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The d i s t r i b u t i o n  o f  a rsen ic  among the  var ious components o f  a sample of  Green 
R iver  o i l  shale has been inves t iga ted .  A number o f  arsenic species, some o f  which 
have n o t  been p rev ious l y  reported, have been i d e n t i f i e d .  The g rea tes t  f r a c t i o n  of 
arsenic,  65 percent  o f  t h e  t o t a l ,  was found t o  be present as sku t te rud i te ,  (Co, Fe, 
Ni)As3 and s a f f l o r i t e ,  (Fe, Co)As2. 
so lub le  f r a c t i o n ,  very  probably i n  the  form o f  arsenate. Almost n ine  percent was 
ex t rac ted  by HF w i t h  the  quar tz  and s i l i c a t e s .  The bitumens and kerogens accounted 
f o r  t h ree  and f o u r  percent o f  the  t o t a l  As, respec t ive ly ,  and t h i s  was found t o  
e x i s t  i n  the  form o f  methylarsenic and dimethylarsenic compounds. 
found fo r  t he  residence o f  a rsen ic  i n  the  p y r i t e .  

About 16 percent was present  i n  an HC1- 

No evidence was 

Among t h e  f o s s i l  f ue l s ,  o i l  shales are  known t o  have the  h ighes t  concentrat ions 
of  arsenic,  averaging 44 ppm. Dur ing recent  years, and a t  the  present t ime, there 
has ex i s ted  a g rea t  deal o f  p u b l i c  concern about the  contaminat ion o f  t he  environ- 
ment. Also, t he  r e f i n i n g  o f  shale o i l s  w i l l  u t i l i z e  ca ta l ys ts  which a re  w ide ly  
used i n  petroleum technology, y&. , pla t inum and palladium. Arsenic i s  well-known 
t o  a c t  as a poison toward such ca ta l ys ts .  
t i o n  about the  modes o f  occurrence o f  a rsen ic  i n  o i l  shales i s  o f  importance. 

F ish  and co-workers (1) us ing  a h igh  performance l i q u i d  chromatograph coupled 
t o  a g raph i te  furnace atomic absorp t ion  de tec to r  were ab le  t o  conf i rm the  presence 
of methylarsonic ac id ,  benzenearsonic a c i d  and arsenate i n  o i l  shale r e t o r t  and 
process waters. F ish  and Brinckman (2 )  s tud ied  the  methanol e x t r a c t s  ob ta ined from 
Green R iver  o i l  shales. They repor ted  the  presence of  t he  same th ree  arsen ic  spec- 
i e s  i n  such ex t rac ts  and the  presence o f  o the r  u n i d e n t i f i e d  organoarsenic compounds. 
Jeong and Montagna (3 )  performed a g r a v i t a t i o n a l  separa t ion  fo l lowed by an isodyna- 
mic magnetic separat ion o f  pu l ve r i zed  Green R iver  o i l  shale. 
ment o f  arsenic i n  f r a c t i o n s  w i t h  h igher  magnetic s u s c e p t i b i l i t y ,  they concluded 
t h a t  there  e x i s t s  an assoc ia t ion  between the  arsen ic  conten t  and i ron -con ta in ing  
s u l f i d e  minerals such as Fel-xS and Fe(AsS)2. 

t i o n  o f  arsenic among t h e  var ious components which c o n s t i t u t e  a sample o f  Green 
R iver  o i l  shale.  The most 
s i g n i f i c a n t  r e s u l t  was the  d iscovery  o f  the  presence o f  two arsen ic  minera ls  which 
account f o r  two t h i r d s  o f  the  t o t a l  arsenic.  
i n  o i l  shales. 

EXPERIMENTAL 

The o i l  shale sample used i n  t h i s  study was from the H e l l ' s  Hole Canyon o f  
nor theas t  Utah which forms p a r t  o f  t he  U in ta  bas in  (Mahogany Zone). The sample, 
a f t e r  i t  was disaggregated w i t h  a "Shatterbox" and screened through a U.S. stan- 
dard -100 mesh sieve, had the  f o l l o w i n g  proximate ana lys is :  

P r i m a r i l y  f o r  these two reasons informa- 

Based on the  enr ich-  

In t h i s  r e p o r t  we descr ibe the  r e s u l t s  o f  a systemat ic study of the  d i s t r i b u -  

O f  t h e  t o t a l  arsenic,  97 percent was accounted fo r .  

