mixture resulted in a slightly higher rete of suliur
removal when compared to the other nitrogen sourées. The use of
ures resultea in u significent reduction in the rote and extent of

suliur removul us compered to (hliy),504 alone.

4.1.5 External Carbon-Dioxide Supply
An experiment was performed in which the concentration of €O,

in the spurging eir- was veried. carbon-dioxide is the carbon source

used by Sulfolobus when the organism is oxidizing pyritic sulfur.

1f it is a rate limiting nutrient, the pyritic sulfur removal rate

will be accelerated on addition of externsl CO, 'Suppiy'[14]. A

18
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Figure 4-2: Effect of alternute nitrogen
gourcés on sulfur removal rate '

(NS0
ofy NHyHO3
ol (NHySOy|
o (HHy)9SCy
oy (NHy)oC03
o/ (NHy)9SOy
NH“C@

400

300

TOTAL SOLUBLE IRON (mg/L)

N TR R N BANN BRI B
| 10 12 W 16 18 20

TIME (DAYS)

network of flasks was constructed in order to supply COp in serisl

dilutions to & set of shake flusks. The flasks were charged with a

10% coal slurry of plant feed cosl conteining 2.1% pyritic

sulfur(D =49 um), the initial pH wes adjusted to 2.5, the flasks

were inoculated with céll grown on pyrite, and they were incubated

19




for 2 weeks at 70 C. Daily samples were taken after compensation

for evaporation loss. The gas entering the shake flask had to be

pre-humidified to keep eveporation losses minimel.  The flask
network as designed is shown in figure 4-3. The effect of the
extlernal CO2 supply on the pyritic sulfur removal rates is shown in
figure 4-4 &end figure 4-5. The rate and extent of sulfur removel was
not effected by external CO, supply. The COp concentration in the
atmosphere, theretore, is not & limiting nutrient for coal semples

~

containing 2.1% pyritic sulfur at 10% coal pulp density.



Figure 4-3: (0, mixing f1ask apparatus for
varying 0027concentration
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Figure 4-4:  Totsl soluble iron relesse
profiles for verious
_C~02, air mixtures
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Figure 4-5: Varisation of pyritic sulfur
removel rate with
€Oy concentration
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4.2 Process Variables

The types of coal, and thier sulfur content (both pyritic. and
organic) can vary widely .as different coal sources &re tested. The
physical and chemical structures of coal cen have a great effect on

sultiur removal characteristics.

Microbiual coal desulfurizution using Suifolobus acidocaldariﬁs

involves & surface reaction, Therefore variebles such as pulp
density and particle size become important as they effect the total
amount of surface available for microﬁial action. This group of
s of and

experiments was developed to better understand the kinetic

the limitations on the suface reaction rate.

4.2.1 Initial Cell Concentration

In order to investigate the -effect of initial cell

concentration ofi the initial rate of'pyritic sulfur removal, end to

find the optimsl cell number:coal surface area ratio, a 5% coal

slurry of plant feed coal (2.1% pyritic sulfur) was inoculated with

various cell concentrations. The average particle diameter of the

coal used was 125 um. The temperature and initigl pH were 70 C &nd

2.5, respectively. The cells. used were cultivated 1in heterotrophic

meaium &nd were centrifuged, weshed, and reconcentrated 1o obtain

high cell densities. Serial dilutions of this stock culture were

used to inoculate the experimental flasks. Atter appropriate

dilutions, & Petroff-Houser cell counter wes used to determine the
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cell number demsity. Figure 4-6 below depicts the variation of

sulfur removel rate as a furiction of the initial cell concentration

in the reaction medium.

Figure 4-6: Variation of pyritic sulfur
removsl rate with initial cell
number/[FeSz]o ratio

A A '} q g ]
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The rate increased with increasing cell

14

concentration tfor cell

number densities between 2x1‘06 cells/ml and 2x108 cells/ml (109 and

The rate was relatively constant for

10" cells/y pyrite in coal).
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cell number densities of 2x108 and 2x10° cells/ml (1011 and 1012
cells/g pyrite in .coal, respectively). At higher cell
concentrations.(2x101o cells/ml and 2x10"" cells/ml or 1013 and 10"
cells/g pyrite) the rate of pyritic sulfur removal decreases. A
reduction in the trensfer of gaseous nutrients, mainly'oz and CO,,
.
into the liquid medium &t high cell concentrations due to heavy
fosming mey be the reason for this reduction in rate. The optimal
cell concentration-wifh'S% pulp density experiments was near 2x107

cells/ml which is equivelent to 108 cells/cm surface area of coal

(4x1010 cells/g coal or 10'2 cells/g pyrite in coal).

