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ABSTRACT 

The apparent  activation and deactivation energies and the corre- 
sponding frequency factors of coal desulfurization by Thiobacillus 
ferrooxidans have been determined to be AEa = 60.9 kJ, Aa = 1.45 s -1 
and AEa = 178.3 kJ, Aa = 5.65 x 1027 8 -1, respectively. The thermo- 
dynamic values (AG ~, A/-/~, and AS~) of the activated complex were 
calculated. Kinetic parameters of the Monod  equation were  deter- 
mined to be Vm = 55.9 mg dm -3 h -1 and K = 24.1% pulp density. 
The maximum rate of desulfurization of coal was found to be Vm = 
55.7 mg dm -3 h -1  for the partide size. The generalized second order 
regression equation relating the yield of desulfurization to the leach- 
ing parameters  was shown to adequately predict coal extraction data 
and op t imum values of process variables. Tank leaching studies using 
op t imum conditions resulted coal desulfurization about  90%. The 
iron hydrolysis  reactions involving the formation of mono- and poly- 
nuclear, hydroxo- and sulfato complexes of amorphous  and crystal- 
line precipitates were discussed. 

Index Entries: Coal desulfurization; Thiobacillus ferrooxidans; hy- 
drolysis. 

INTRODUCTION 

C o n c e r n s  a b o u t  the  e n v i r o n m e n t a l  e f fec ts  of  e m i s s i o n s  ( su l fur  d iox-  
ide,  c a r b o n  d iox ide ,  n i t rogen  oxides ,  a n d  sol id  s u b m i c r o n  size i no rgan ic  
ma t t e r )  for  t he  c o m b u s t i o n  of coal c o n t i n u e d  to inc rease  in the  last  dec-  
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ade (1). There is agreement with regards to the emission of pollutants to 
the atmosphere that should be limited in accordance with the existing air 
quality standards. The most effective method to succeed will be the one 
that is technically sound and economically viable. A variety of chemical 
and physical coal desulfurization processes have been suggested (2,3). 
Within these processes a new approach is emerging that deals with the 
desulfurization of c0al by biomediated reactions. 

Coal is not a homogenous material. It is of fossil origin and formed 
during definite geological periods (4) from arrested decay of the remains 
of trees and other form of plant life (5). The mineral inclusions (predom- 
inantly silicates and pyrite) are responsible of the ash content of coal. 
Sulfur in coal is present in two major forms: inorganic sulfur (pyrite, ele- 
mental sulfur, metal sulfides, and sulfates), and organic sulfur (benzothi- 
ophenes,  disulfide joining cyclic structures, and alkyl sulfide attached to 
either an aromatic or aliphatic group). 

Microbial removal of inorganic sulfur from coal can be represented 
by the following reactions (6-8). 

2FeS2 + 7.502 + H20 bacteria Fe 2 (SO4)3 q_ H2SO4 (1) 

and 

S + 1.502 + H20 bacteria)H2SO4 (2) 

There is evidence that mixed cultures (9), mesophilic (10-12), and 
thermophilic (13-15) bacteria may be involved in the solubilization of in- 
organic sulfur content of coal. However, the microbial extraction of or- 
ganic sulfur from coals is a difficult task and opinions are far from being 
uniform (16). Very often it is not known exactly how the sulfur is incor- 
porated in the structure of coal (17). Certain soil microorganisms (18) and 
thermophilic bacteria such as Sulfolobus acidocaldarius (19,20) were found 
to be effective in removing organic sulfur from coal. Microbial degrada- 
tion of sulfur-containing heterocyclic compounds of coal samples by bac- 
teria was reported to have promising potential for desulfurization (21). 
Although the studies on inorganic sulfur removal are well advanced and 
extractions as high as 90-95% have been achieved, the information re- 
garding the removal of organic sulfur content of coal by microorganisms 
is preliminary in nature and further studies are needed for a better un- 
derstanding of these phenomena.  