These had n o t  been p rev ious l y  found 
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% moisture,  0.26+0.02; % v o l a t i l e s ,  41.8950.14; % ash, 57.9220.24; f i x e d  carbon 
(by d i f f e rence )  ,-0.18+0.12. 

Metal Analyses. 
Perkin-Elmer Model 272 g raph i te  furnace atomic absorp t ion  spectrometer. 
a t  a concentrat ion o f  400 ppm was added as a ma t r i x  m o d i f i e r  i n  the  arsen ic  analy- 
ses. Corroborat ion o f  the  As and Fe values and the  determinat ions o f  t he  o the r  
metal  i o n  concent ra t ions  were performed w i t h  an ARL Model 34000, simultaneous, 
vacuum i n d u c t i v e l y  coupled argon plasma emission spectrometer ( ICPAES) .  

Ashinq. 
was used t o  prepare t h e  low temperature ash from the  raw shale and t h e  residue 
ob ta ined fo l l ow ing  each a c i d  deminera l i za t ion  s tep  (F igure  1 ) .  

Arsenic Speciat ion.  Arsenate, a rsen i te ,  methylarsonic and d ime thy la rs in i c  species 
were converted t o  t h e  hydr ides  which separated and analyzed f o r  separately.  De- 
t a i l s  o f  the  method are  descr ibed elsewhere (4, 5). The technique, i n  a d d i t i o n  t o  
being very sens i t i ve ,  makes poss ib le  a d i f f e r e n t i a t i o n  between inorgan ic  As ( I I1 )  
( reduc t ion  by BH4- a t  pH 6.5) and inorgan ic  As(V)(both A s ( I I 1 )  and As(V) a re  re- 
duced a t  pH 2).  Methy la rsen ic  and dimethylarsenic compounds a r e  reduced t o  MeAsH2 
and MezAsH, resp. These are t rapped a t  l i q u i d  n i t rogen  temperatures and e a s i l y  
separated by f r a c t i o n a l  d i s t i l l a t i o n .  Control  experiments us ing  MeAs(O)(OH)z and 
MezAs(0)OH showed t h a t  t he  cond i t ions  used f o r  d iges t i on  o f  the  kerogens and b i t u -  
mens, v&., concentrated n i t r i c  a c i d  a t  temperatures n o t  exceeding 100°C f o r  2 h 
i n  a capped f l a s k  fo l l owed  by the  a d d i t i o n  o f  1 m l .  o f  HClO4 (70 percent )  a t  the  
same temperature f o r  30 min., does no t  cause any rup tu re  o f  H3C-As o r  H3C-As-CH3 
bonds. 
t h i s  treatment. 

X-Ray D i f f r a c t i o n  and SEM-EOS Measurements. 
low temperature ash samples, o f  t he  raw o i l  sha le  and o f  the  residues remaining 
a f t e r  successive deminera l i za t ion  treatments were obtained w i t h  the  use o f  a 
Se i fe r t -Sc in tag  PAD I 1  powder d i f f rac tomete r  automated by a DGC Nova 3 computer. 

Scanning e l e c t r o n  microscopy w i t h  energy-dispersive X-ray spectrometr ic 
measurements were c a r r i e d  ou t  a t  t he  E lec t ron  Microscopy Center, Texas A&M Univer- 
s i t y .  
d i spe rs i ve  and wavelength d i spe rs i ve  spectrometr ic c a p a b i l i t i e s ,  d i g i t a l  beam con- 
t r o l  and dual wavelength c a p a b i l i t y .  