4.2.2 Coal Particle Size

Various size fractions of coal samples were used in ‘order to
determine the influence of particle size on the rate of removal of
sulfur from coal. A 5% coal slurry of plant feed coal at 70 C and
initial pH of~2.5 was used for this test. The cells used in this
experiment were cultivated in heterotrophic medium, centrifuged,
washed'andrconcentrated,as described before. The concentrated cells
were used to inoculate the reaction medium to yield an initial cell
concentiration in all experimental flasks (excluding the control) of
2x109 cells/ml. Figure 4-7 shows the variation of maximum rate of
sulfur removal with the average coal particle diemeter. The rates
were calculated by determining total soluble iron concentration in

the 1liquid medium and converting the data into pyritic sulfur



Figure 4-7: Variation of sulfur removal
rate with particle diameter
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removal date using the stoichiometric reletionship -of sulfur and
iron in pyrite. The sulfur removal rate decreased with increasing
particle size and seemed to reach a constant level &t a particle
size near 250 um. The total gurfece area of the coal in the flask
is a function of the reciprocal of the particle radius. Reduction
in the particle size increased the external surface ares of the coal

particles and, therefore, resulted in significent increases in the
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rete of sulfur leaching: Furthermore, a plot of maximum pyritic

variables.

4.2.% Coal Pulp Density

sulfur removel rate versus reciprocel diameter (1/Dp) produced &

straight line showing a _linear relationship between the two

In order to test the effect of coal puip density on sulfur
removel rate, experiments were performed with different pulp
densities (S%A3O%) of coal with an average particle diameter equal
to 125 um. -Cells grown on pyrite were preconcentrated snd used as
inoculum. The results are shown in figure 4-8. The data in figure
4-8 was used to calculate the meximum volumetric sulfur removal rate
(mg S removed/l hr). The volumetric rate of gulfur removal was
rlotted sgainst coal pulp density in figure 4-9. The volumetric
reaction rate varies linearly with coal pulp density up. to 15%.
Above a 1% pulp density the volumetric reaction rate levels off
showing a subsfrate Iimitation. This limitafion may be caused by
two or more things-- coal sgglomeration at ‘high pulp densities
causing a reduction in effectiye surface area, or gas transfer

2
and coé) at. high solids concentration.

limitations (mainly O
Initial experiments indiéated-no.COQ_Iimitation at 10% pulp density.

The optimum pulp density with respect to volumetric reaction rate is

near 20%.

The surface reaction rate ~can be related to the volumetric
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Figure 4-8: Effect of pulp density on
pyritic sulfur removal.
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resction rate with the following equation:
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Figure 4-9: Variation of volumetric reaction
rete with pulp density
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where 1 represents the volumetric reaction rate, Ig is the surface
reaction rate, pg 1is the pulp density,  1is the density of the
coel, und.Dp ig the average particle diameter. This equation was
used to calculate the surface reaction rate for the six data points
on tigure 4-9. Tﬁe-.résults appear in figure 4-10 Dbelow. s
previously stated, at low pulp densities (<15%) the surface reaction

rate is constant. At higher pulp densities, the surface reaction

rete decreases for the reasons specified earlier.




Figure 4-10: Variation of surface
reaction rate with
pulp density
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4.2.4 Pyritic Sulfur Content
The rate and extent of sulfur removal from coal was found to

depend on the pyritic gulfur content of the coal tested. Coal

refuse (11.5% pyritic sulfur) and plant feed coal (2.1% pyritic

sulfur) were used in the initisl experiments. The high-sulfur coal

refuse regulted in a rate of nearly 13 mg S/1 hr while the plant

feed coal resulted in e rate of 4.5 mg S/1 hr for the 10% coal

AN R PR A S 0 D R R T L PR, ..<‘

slurries. Autotrophic cultures were used &s inoculum. This result
is shown in figure 4-11. A follow-up experiment was performed to

elucidate the rete -as & function of sulfur content of the coal by

testing coal samples of average sulfur content between 2115' and

11.5%. The points tested were 2.1%, 4.0%, 5.0%, 6.0%, 8.0%, 10.0%.

b1



Figurev4-11:

“Effect of Sulfur Content on
Sulfur Removal Rate
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‘Normal mineral salts medium was used and the

experiment was run at 70 C, 200 RPN, end initial pH=2.5, with cells

grown on pyrite used as inoculum.

lster in the kinetics section.