Bacterial leaching coupled with flotation technique has also been 
proposed for the removal of pyrite fractions from coal. This process con- 
sists of subjecting pulverized coal to bacterial at tachment in acid media 
for a short period of time, then raising the pH and floating the coal by 
addition of oil-agglomeration flotation agents. It was suggested that dur- 
ing the treatment bacteria adsorb on pyrite surfaces and the surface prop- 
erty of coal altered favorably for flotation. The mechanism of the process 
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is not completely understood. However, pyrite removal from coal as high 
as 60-90% have been reported (24,25). 

The present investigation provides information on the kinetics of 
biodesulfurization of a high-sulfur coal and on the formation of different 
iron precipitates associated with the process. 

MATERIALS AND METHODS 

Organisms 
A culture of Thiobacillus ferrooxidans (26) originally isolated from mine 

waters was routinely maintained in our laboratory on an iron-free me- 
dium (27) in which the energy source, ferrous ion, was replaced by the 
pulverized coal sample. When growth reached the late logarithmic 
phase, an aliquot of the leach suspension was transferred into a new me- 
dium to maintain the stock culture of bacteria or this was used as an ex- 
perimental inoculum. 

Coal Sample 
A hand-picked high-sulfur coal sample was obtained from Central 

Ohio Coal Company, was ground to particle size less than 37 ~m and 
homogenized by coning and quartering four times. It contained 3.7% to- 
tal iron, 5.01% Stotal, which was composed of 4.11% S 2-,  0.12% SO4 2 - ,  
and 0.78% organic sulfur. The mineralogical X-ray diffraction analysis in- 
dicated the sulfide content was pyrite and sulfate gypsum. 

Leaching Experiments and Kinetic Determinations 
3 The 250 cm Erlenmeyer flasks were charged with varying amounts 

3 3 of coal samples, 70 cm nutrient (iron-free) medium (27) and 5 cm bacte- 
rial inoculum. In sterile controls, the bacterial inoculum was replaced by 
5 c m  3 of a 2% thymol in alcohol solution. To monitor the iron extraction 
from coal, o n e  c m  3 samples were removed from the swirling flasks peri- 
odically. The sample vols were replaced with o n e  c m  3 iron-free nutrient 
medium. The leaching of coal-pyrite gives rise to insoluble reaction prod- 
ucts, therefore a o n e  c m  3 of 5N HC1 was added to the analytical samples. 
These were kept for 30 min at room temperature, to dissolve iron precipi- 
tates, and  after dilution and filtration, the samples were analyzed for to- 
tal iron content using an atomic absorption spectrophotometer (28,29). 

Tank leaching experiments were carried out in 15 dm 3 reactor 
equipped with control of Eh, pH, temperature, agitation (rpm), and dis- 
solved oxygen concentration (30). The reactor was charged with 1.75 kg 
of pulverized coal (particle size less than 37 ~m), 9.5 dm 3 nutrient me- 
d ium (27), and 0.5 dm 3 bacterial inoculum. Periodically samples were re- 



344 Torrna and Olsen 

moved from the leach suspension and analyzed for dissolved total iron 
content. 

The rate of iron (sulfur) removal from coal samples was determined 
as the slope of the straight line portion of the leaching curves repre- 
senting the dissolved iron concentration as a function of time using a lin- 
ear least squares regression analysis technique (31). The direct linear plot 
technique (32) was used to estimate the kinetic constant of Monod equa- 
tion. The particle size effect was described using an empirical exponen- 
tial equation. 

V = Vm exp(-Bd)  (3) 

where Vm is the theoretically attainable maximum rate of coal biodesul- 
furization, B is a proportionality constant, and d is the particle size of coal 
size fractions. Optimization of the effect of process variables was done 
for the final desulfurization of coal (percent of pyrite-iron removal) using 
a statistical design-kinetic evaluation approach (33) and a second-order 
equation. 

FY = bo + Z biXi + ~ biiX 2 + ~ , ~  bijXiXj + e (4) 
i = 1  i=1  iKj 

where the b-values are the regression coefficients, X-values are the leach 
variables, n is the number of variables, and e is the error term. The appar- 
ent activation (AEa) and deactivation (AEa) energies and the correspond- 
ing frequency factors (Aa and Ad) have been derived from the effect of 
temperature using the linearized Arrhenius equation (31). 

I nk  = In A - AE~,d/RT (5) 

where k is the overall reaction rate constant, R is the universal gas con- 
stant, and T is the absolute temperature. 