RESULTS AND DISCUSSION 

Arsen ic  and i r o n  i n  aqueous so lu t i ons  were determined us ing  a 
N icke l ,  

A Branson/IPC, Model 4005-448 AN Automated Radio Frequency Plasma Asher 

Known compounds were converted q u a n t i t a t i v e l y  t o  the  ars ines  fo l low ing  

D i f f rac tograms o f  t he  minerals i n  the 

The ins t rument  used was a JEOL 35CF e l e c t r o n  microscope equipped w i t h  energy- 

Figure 1 o u t l i n e s  a f low diagram which descr ibes t h e  chemical separat ion 
sequences used i n  t h i s  study. 
sence Of minerals t y p i c a l  o f  Green R iver  o i l  shales wi th  a l b i t e  (NaAlSi308), 
do lomi te  (CaC03-MgC03) and quar t z  compris ing the  major mineral  phases. Other 
mfmi-a?s wiiicii were i d e n t i f i e d  and found t o  be present i n  s i g n i f i c a n t  concentra- 
t i o n s  were p y r i t e  (FeSz), o r thoc lase  (KAlSi308) and c a l c i t e .  

showed t h a t  t reatment w i t h  5M HC1 was accompanied by the  removal o f  dolomite and 
c a l c i t e .  I n  the  HC1-HF t r e a t e d  shale o n l y  p y r i t e s  appear t o  remain. The i n t e n -  
s i t i e s  of t h e i r  c h a r a c t e r i s t i c  spacings appear t o  be enhanced, probably due t o  
the  removal of o t h e r  minerals.  
P y r i t e  peaks disappear. 
t reatments was charac ter ized  by the  absence o f  d i f f r a c t i o n  peaks. 
bu ted  t o  the  amorphous and m i c r o - c r y s t a l l i n e  na ture  o f  t h e  ma te r ia l .  

Powder X-ray d i f f r a c t i o n  s tud ies  revealed the  pre- 

Studies of t he  X-ray powder pa t te rns  a t  var ious stages o f  deminera l i za t ion  

As expected, fo l low ing  treatment w i t h  HNO3, t h e  
The mat te r  remaining a t  t he  end o f  t he  successive a c i d  

This i s  a t t r i -  

350 



I n  Table 1 are  l i s t e d  the  concentrat ions o f  a rsen ic  and i r o n  i n  var ious o i l  
The r e s u l t s  show shale components separated according t o  the  Scheme i n  F ig .  1. 

t h a t  the  bu lk  o f  the  arsenic,  %65 percent  o f  the  t o t a l ,  can be ex t rac ted  by 2M 
n i t r i c  acid.  S i x t y  percent o f  t he  i r o n  i s  a l s o  ex t rac ted  by t h i s  reagent. 

I d e n t i f i c a t i o n  o f  Sku t te rud i te  and S a f f l o r i t e .  Fragments o f  t he  sha le  were f rac-  
t u r e d  from a l a rge  10 kg sample. Based on v i sua l  observat ion,  t h e  fragments 
c o l l e c t e d  represented both darker (presumably o i l - r i c h )  and l i g h t e r  l aye rs .  The 
fragments co l l ec ted  were examined as fo l l ows :  1. The fragments were embedded i n  
thermop las t ic  cement (Buehler Sci. Co., Cat. No. 40-8100); 2. t he  mounted Samples 
were po l i shed w i t h  alumina t o  a g r i t  o f  0.311. 3. i n  the  case o f  some fragments 
o r i g i n a t i n g  from the more l i g h t l y  co lo red  l aye rs  o f  the shale sample, l us t rous ,  
s i l v e r  grey mineral  p a r t i c l e s  became v i s i b l e .  4. t he  prepared samples were coated 
w i t h  25A t h i c k  l a y e r  o f  carbon and examined by SEM-EDS. 5. based on t h e  x-ray 
microanalysis,  l a rge  (1-2 mn) mineral  p a r t i c l e s  o f  i n t e r e s t  were ex t rac ted  from 
t h e  SEM speciments a f t e r  d i sso l v ing  the  cement w i t h  acetone; 6. x-ray powder 
diffractograms were obtained o f  these p a r t i c l e s  and, f o l l o w i n g  t h e i r  d i s s o l u t i o n  
i n  HNO3, metal i o n  concentrat ions were determined by ICPAES. 

