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ABSTRACT 

Extraction o f  low-rank coals with dilute hydrochloric acid resulted in 
the removal of a small percentage of total ash present. Calcium, and to a 
lesser extent,aluminum, magnesium and iron were present in acid extracts. 
Resulting coals were significantly more soluble in dilute alkali and more 
readily biosolubil ized than water treated controls. These data suggest that 
some of the multivalent cations are present in coals as alkali insoluble 
complexes and contribute to the structural integrity o f  the coal. 

INTRODUCTION 

Since the observations of microbial coal solubilization in the early 
1980's (1 ,2) ,  there has been considerable interest in those mechanisms 
involved. Two mechanisms have been reported to be involved in coal 
biosolubilization: direct enzyme attack and production of alkaline 
materials. Enzymes implicated in the biosolubilization process include 
lacasses ( 3 ) ,  1 igninases (4) ,  and peroxidases (4 ) ,  Unfortunately, the 
degree o f  involvement of any of these enzymes in coal biosolubilization has 
yet to be rigorously demonstrated. Microbial production of alkaline. 
materials which are able to solubilize coals has been clearly demonstrated 
(5 -8 ) .  These alkaline materials appear to be nitrogenous in nature and 
increase medium pH sufficiently to cause coal solubilization. This 
mechanism does not appear to alter coal molecular structure. 

coal biosolubil ization. This mechanism involves the removal of multivalent 
metal ions resulting in coal becomming more soluble in dilute alkali. 
this paper, we report how the removal of small amounts of ash present in 
coals dramatically increases coal alkali- and biosolubilization. 

EXPERIMENTAL 

There is now suggestive evidence that a third mechanism is involved in 

In 

Texas 1 ignite was obtained from Northwestern Resources, Jewett, TX. 
Wyodak and Beulah Zap coals were from the Argonne Premium coal sample 
program, Argonne IL. Mississippi Wilcox lignite was obtained from a 

580 



I. 

I 

weathered outcrop as prev ious ly  descr ibed (9). 
were ground t o  -100 mesh and stored under a n i t rogen  atmosphere. 
Beulah Zap coals were recieved preground t o  -100 mesh and packaged under an 
i n e r t  atmosphere. While under a n i t rogen atmosphere, coals were d r i e d  
(50°C f o r  48 hours) and a l iquots  ( l g )  were extracted w i t h  e i t h e r  water 
o r  6N H C l  (501111). Extract ions were performed by shaking (I40RPM) a t  ambient 
temperature (22+2'C). Coals were recovered by cen t r i f uga t ion  (10,OOOxg 
f o r  10 min)and washed using deionized water u n t i l  the  pH o f  t he  wash water 
exceeded 3.0. S o l u b i l i t i e s  o f  coals i n  d i l u t e  a l k a l i  were determined by 
p lac ing  coal  a l i quo ts  ( l g )  i n  50mM T r i s  b u f f e r  (pH 8.0, I O O m l ) ,  shaking 
(140RPM) f o r  72 hours and measuring the  absorbance o f  t he  f i l t e r e d  f l u i d  
(Gelman GA-8 SUPOR, 0.2pM pore d ia . )  a t  ind ica ted  wavelengths. 

Fungal s t ra ins  RWL-40 (un iden t i f i ed  Basidiomycete) and YML-I 
(Cunninqhamella sp.) (9) were grown and maintained on yeast-malt  agar s lan ts  
a t  room temperature. B ioso lub i l i za t i on  was tes ted  by p lac ing  coal a l i quo ts  
(0.59) !n l a t e  l o g  cu l tu res  o f  each organism growing i n  yeast ma l t  b r o t h  and 
mon i to r ing  the amounts o f  coal going i n t o  so lu t i on  as a func t ion  o f  t ime. 
The amount o f  coal so lub i l i zed  was estimated by measuring the  absorbance o f  
f i l t e r e d  c u l t u r e  f l u i d s  a t  ind ica ted  wavelengths., 

Charac ter iza t ion  Laboratory, Un ive rs i t y  o f  Utah, Sa l t  Lake City, UT. 
Element analyses were performed on an ARL Model 3520 Atomic Absorption 
Spectrophotometer using the  I C P  mode. 