The results will be discussed



4.% Environmental Conditions
Just as the environment has an effect on all forms of life,
values of pH, temperature, and CO2 concentration have effects on the

sulfur removal rates from coal using Sulfolobus acidocaldarius.

Temperature and pH had significant effects on the rate of pyritic
sulfur removel. Acid-catalyzed sulfur and iron leaching is a sirong
function of pH. The chemicel oxidation with the ferric ion is a
strong function of temperature. The purpose of this ‘'section of
experiments is to find the best values of these environmental

conditions to improve the sulfur removal

4.%.1 Initial pH

In order to determine the influence of initiael pH on the rate
of pyritiq-sulfur removel, shake flask experiments were. performed
with initial pH values ranging from 1.5 to 4.0. A 5% pulp density
cosl slurry was used at 70 C with 100-150 mesh coal particles.
Before inoculation, the cells were incubated at their respective pHs
for 10 days to help prevent an adverse reaction to a large, sudden
change in pH on inoculation.  Daily samples were withdrawn and
analyzed .for sulfate and total iron. Figure 4-12 depicts the
veriation of the maximum rate of pyritic sulfur removal with initial
pH vealues. ‘The rate of pyritic sulfur removal decreased with:
increasing initial pH. The high leaching rate at pH=1.5 may be due
to the increased acid leaching or due to higher cell activity at low

pH.




Figure 4-12: Varietion of Pyritic Sulfur
Removal with Initial pH
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4.%.2 Temperature

Two scpurate shuke flask experiments were performed in order to
determine the best temperature for the process. First the lower
temperatures (55 ¢, &5 C, 70 C) were tested in duplicate. In the
second experiment, the rates of microbial desulfurization at 70 C

and 80 C were compared. For both experiments, & 5% coal slurry of

150-200 mesh-coél particles were used at the initisl pH of 2.5. Two



transfers were made at euch temperature before inoculation to avoid

temperature  shock on  inoculation. At the end of the second

transfer, the cells were centrifuged, washed, and counted. The sune

initiasl cell number was then added to each flask.

The f{irst experiment resulted in rates of 1.3, 1.6, &nd 2.2 mg
$/1 hr at 55 C, 65 C, and 70 C, respectively. The second experiment
resulted in pyritic sulfur removel rates of 6.2 and 4.5 mg S/1 hr
for 70 € &nd 80 C, respectively. The results of the first
experiment appears in figure.4;13.

Figure 4-13: Variation of Sulfur Removal Rates
with Temperature (55-70 C)

(mgS/1+nhr)

rate

65
TEMPERATURE ( €)

From previous experiments it has been determined that the rates at
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70 C and 75 C. are comparable. Therefore, the temperature optimum

lies between 70 C and 75 C.

4.4 Organic Sulfur Removal

Orgenic sulfur removal using 'Sulfblobus acidocalderius is a.

very slow process. ‘However, niether ;T. ferrooxidens nor T.

thicoxidans are capable df organic sulfur removal. ‘Physical methods
(flotation), as previously stated, also fail to remove organic
sultfur. Microbial means using Sulfolobus seems to be the ideal
means of removing organic sulfur ‘compounds from coal while

maintaining energy efficient conditions.

In order measure to the slow sulfate productibn rates more
asccurately, a specially formulated medium, free of sulfate, has been
developed.  Any sulfste detected in the liquid reaction medium,
therefore, will be solely due to oxidation of dibenzothiophene. The

composition of this medium is included in the appendix.

4.4.1 Oxidation of Dibenzothiophene

Dibenzothiophene (IBT) is & water insoluble powder and forms a
suspension in the nutrient medium. The cells used in the experiment
were grown heterotrophically, centrifuged and washed to remove
residusl glucose, and placed in DBT medium with a 300 mg/1l initial

DBT concentration for 30'days before inoculation.