Figure 2 shows the  e lec t ron  micrograph o f  an arsen ic -conta in ing  minera l  pa r -  
t i c l e  and the  energy-dispersive x-ray spectrum o f  the  same p a r t i c l e .  
spo t  analyses on the s i l ve r -g rey  mineral  g r a i n  i nd i ca ted ,  based on a standardless 
semi -quant i ta t i ve  procedure (SSQ), t he  f o l l o w i n g  un i fo rm composition: %As, 76.7; 
%Fe, 8.90; %Co, 10.2, % N i ,  4.1. 
i n  these p a r t i c l e s .  
and s a f f l o r i t e  was ob ta ined f r o m  measurements o f thed -spac ings  i n  t h e i r  x-ray 
powder d i f f rac tograms as i s  i l l u s t r a t e d  i n  F ig .  3. Fur ther  co r robo ra t i on  was 
ob ta ined from the  r e s u l t s  o f  a n a l y t i c a l  measurements (ICPAES) o f  t he  metal  i o n  
conten t  o f  these p a r t i c l e s :  %As, 71.4; %Fe, 10.4; %Co, 3.9; % N i ,  5.1; %Ca, 4.2. 
The composition o f  t he  arsenide minera ls  exc lud ing  ca lc ium was as fo l l ows :  %As, 
74.6; %Fe, 10.8; %Co, 9.3; % N i ,  5.3 g i v i n g  a s to ich iomet ry  o f  Fel .0C00.82Ni0.46AS5.1 

being accumulated, i n  some cases, f o r  per iods  as long as 5000 seconds, showed no 
evidence o f  the  presence o f  arsenic.  These r e s u l t s  i n d i c a t e d  q u i t e  conc lus i ve l y  
t h a t  i n  t h i s  o i l  shale sample the  arsen ic  i s  present as sku t te rud i te ,  (Co,Fe,Ni)As3 
and s a f f l o r i t e ,  (Fe,Co)As2, b u t  n o t  w i t h  p y r i t e .  

Methylated Arsenic Compounds i n  Bitumen and Kerogen. 
gen were analyzed f o r  t o t a l  a rsen ic  by d iges t i on  w i t h  con HN03 fol lowed by con HClO4 
and taken t o  fuming. 
f o l l o w i n g  d iges t i on  methods which keep the  H3CAs and (H3C)zAs bonds i n  t a c t  (see 
e x p t l .  p a r t ) .  
f r a c t i o n  o f  the t o t a l  a rsen ic  i n  these organ ic  components i s  p resent  i n  the  form 
inorgan ic  arsenic(V).  
inorgan ic  arsenic minera ls  w i t h  these components. 
t he  bitumens and kerogens i s  p resent  as H3C-As and(H3C)zAs species. 
have no t  y e t  been quant i ta ted .  

CONCLUSION 

Several 

There was no evidence o f  t h e  presence of s u l f u r  
Evidence t h a t  these p a r t i c l e s  were composed o f  s k u t t e r u d i t e  

Examination o f  about seventy p y r i t e  p a r t i c l e s ,  by SEM-EDS, with x - ray  photons 

Samples o f  bitumen and kero- 

They were a l s o  analyzed by hydr ide  reduc t ion  techniques 

The r e s u l t s  o f  these s tud ies  show very c l e a r l y  t h a t  o n l y  a minor 

Th is  i s  poss ib l y  due t o  t h e  d i s t r i b u t i o n  o f  smal l  q u a n t i t i e s  
The bu lk  o f  the  arsen ic  i n  both 

These r e s u l t s  

The bu lk  o f  t h e  arsen ic  i n  a sample o f  Green R ive r  o i l  shale, a lmost 65 per -  

None was found t o  be associated w i t h  the  p y r i t e s .  

cen t  o f  t he  t o t a l ,  i s  p resent  as s k u t t e r u d i t e  and s a f f l o r i t e .  

arsenic i s  ex t rac ted  by HC1, and t h i s  may be i n  the form o f  arsenates. 
solubles,  p r i m a r i l y  quar tz  and s i l i c a t e s ,  have about n ine  percent  o f  t h e  t o t a l  
arsenic.  