RESOLTS AND METHODS 

Throughout this study the total dissolved iron concentration has 
been used as a measure for the removal of inorganic sulfur content from 
coal. This assumption is reasonable since the iron concentration corre- 
sponds to the pyrite composition that makes up almost the total inor- 
ganic sulfur content of coal. Furthermore, all shake flask experiments 
have been carried out in double runs for the inoculated experiments and 
the average value of these measurements has been used for kinetic deter- 
minations. The sterile controls were done in single runs, which resulted 
i n  about 5 to 14 times less iron extractions than the inoculated ones. 
Therefore, the sterile control data will not be detailed. 
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SHAKE FLASK EXPERIMENTS 

Effect of pH 
The inf luence of p H  on pyrite removal  from coal was  s tudied in the 

range of p H  values  varying from 1-4 wi th  leach suspens ions  containing 
10% solids and  the data are summar ized  in Table 1. The op t imum p H  
appears  to be at 2.0. This value is in good ag reemen t  wi th  the f indings of 
o ther  invest igat ions  (29,34) for sulfur removal  f rom coal by microbial 
leaching. This value (pH = 2.0) has been used  in the fur ther  exper iments  
as the initial pH.  

It was  found  that  w h e n  coal first contacted wi th  nut r ien t  m e d i u m  
and  the p H  of the suspens ion  stabilized at p H  = 2.0 wi th  dilute sulfuric 
acid, t hen  the inoculat ion with T. ferrooxidans resul ted  in immedia te  
growth .  This w a y  of proceeding was beneficial and  e l iminated  the forma- 
tion of lag t ime. These findings are in good ag reemen t  wi th  the studies of 
other  invest igators  on the pH effect (37). 

Effect of Temperature 

The inf luence of temperature  was s tud ied  wi th  20% pulp dens i ty  
l~ach suspens ions  in the range of t empera tures  20-45~ The data we re  
found  to follow a shr inking core model  (35). 

1 - (1 - R) 1/3 = (klC/rop)t = kt (6) 

whe re  R is the fractions of pyrite (in coal) reacted,  k~ is the reaction rate 
constant ,  C is the acid concentration,  ro is the initial particle size, p is the 
densi ty  of coal, k is the overall reaction rate constant ,  and  t is the t ime of 

Table 1 
Influence of pH on Iron Extraction from Coal 

Iron removal 

Rate, Final yield," 
p H i  p H f  mg dm-3 h-1 % 

1.0 1.8 5.04 40.25 
1.5 1.9 9.62 64.43 
2.0 1.9 11.31 72.83 
2.5 1.9 9.99 69.19 
3.0 2.0 9.41 62.46 
3.5 2.1 8.80 58.75 
4.0 2.1 8.18 47.90 

The final yield was calculated after 8 d of 
leaching. 
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leaching. By plotting 1 - (1 - R) I/3 vs t for each temperature, straight 
lines have been obtained with slopes equal to the k-values. Using these 
k-values in the Arrhenius plot (36) as shown in Fig. 1, the apparent acti- 
vation energy AE, = 60.9 kJ and A~ = 1.45 s -  1 were derived for the tem- 
perature range of 20-35~ and AEa = 178.3 kJ and Ad = 5.65 x 10  27 s - 1  

for 35-45~ respectively. The activation energy of 60.9 kJ suggests that 
the removal of pyrite from coal was not diffusion controlled. The rela- 
tively high value of 178.3 kJ for the deactivation energy is in the order of 
magnitude of AEa-values for protein denaturation reactions. It represents 
the thermal death of T. ferrooxidans in the range of 35-45~ 

The bacterial oxidation of pyrite in coal can be considered to proceed 
through the formation of an activated complex (36). 

pyrite + bacteria ~ Iactivatedl -~ products + bacteria 
k 2 L complexJ 

(7) 

where kl, k2, and k3 are reaction rate constants for the formation and de- 
composition of the activated (coal-bacteria) complex, and for the forma- 
tion of products, respectively. Application of the transition state theory 
on the experimental data of biodesulfurization of coal allows the determi- 
nation of thermodynamic values (AG~, AS*, and A/if) for the formation of 
the activated complex. It is assumed that kl > > k2 and k3 ~ k (experimen- 
tal reaction rate constant). Therefore, k can be related to the free energy 
change (AG*) of the activated complex by 

k = (k'T/h) e x p ( - A G * / R )  (8) 

where k* = 1.381 x 10  - 2 3  JK (Boltzmann constant), h = 6.626 x 10  - 3 4  J s  

(Planck's constant), and R = 8.314 JK-1 mol-1. The entropy change of 
activation (AS*) is related to the frequency factor (Ad) by the following 
expression (29). 