RESULTS AND DISCUSSION 

Texas and Wilcox l i g n i t e s  
Wyodak and 

U l t imate  and proximate analyses were performed a t  t he  Fuel 

Pre l im inary  d ry ing  a t  5 0 T  under n i t rogen d i d  no t  appear t o  ox id i ze  
coal  samples, but d i d  reduce coal  moisture content t o  a consistent 3-6% 
(data no t  shown). Ex t rac t ions  o f  coals w i t h  6N hydroch lo r ic  ac id  l i kew ise  
d i d  not r e s u l t  i n  s i g n i f i c a n t  increases i n  coal oxygen content as compared 
t o  water ex t rac ted  con t ro l s  (Table 1). These data i nd i ca te  t h a t  no 
s i g n i f i c a n t  amounts o f  e i t h e r  ac id  ca ty l i zed  hydro lys is  (e.g., ethers,  
esters,  e tc . )  o r  ox ida t i on  occured. Ac id  ex t rac t i on  o f  coals reduced t o t a l  
ash content by a cons is tan t  2-5% and appeared t o  be independent o f  o r i g i n a l  
ash content.  It i s  u n l i k e l y  t h a t  any o f  the  ash reduc t ion  i s  due t o  
decreasing p y r i t e  content because s u l f u r  contents remain e s s e n t i a l l y  
unchanged. 

contained a r e l a t i v e l y  l a rge  amount o f  calcium and lesser  amounts o f  
magnesium, aluminum, i r o n  (Table 2) .  Sodium and potassium were a l so  
present. 
ex t rac ts ) .  
between 60% and 180% o f  the  decrease i n  ash content caused by ac id  
ex t rac t i on .  

amount o f  coals so lub le  i n  pH 8 b u f f e r  (Table 3).  
s o l u b i l i z e d  were 145% t o  675% greater  f o r  ac id  ex t rac ted  coals than f o r  
water washed cont ro ls .  I n  a l l  cases, except f o r  Wilcox, increased 
s o l u b i l i t i e s  o f  ac id  ex t rac ted  coals continued t o  be observed i n  a l l  

Acid ex t rac ts  o f  coals were a deep ye l low o r  yellow-green co lo r  and 

Very low concentrat ions o f  metals were observed i n  con t ro l s  (water 
The t o t a l  amount o f  metals observed i n  each ac id  e x t r a c t  was 

Ex t rac t i on  o f  coa ls  w i t h  hydroch lo r ic  ac id  s i g n i f i c a n t l y  enhanced the  
I n i t i a l  amounts o f  coal 
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subsequent ex t rac t i ons .  
ac id  and water ex t rac ted  coal had the  same t o t a l  a l k a l i  s o l u b i l i t y  and t h a t  
the  former was i n i t i a l l y  more r e a d i l y  so lub i l i zed .  

Treatment o f  coa ls  w i t h  .microbial  cu l tu res  y ie lded  mixed resu l t s .  Both 
organisms used produced a ye l low pigment w i t h  an absorbance maximum a t  400nm 
and l i t t l e  absorbance a t  500nm i n  con t ro l s  t h a t  d i d  no t  contain coal  (data 
not shown). Because o f  t h i s ,  b i o s o l u b i l i t y  experiments were monitored by 
fo l l ow ing  absorbances a t  a t  500nrn. As con t ro l  cu l tu res  aged, however, the 
pigment present began t o  change and absorb more a t  500nm. 