A preliminary experiment was done in order to determine how

well Sulfolobus acidocaldarius functioned on this organic sulfur

compound. Sulfate concentration was determined over a 30 day period

using the method previously discussed. The sulfate profile obtained

appears in figure 4-14 below. A control flssk containing the same
medium and initial DBT concentration was also used to determine non-
biological oxidation of DBT; no non-biological oxidation was:
observed. Microbitl growth was not. quantitatively measured but a
slight increase in cell number seemed apparent under microscopic
observation during the course of the -experiment. The sulfate
doubling time for the experiment was approximately 8 days. About
65% of the -initial sulfur present in DBT. was oxidized to sulfate by
the organism. Sulfate release ceased about 28 days after
inoculation. This may be due to limitation-by some other nutrient
(e.g., nitrogen or phosphorus) or as a result of complete oxidetion
of IBT. The total solutle sulfur had not been measured to test the
presence of other soluble organic or .inorgenic sulfur compounds

relessed to the medium due to oxidation of DET.

A possible pathway theorized for the oxidation of DIBT can bte

found in figure 4-16.




Figure 4-14: Sulfate release into medium
from the oxidation of
dibenzothiophene by

Sulfolobus acidocaldarius
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Figure 4-15: Possible pathway for
microbial DBT oxidation

Dibenzothiophene

-CH CH COOH @—CH=CH-COOH

Phenyl propionic acid Phenyl acrylic acid

COOH : COOH
Benzoic acid 11cyllc acid

OH
OH

Catechol

CO’2 + H20




4.4,2 Organic Sulfur Removal from Coal

A culture which had been placed on DBT for 30 days was used to
test the removal of organic sulfur compounds from coal and petroleum
pitch. The sample of petroleum pitch;obtained contained nesrly 3.1%
sulfur (all orgenic). The coal used had been pretreated in several
different ways. One sample had been leached with hot 2 N HNO3 for
two hours. This pretreatment removed all of the pyritic sulfur and
some of the'organic sulfur. The residual sulfur concentration after
pretreatment was 0.71% sulfur. Another sample was leached
microbially and was washed and dried. The residual sulfur content

after pretreatment was 2.3% sulfur (1.9% organic sulfur).

The results of the experiment are shown in table 4-2. The
sulfur content of the samples were determined using the Eschka
method [15]. The data also shows nearly 44% of the organic sulfur
removed from acid leached coal in 28 days. It also indicates that
&1l pyritic sulfur is removed from the microbially pretreéted coal
in two batches. The amount of organic sulfur removed from coal
samples was between 3.1 and 3.6 mg S per gram of coal. More organic
sulfur was removed from the petroleum. pitch (7.66 mg S/g substrate)
but the initial orgenic sulfur content of petroleum pitch was higher
than that of the coals tested. The percent removai, therefore, was

lower(24.7% organic sulfur removal).




Table 4-2: Removal of organic sulfur from
inorganic-sulfur-free coal using
Sulfolobus acidocaldarius
preadapted to IBT

“ACID TREATED MICROBIALLY PETROLEUM
PROPERTY CoAL |

PRETREATMENT 2 H TREATMENT 2 WK INORGANIC
IN BOILING HN03 SULFUR LEACHING
BY §“|EQ|QB”§MHHUH..n.”.“v., .

INITIAL SULFUR ~0,71% 2,3%

CONCN.(AFTER_PRE-- (ORGANIC) (~1,9% oRGANIC) ~3.17%
TREATMENT) (oreANIC)

FINAL SULFUR
concl (AFTER BIO- 0,40% 1,547
LEACHING 28 DAYS)

% S REMOVED | wm ALL PYRITIC .
18,74 oreaIC | T

ACTUAL AMOUNT S
REMOVED PER G
SUBSTRATE

3,1 M6 $/6 coaL| 7.6 MG S/6 COAL 7.66 w6 S/
' | (3.6 MG ORGANIC S) | PET PITCH




4.5 Kinetics

4.5.1 Kinetics of DBT Oxidation

An experiment was designed to determine the kinetics of
microbial oxidation of dibenzothiophene by measuring the sulfate
release into the liquid medium &s a result of microbial oxidation of
‘dibenzothiophene. The initisl concentration of DBT was veried in
order to determine its effect on the initial rate of sulfate

release. A lag phase of 12 to 14 days was encountered with all

experimental flasks. Initial DBT concentrations of 100, 200, 300,

500, 700, snd 1000 mg DBT/1 were tested. Figure 4-16 shows the
veriation of rate and .extent of the removal of sulfur from
dibenzothiophene as measured by sulfate release. The initial rate of
DBT oxidstion increased with increasing initial DBT concentration
for concentrations between. 100 and 500 mg DB1/1. The rate decreased
with higher concentrations indicating the inhibitory effects of DBT
for initial concentrations exceeding 500 mg DBT/1. The percent
removal decreased steadily with increasing DBT concentration
indicating limitation of one of the other nutrients at high DBT

concentrations.