A = 2.72 (k'T/h) exp(aS*) (9) 

The enthalpy change of activated complex (A/-/~) differs slightly from 
the experimental energy of activation (AEa) according to 

AI~  = AEa - nRT (10) 

However,  the application of Eq. (10) requires that the exact value of 
n must be known. Since n is an unknown quantity for the bioleaching of 
coal-pyrite, an alternative approach can be used for the determination of 
A/-~, given, by 

At-I~ = AG~ + TAS* (11) 

Using the experimentally determined apparent  activation energy, 
frequency factor, reaction rate constant (k = 4.4269 x 10 -3 s -1) at temp 
303~ and Eq. (8-11), the thermodynamic values for the activated com- 



Kinetics of  Biodesulfurization of  a High-Sulfur Coal 347 

6,0 

5,5 

5,0 
A 

I 

.,.4,5 

! 

4.0 

3.5 

AE A = 60 .9  KJ 

A A = 1 .45  s -1 

r \ 

AE D = 178.3 KJ 

A D 5.65 x 1027 s -1 

3 .o  I I I I I 
3.05 3.15 3.25 3.35 3.45 3.55 

103/T (K) 
Fig. 1. Arrhenius plot. 

plex have  been  calculated to be: AG~ = 86.6 kJ, AS J; = --246.5 JK -1, and  
A/-/r = 11.9 kJ. 

If the reaction involves a considerable loss of en t ropy  w h e n  the acti- 
va ted  complex is formed, then  ASS is negative,  as is the case for microbial 
desulfurizat ion of coal. As a consequence,  t h e  expression: exp(AS$/R) 
and the frequency factor, A, will be relatively small. Dur ing metabol ism,  
bacterial enzymes  undergo  interaction with substrate molecules.  The re- 
actions involve electrically charged species that may have identical  or op- 
posite charges, with a resulting effect on the ent ropy of activation. W h e n  
charges of interaction species are of the same electrical charge,  there  is a 
much  greater  loss in the ent ropy of the system and AS ~ is negative.  This 
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means that the activated complex has a larger charge than the reacting 
species alone. This reasoning is in good agreement with previous find- 
ings (29,30), however, more studies are needed to elucidate this phenom- 
enon. 

Effect of'  Pulp Density 
The effect of substrate concentration was studied with leach suspen- 

sions containing 5-30% pulp density (mass of coal sample/total volume 
of leach medium). The data are presented in Fig. 2. The observations 
(rate of iron removal versus pulp density) are plotted as lines in parame- 
ter space (32). The kinetic parameters are estimated directly from the 
coordinates of Fig. 2 to be Vm = 55.9 mg dm -3 h -1 and K = 24.1% pulp 
density. The advantage of this technique (32) over the traditional evalua- 
tion methods is that this is very simple to construct, because it is com- 
posed entirely of straight lines and requires no calculation or mathemat- 
ical tables (30). The rate of desulfurization of coal with respect to effect of 
the pulp density can be given by 

V = 55.9[PD]/(24.1 + [PD]) (12) 

The highest experimental rate of 33.4 mg dm -3 h -1 was obtained 
with a 35% pulp density suspension. 