o ther  coals tes ted  and d i d  no t  behave as d i d  o ther  coals.  As observed w i th  
a l k a l i  s o l u b i l i z a t i o n ,  ac id  t rea ted  Wilcox was more r e a d i l y  b ioso lub i l i zed  
than water t rea ted  con t ro l s  (Figure 1). I t i s  no t  l i k e l y  t h a t  the. increased 
b i o s o l u b i l i t y  o f  a c i d  t rea ted  Wilcox was due t o  an increase i n  the  amount o f  
a1 k a l i  produced because pH values o f  cu l tu res  containing water ex t rac ted  
Wilcox were c o n s i s t a n t l y  one h a l f  pH u n i t  g rea ter  than those observed f o r  
the acid ex t rac ted  coal  (data no t  shown). 

colored a f t e r  several  days o f  incubat ion and then l o s t  c o l o r  as the  
experiment proceeded (data no t  shown). The i n i t i a l  colored mater ia l  i n  
so lu t i on  appeared t o  be so lub i l i zed  coal .  
deco lo r i za t i on  o f  these c u l t u r e  media i n  the  l a t t e r  stages o f  incubat ion 
represents so lub le  coal  being metabolized and supression o f  pigment 
format ion o r  i f  s o l u b i l i z e d  coal  and e x t r a c e l l u l a r  pigments were being 
removed from s o l u t i o n  (e.g., coprecipi tated, absorbed...). Since the  pH o f  
a l l  cu l tu res  were increased and maintained a t  values grea ter  than 7.5 (data 
not shown), i t  i s  u n l i k l e y  t h a t  coals became inso lub le  due t o  pH e f fec ts .  
The net r e s u l t  was t h a t  absorptions a t  500nm increased i n i t i a l l y  and then 
decreased sharp ly  (data not shown). I n i t i a l  increases i n  absorbances were 
small ( l ess  than 0.1 absorpt ion u n i t )  bu t  were cons is tan t l y  g rea ter  i n  
cu l tu res  con ta in ing  ac id  t rea ted  Texas l i g n i t e ,  Wyodak o r  Beulah Zap than 
those observed i n  con t ro l s .  

From these data,  i t  appears t h a t  t he  removal o f  mu l t i va len t  metal ions 
s i g n i f i c a n t l y  enhances both t h e  a l k a l i -  and b i o s o l u b i l i t y  o f  coals w i thout  
causing measurable ox ida t ion .  
o f  ash present:  per iphera l  and in te rg ra l .  Per ipheral  ash would be t h a t  ash 
present as i nc lus ions  (e.g., py r i t e ,  clays, etc.)  wh i l e  i n teg ra l  ash would 
be t h a t  which i s  incorpora ted  i n t o  the  molecular s t ruc tu re  o f  t he  coal  as 
metal complexed w i t h  organic components o f  t he  coal (e.g., carboxy l i c  acids, 
phenols, a lcoho ls  o r  t h e i r  s u l f u r  analogs). The presence o f  mu l t i va len t  
ca t ions  present i n  coal  s t ruc tu re  as metal complexes i s  cons is ten t  w i t h  the 
suggested s t r u c t u r e  f o r  o ther  low-rank coals (10). These metal complexes 
would be l e s s  so lub le  i n  d i l u t e  a l k a l i  and, because mu l t i va len t  ca t ions  are 
involved, they may ac t  as c ross l inks  between organic molecules i n  coal .  I f  
t h i s  working hypothesis i s  cor rec t ,  then removal o f  i n t e g r a l  ash.by any 
method w i l l  r e s u l t  i n  lower molecular weights o f  coal  organics and la rge r  
populat ions of f ree carboxy l i c  acids, phenols and alcohols which w i l l  r e s u l t  
i n  increased coal  s o l  ub i  1 i t  i es and grea ter  oppor tun i ty  f o r  enzyme a t tack  
(bioconversion). 