The rate of sulfate release from DBT oxidation by Sulfolobus

scidocsldarius was represented by the non-competitive substrate

inhibition kinetics with the following form:




Figure 4-16: Variation of sulfate release
and extent of sulfur removal
with initial DBT concentration
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where rg is the rate of sulfur release in the form of sulfate, S is

ihe initial DBT concentration, and Kg and Ki are the saturation and




inhibition constants, respectively. At low initial DBT

concentrations, equation 4-3 has the following form:

r
max

(1+K'8/S)’

or in double reciprocal form:

At high initiel DBT concentrations, the rate is:

r
max

(1+S/Ki)

In double reciprocal form:

., s,
I‘s I'ma‘x i (4-7)

Equutions 4-5 and 4-7 are used to determine the kinetic constants of

DBT oxidation. When 1/rs is plotted ageinst I/S at low DBT
concentration, 1/rmax-and Ks can be found from the intercept and
slope, respectively. When 1/rS is plotted sgainst S for high

initial DBT- concentrations, the inhibition constant, K;, can be




Figure 4-17: Determination inhibition and saturation
constants for DBT oxidation
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determined from the slope. The plots are shown in figure 4-17. The
following values were obtained from these
plots- Ipgye= 0.3%3 mg S/1 hr, Kg= 666 mg S/1, Ki= 480 mg S/1. The

equation corresppnding-to these values is:




The rate is in the units of mg S/1 hr; the sulfur concentration is

in the units of mg S/1.

It is important to note that +the only oxidation -product
measured in the preceeding organic sulfur removal experiments was
sulfate. Other water soluble compounds containing sulfur in a
partially oxidized form have -not been measured due to equipment
limitations. The rate of DBT oxidation, as well as the extent of

DET oxidation, may actually be greater than reported.

4.5.2 Kinetics of Pyritic Sulfur Removal

In order to test the effect of initial pyritic sulfur content
of coal on pyritic sulfur removel rate, experimental flasks
containing coal. samples of various average pyritic sulfur contents
were tested. The soluble iron and sulfate were measured deily in
all flasks. In addition, free and total protein concentrations, as
well as residual pyrite concentrations, were analyzed on alternate

days for three of the experimental flasks.

Coal semples were prepared by grinding plant feed coal and coal
refuse separately and then mixing them in the desired amounts to

achieve the desired pyrite concentrations -in the medium. The

aversge coal particle diameter used was 49 um (270-3%25 mesh).. :The.

initial pH and ‘the temperature were set to 2.5 and 70 C,

respectively. Figure 4-18 below depicts the profile of total iron

!
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Figure 4-18: Total soluble iron profiles
for coal with various
initial pyrite contents
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with time for the various initial pyrite contents. The rates as,
determined {rom these curves, were plotted versus the initial pyrite

concentration in figure 4-19. Note the linear functionality of rate




Figure 4-19: Variation of maximum rate
with initial pyrite content
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with pyritic sulfur concentration, a characteristic observed earlier

in pulp density experiments where the pulp density was below 15%.

The specific sulfur removal rates (mg S/hr cell) were also
calculated. The protein concentrations determined in the
experimental flasks were correlated to cell number and the cell
density profiles were drawn. In figure 4-20, a typical profile of

the concentrations of iron released, residual pyrite concentration,
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and the attached,free, and total cell number densities for the
pyrite removael process are shown.