60 
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2. Direct linear plot for estimation of kinetic parameters of Monod 
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Effect of  Particle Size 

This series of exper iments  was carried out  wi th  25% pulp densi ty 
suspens ions  at 35~ The linearized form of Eq. (3) is p resen ted  in Fig. 3 
as a semilogari thmic plot. The maximum rate (Vm) is obtained from the 
intercept  of the straight line with the In V-axis, whi le  the proport ionali ty 
constant  (b) was de te rmined  as the slope of the straight line. Accord- 
ingly, the rate of biodesulfurization can be given by  

V = 55.7 exp (1.29 x 10 -2 • d) (13) 

4.0L~h, ~ VM 
�9 B = 1 . 2 9  x 

A 
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The slight deviation from the straight line behavior in the particle 
size range of 105-210 ~m is expected since at larger particle size not all 
pyrite may have been equally exposed to bacterial action. 

An excellent agreement exists regarding the maximum rate of coal 
desulfurization obtained in the pulp density (Vm = 55.9 mg dm -3 h -1) 
and particle size (Vm = 55.7 mg din-3 h-1) experiments. The highest ex- 
perimental rate realized in the particle size experiments was 35.5 mg 
dm -3 h-1  which was obtained with 37 ~m particle size fraction. 

Optimization of Process Variables 

The final yield (Y in %) of total iron removal from the coal samples 
(unfractionated, particle size less than 37 ~m) by bacterial action after 6 d 
of leaching has been optimized for the effects of X1 = pH, X2 = particle 
size, X3 = pulp density, and X4 = temperature. The equation derived by 
multiple linear regression analysis applied to the experimental data is 

Y = 80.48 - 21.38X 2 = 6.08 x 1 0 - 4 X  2 - 0.09X 2 - 0.11X 2 
+ 2.98XIX2 - 0.05X2X 3 q- 0.12X3X4 (14) 

with R 2 = 0.86 and the overall F value = 27.86, meaning the regression 
coefficients in the model are significantly different from zero. For this 
study, the particle size fractions varied from 37-600 ~m. The experimen- 
tal data are compared with the calculated (fitted) yield (FY in %) that was 
calculated by Eq. (14) in Table 2. The optimum values of the four process 
variables have been obtained maximizing Eq. (14) and using modification 
of a computer  code in FORTRAN (38). The experiments were conducted 
in the r a n g e 1 ~ X l ~ 4 , 3 7 ~ X 2 ~ 6 0 0 , 5 ~ X B ~ 3 5 ,  a n d 2 0 ~ X 4 ~ 4 5 .  
The opt imum values are pH = 2.2, initial particle size = 37 ~m, pulp 
density = 16%, and temperature = 35~ These reported opt imum 
values are in good agreement with those for a different kind of high- 
sulfur coal bioleaching (29). 

Large-Scale Experiments  

Using opt imum values of leach variables determined by the linear 
regression analysis method from the data of shake flask experiments, 
larger-scale tests were performed in sterile and inoculated runs. The re- 
sults are shown in Fig. 4. After ten days of leaching the total iron removal 
in the inoculated run was about 91%, while in the sterile control this was 
only 17%. These extraction data are in good agreement with those re- 
ported for pipe reactor leaching experiments (41). 

Iron Precipitates 

A portion of the leached coal (leach residue) was washed with dis- 
tilled water twice, dried at room temperature, then submitted for X-ray 
analysis. It was found that iron, which is solubilized from the coal ac- 
cording to Eq. (1), is partially precipitated onto the coal in well crystal- 
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Table 2 
Comparison of Observed (Y) and Predicted (FY) 

Yield (%) for the Effect of Process Variables 
on Biodesulfurization of Coal 

351 

X~, X2, X3, X4, Y, FY, 
p H  p,m PD% ~ % % 

1.0 37 10 35 40.25 44.57 
1.5 37 10 35 68.43 70.01 
2.0 37 10 35 92.83 84.76 
2.5 37 10 35 89.19 88.82 
3.0 37 10 35 62.46 62.17 
3.5 37 10 35 58.75 64.86 
4.0 37 10 35 47.90 36.86 
2.0 600 25 35 10.78 18.72 
2.0 425 25 35 16.41 14.91 
2.0 212 25 35 20.44 23.25 
2.0 150 25 35 31.43 40.94 
2.0 75 25 35 44.24 68.59 
2.0 54 25 35 69.04 77.56 
2.0 45 25 35 84.77 81.57 
2.0 37 25 35 92.83 84.76 