That i s ,  i t  d i d  not appear t o  be t h e  case t h a t  each 

M iss i ss ipp i  Wilcox l i g n i t e  was more r e a d i l y  b ioso lub i l i zed  than those 

Cultures con ta in ing  Texas l i g n i t e ,  Wyodak o r  Beulah Zap became l i g h t l y  

It i s  unknown i f  the 

It appears t h a t  low-rank coals have two types 
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While a l k a l i  s o l u b i l i t y  has been shown t o  be a mechanism i n  coal  
b i o s o l u b i l  i za t i on ,  pyrolysis-mass spec t ra l  data has suggests t h a t  t he re  may 
be another mechanism involved (11). This o ther  mechanism may invo lve  d i r e c t  
enzyme a t tack  o r  i t  may invo lve  the removal o f  metal ions by microbes. The 
i l l u c i d a t i o n  o f  t h i s  o ther  mechanism w i l l  be the  subject  o f  a subsequent 
manuscript. 
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Table 1. Analyses o f  Treated Coals. 

Coal a Cb H N S 0 Moisture Ash 

Wyodak-W 73.39 5.21 0.98 0.44 19.97 4.00 5.91 
Wyodak-A 73.31 5.13 0.91 0.43 20.16 2.00 2.93 

A -0.01 +0.19 -2.98 

TXL-W 71.61 4.89 0.92 0.68 21.90 5.31 7.95 
TXL-A 70.76 4.76 0.97 0.73 22.78 4.41 2.69 
A t0.05 t0.88 -5.26 

B.Z.-W 72.76 5.6 1.35 1.21 19.08 2.78 13.81 
B.Z.-A 71.41 5.49 1.27 1.25 20.58 2.83 9.36 

A t0.04 t1.50 -4.45 

Wilcoz-W 66.58 4.91 1.11 1.29 26.11 4.56 14.21 
Wilcox-A 67.52 5.11 1.16 1.25 24.96 4.12 11.48 

A -0.04 -1.15 -2.73 

a) Abbreviat ions are as fo l lows:  TXL - Texas l i g n i t e ,  B.Z. - Beulah Zap, 
W - Water ex t rac ted ,  A - Acid extracted. 
b) Values are the  average o f  two determinations. 
A are the d i f f e r e n c e  between the  con t ro l  and experimental values. 

Table 2. Metal Concentrations Present i n  Coal Ex t rac ts .  

Coals  AI^ Ca Fe Mg Na K 

Wyodak-W 0 0.5 0 0.1 3.6 0.3 
Wyodak-A 31 243 36 35 17 1.5 

TXL-W 0.1 15 0 5 1.6 0.5 
TXL-A 36 453 139 66 9 4 

B.Z.-W 0.1 0.3 0.1 0.1 12 0.2 
B.Z.-A 29 255 34 69 89 3 

Wilcox-W 3.6 41 9 5 0.5 0.5 
Wilcox-A 95 427 725 23 5 4 

a) Abbreviat ions are  as i n  Table 1. 
b) Concentrations are  given as mg per l i t e r .  
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Table 3 .  S o l u b i l i t i e s  o f  Coals i n  T r i s  Buffer,  pH 8.0 

Coala Treatment F i r s t b  Second Th i rd  
Ex t rac t i on  Ex t rac t ion  Ex t rac t i on  

Wyodak Water 0.126 0.164 0.101 
Wyodak Acid 0.532 0.388 0.243 

TXL Water 0.343 0.278 0.198 
TXL Acid 1.45 1.22 0.780 

B.Z. Water 3.78 0.326 0.152 
B.Z. Acid 25.5 1.58 0.800 

Wilcox Water 85.8 26.9 7.3 
Wilcox Acid 124 13.7 4.40 

a) Abbreviat ions are as i n  Table 1. 
b) Values are given as absorbance a t  400nm (corrected f o r  any 
d i l u t i o n  fac to rs ) .  
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Figure 1. Biosolubilization of acid and water treated 
Mississippi Wilcox lignite. 

! 

586 