Figure 4-20: Typical pyrite, iron, and cell
number profiles for coal desulfurization
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The specific pyritic sulfur rates were calculated by dividing the
instantaneous rates of sulfur removal at different times .during the
course .of the experiment by the corresponding attached cell number,
These specific pyritic sulfur removel rates vere than_plotted.versus

the instantaneous pyritic sulfur content of the coal to find the




variation of the rate with respect to the pyrite conéentration.
Figure 4-21 depicts the variation of specific sulfur removal rate
with the pyrite concentration of coal for fhe three flasks for which
the cell numbers have been determined. The ﬁhree flasks produce
data lying on lines of approximately the same slope (3.1_6’7){10'11

mg S/cell’hr/(g_FeSg/l)),

Figure 4-21: Specific reaction rate as a
function of pyritic sulfur content
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This shows that the specific reaction rate is a linear function of
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residual pyrite concentration, or:

= 'z?z§¢255§;7' + C

The proportionality constant is equal to the slope in figure 4-21
(3.167x10""" mg S/cell hr/(g FeS,)).  The intercept (C) is a

function of the initial pyritic. sulfur content in the coal.

4.6 A Suggested Process Scheme
A suggested process scheme for the removal of pyritic- and part

of the organic sulfur from coal using Sulfolobus acidocaldarius is

depicted in figure 4-22. The system can be separated into two
parts.  Inorganic sulfur (pyritic and sulfate- sulfur) would be
removed in the first section of the plant. Cell and nutrient
recycle would be implimented to decreases operating costs. Sulfate
would be removed after precipitation with calcium carbonate.
Supplemental nutrients would be added to the recycle liquid. The

residence time in the first reactor is in the order of 8 days.

The second part of the system would be arranged to remove the

organic sulfur from the coal. The coal entering this section would

be pyrite free. The DBT medium would be used in this part of -the

plant. A recycle stream would also be used in this section with

supplemental nutrients added after the oxidation products are
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removed. The residence time in the second reactor would be nearly

SRy S

40 days. The coal effluent would be free of pyritic sulfur, but

would probably contain some residual organic sulfur.
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5. Conclusions

1.

The inclusion of organic nutrients and chemical oxidénts
reduces the rate and extent of microbial coal
desulfurization by Sulfolobus scidocalderius. A simple
mineral salts medium, specified in the appendix, contains
all the ‘ingredients necessary for effective sulfur
removal by microbial means.

The optimal N/P and N/Mg ratios for MCD with Sulfolobus
are 47.5 and 11.5, respectively. Ten fold rate increases
were obtuined with this medium over the standard mineral
salts medium. o

Alternate nitrogen sources, such as (NH )ZCO . NH4CI,and
NH,NO5, performed as well as (NH )2804 wher’ used while
maintéining constant N/P. he initial sulfate
concentration can, therefore, be lowered by using an
alternate nitrogen source.

External carbon-dioxide supply had no marked effect on
pyritic sulfur removal rates when tested with coal
samples containing 2.1% pyritic sulfur at 104 pulp
density. The carbon-dioxide concentration in the
atmosphere was not limiting in the experimehts. .External
CO, supply may be necessary at higher pulp densities and
pyrite concentrations.

The pyritic sulfur removal rate varies directly with
surface area. Therefore, the pyritic sulfur removel is
maximized at minimal particle size (maximum surface area
to volume ratio). The best particle size to be used will
be determined by grinding costs.

. The volumetric pyritic sulfur removel rate is maximized

at 20% coal pulp density under suface aeration.
conditions. The surface reaction rate is constant for
coal pulp densities of 15% and below.

The Optim%} initial cell concentration was found to b

near 2x10° cells/ml; this correapon?s‘ to about 10°
ce}%s/cm of surface area of coal (4x10- cells/g coal or
10'¢- cells/g pyrite in coal)

The rate of pyritic sulfur removal decreases with initial
pH. The optimel initial pH was found to be 1.5.




Thg optimal temperature for MCD. using Sulfolobus
ac1doqaldarius was found to be between 70 C and 75 C.

Organic sulfur removal from dibenzothiophene and coal
sources was obtained using & culture of Sulfolobus
acidocaldarius which was placed on DBT for %0 days prior
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to inoculation. About 65% of the initial sulfur present
in DBT was oxidized to sulfate microbially. Up to 44% of
the initial organic sulfur present in the coal tested was
removed in a single batch run in about 28 days.

Suturation and inhibition consants of the oxidetion of
DBT with Sulfolobus .acidocaldarius were found to be
666 mg S/1 and 480 mg S/1, respectively. A maximum rate
of 0.%3% mg S/1 hr was also calculated from kinetic rate
data. This corresponds to a rate equation of:

r = 0.333/((1+666/8)(1+5/480))

The specific rate of pyritic sulfur removal from coal is
a linear function ‘of residual pyritic sulfur content.
The proportionality constant when considering eattached
cells is equal to 3.167x107" " mg S/cell hr/(g FeS,/1).