2.0 37 5 35 94.68 91.17 
2.0 37 10 35 92.83 84.76 
2.0 37 15 35 92.14 85.99 
2.0 37 20 35 92.09 82.89 
2.0 37 25 35 74.26 75.44 
2.0 37 30 35 61.34 63.65 
2.0 37 35 35 47.49 47.50 

2.0 37 20 20 44.27 47.34 
2.0 37 20 25 59.43 64.71 
2.0 37 20 30 79.41 76.56 
2.0 37 20 35 92.09 86.89 
2.0 37 20 40 88.75 83.71 
2.0 37 20 45 70.65 78.99 

l ized fo rms  i n c l u d i n g  h y d r o x i d e ,  h y d r o x y - o x i d e ,  a n d  sulfate .  T h e s e  i ron  
p rec ip i t a t e s  d id  no t  i m p e d e  bacterial  act ivi ty,  w h i c h  is in g o o d  a g r e e m e n t  
w i t h  o u r  p r e v i o u s  resu l t s  o n  pyr i te  ox ida t ion  b y  m i c r o o r g a n i s m s  (39). 

The  microbia l  ox ida t ion  of  fe r rous  to ferric ion  i m m e d i a t e l y  i n d u c e s  
h y d r o l y s i s  u n l e s s  se lec t ive  l igands  b ind  ferric ion  b y  f o r m i n g  m o n o n u -  
clear [Fe( l igands)  3, - "] or  po lynuc l ea r  [Fe,, (ligands)3p - r] c o m p l e x e s .  In 
the  b i o l e a c h i n g  m e d i a ,  the  l igands  m a y  i nc l ude  h y d r o x y l ,  sul fa te ,  a n d  
h y d r o g e n  su l fa te  spec ies ,  a n d  there  is a c o n t i n u o u s  c o m p e t i t i o n  b e t w e e n  
the se  l i gands  for  b i n d i n g  the  ferric ion unt i l  an  equ i l i b r ium is e s t ab l i shed ,  
as  s h o w n  in the  nex t  equa t ion .  

Fe B + ,_~Fe(OH), 3, - ,,___~,__ 
FepOr(OH) 3p- ar-s 

Fe,(OH)p(HSO4)q (SO4)3r " -  p - q -  2r (15) 
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Eq. (15) represents three distinctly different possibilities (40). 

a. No polynuclear species persist while the equilibria are 
shifted. 

b. The acidity of the bulk solution is too low to bring about acid 
decomposition of the stochastically formed polynuclear ag- 
gregates. 

c. Nuclei have been generated that induce the growth of crys- 
talline polynuclears in solution. 

Situation b. will lead to amorphous product formation and should be 
avoided. If the compact amorphous iron precipitates are deposited on the 
surface of coal-pyrite, then bacterial activity will be limited by the diffu- 
sion phenomena.  Situation c. induces the formation of crystalline poly- 
nuclear iron precipitates, which have high porosity that will not impede 
the metabolic activity of microorganisms. 
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In batch cultures the accumulation of iron in the leach media is una- 
voidable and it leads to iron precipitations. The pH to a certain extent can 
control the iron precipitation. By reducing the pH, for example, to below 
2.0 and by keeping Eh below 500 mV, more iron is kept in solution, but 
above a total iron content of 2 g din-3 iron precipitation will begin. For 
coal desulfurization, it would be important to remove all sulfur content 
with the leach solution and to avoid partial reprecipitation of sulfur con- 
tent with the ferric iron precipitates. This condition can be achieved, es- 
pecially w h e n  the bioleaching is carried out in a continuous system with 
well-established conditions to avoid iron precipitation. 

CONCLUSIONS 

The efficiency of T. ferrooxidans in desulfurization of a high-sulfur- 
content coal has been demonstrated. The kinetic effects of process vari- 
ables were assessed using phenomenological and statistical computa- 
tional techniques. The mechanism of biodesulfurization proposed to 
involve the formation of an intermediate activated complex. Other inves- 
tigators (42,43) have developed similar kinetic approaches, in which ad- 
sorption and desorption of bacteria onto coal-pyrite surface was consid- 
ered. The larger scale experiments support previous findings (7,37,44) 
related to industrial applicability of the biodesulfurization process. 
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