The maximum rate of pyritic sulfur removal was found to
be & linear function of the initial pyritic sulfur

content of coal,or

Tnax”K [sper +C

The tirst order rate constant wasvk=2x10'3-hr'1.
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I. Media & Analytical Methods

Appendix A: Mineral Salts. Medium Composition

: Component- (e/1)

o (NH, )5S0 1.3

3 KHB0, 0.28

s Hgs0, TH,0 0.25

g: CaCl, 2H50 - 0.07

& FeCl 6H0 0.02

: MnC1) 4H50 0.0018

g Na,B,07 10H,0 0.0045

¢ 2050, THy0 0.00022

‘ CuCl, 2H,0 0.0000%

: NaMOO4 2H20 0.00003%
-COSO4 0.00001

i
I




appendix B: DBT ledium Composition

Component (e/1)
NH N03 1.3

K HPO) 0.28
NgCl, THH0 0.25
CaCl, 2H,0 0.07
~FeCl3 6H20 0.02
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sppendix C: Sultfate analysis

Conditioning solution:

mix:
50 ml glycerine
30 ml concentrated HCl
300 ml distilled H,0
100 ml 90% EtOH (or isopropanol)
75 grums NaCl

Dilute samples to be tested so the concentration is
between O and 150 mg S0,/1.

kix 2 ml of the diluted sample with 0.5 ml of the
conditioning solution listed above.

~Add 2 ml of 10% BaCl, solution and mix on a Genie vortex

mixer for 1 minute.

Measure the maximum absorbance at 420 nm over & 3 minute
period.

Compare the results to a calibration line prepared from

‘stariderd solutions of S50,. Multiply by the dilution

factor used.
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appendix D: Iron analysis

1.

Dilute samples 80 the iron concentration is between 0 and
20 mg Fe/l.

Take 1 ml of te above samples and add 1 ml of 1%
hydroquinone:.

Mix the above solution with 2 ml of 0.1% o-phenanthroline
and measure .the gbsorbance at 500 nm.

Compare the results to & calibration line prepared from
standards of known iron concentration.




appendix E: Sulfate sulfur analysis

1.

Place a | g sample of coal with 25 ml of 4 N HCl into an
erlenmeyer flask.

Insert a cold finger condensor and apply heat to the
bottom of the flask. Allow to reflux for 30 minutes.

Filter the slurry on cooling through Whatman No. 2 filter
paper. Wash the cold finger condensor and the residual
solids with 0.5 N HCl.

Analyze the filtrate for sulfate using the method
previously described.



appendix F: Analysis of pyritic sulfur content of coal

1. Place 1 g of coal and 25 ml of 2N HNOg into a wide mouth
erlenmeyer flask. Insert a cold finger condensor and
apply heat to the flask.

2. Boil the slurry and allow to reflux for 90 minutes.

5. Wash the condensor two times with 5 ml of 2N HNOg and
collect the washings in the flask.

4. Filter the slurry through Whatman No. 2 filter paper and
wash with 2 N‘HNO3t

5. Add concentrated NH;OH to the filtrate until all the iron
has precipitated.

6. Agein, filter the precipitate and the dissolve it in
distilled water.

‘7. Analyze the iron content using the o-phenanthroline
method described earlier and calculate the total
inorgenic sulfur content of the coal.

8. Subtract the sulfate sulfur content from this value to
obtain the pyritic sulfur content.
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eppendix G: Analysis of the total sulfur content of cosl.

1.

2.

Intimately mix a pre-weighed sample of coal (0.5-1.0 g)
with 1 g of NayCOy and 2 g of MgO.

Place the sqlid mixture into a crucible then place the
crucible into a cold muffle furnace.

Heat the furnace to 800 C (25 C) in 1/2 hours.

Hold the temperature at 00 C for 90 minutes or until &ll
black color is gone.

Wash the crucible and its contents with 25 ml of hot
distilled water.

Place the solids and the washings in a beaker and heat;
Add enough concentrated HCl to dissolve all the solids.

Add 10 ml of 10% BaCl, and hold the. temperature just
below boiling for 30 minutes.

Two finishes can be used- centrifuge the solids from the
liquid and resuspend the precipitate for ‘turbidometric
analysis, or filter and wash the solids for gravimetric
determination of sulfate.
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