About 16 percent  o f  t h e  
The HF- 

The bitumens and kerogens accounted f o r  t h r e e  and f o u r  percent  o f  t h e  
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t o t a l  o r i g i n a l  a rsen ic  and t h i s  was found t o  conta in  s i g n i f i c a n t  amounts o f  methyl 
and dimethylarsenic compounds. 

ACKNOWLEDGEMENTS 

We wish t o  thank t h e  Center f o r  Energy and Minera l  Resources o f  Texas A&M 
Un ive rs i t y  and the  Robert  A. Welch Foundation o f  Houston, Texas, f o r  f i n a n c i a l  
assistance i n  support  o f  t h i s  work. Mr .  James Ehrman, the  E lec t ron  Microscopy 
Laboratory o f  Texas A&M U n i v e r s i t y  fu rn ished inva luab le  advice and assistance 
i n  acqu i r ing  and i n t e r p r e t i n g  the  SEM-EDS data. 

REFERENCES 

1. Fish, R.G., Brinckman, F.E. and Jewett, K.L., Environ. Sci .  Technol., &, 
174 (1982). 

2.  Fish, R.H., Brinckman, F.E., P rep r in t s  ACS Div. o f  Fuel Chem., 111, No.3, 
177 (1983). 

3. Jeong, K.M. and Montagna, J.C., P rep r in t s  ACS Div.  o f  Fuel Chem., 29, No.3, 
307 (1984). 

4. Mohan, M.S., Zingaro, R.A., Micks, P. and Clark, P.J., I n t e r n .  J. Environ. Anal. 
- Chem., 11. 175 (1982). 

5. Clark,  P.J., Zingaro, R.A. I r g o l i c ,  K.J. and McGinley, A.N., I n te rn .  J. Environ. 
Anal. Chem., 7, 295 (1980). 

Table 1. D i s t r i b u t i o n  o f  Arsenic and I r o n  among O i l  Shale Components* 

Sample d e s c r i p t i o n  As pg/g o i l  shale I r o n  p / l O O  g o i l  shale 

GF- AAS ICPAES GF-AAS ICPAES 

Raw shale 72.3L0.68 6851.2 2.23f_0.02 2.24+0.01 

HC1-soluble 1320.1 lO+O. 1 0.49+0.003 0.47+0.004 

HF-soluble 6.34k0.06 ------ 0.352G.004 ------ 
HN03-so1uble 4620.6 4750.4 1.3420.03 1.3120.03 

__-_-_ ------ THF-soluble 1.8820.11 2.12 

R** 3.2820.02 3.23fp.01 --_--- -_---- 

*Each value represents  an average o f  the  r e s u l t s  o f  a t  l e a s t  t h ree  exper i -  

** R :  HC1-HF-THF-HN03-treated o i l  shale. 
ments. 
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\ 
F i g .  2a. Electron micrograph o f  arsenic-r ich mineral, magnification x36. 

I 
lnsolubler rolubler 

1 mol bbl cs solubles I ;:, , (quartz. sillcater) 
%ahlet 

solubles 
(bituncn) 

treated i n  the 

I 
lnsolubles subsequently 

m3 (a) manner o f  kenwen 
70%. 2h (see b e l a )  

solubles 
(pyrites. arsenides. 1 ntol ubl e5 

O m m e n )  s m  sulfides) 
con. KND3 
100°C, 2h 
K104, 702 

100'c. 30 min. 
I 

AsO:-, H3CAs-. 

(H3C)ps- 

Fig. 1. Flow Diagram of the Sequence of  Chemical Separation o f  Oil Shale 
Components. 
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SF SK 

Fig. 3 .  Powder x-ray diffractogram of the particle in Fig. 2a. Key to 
symbols: SK, skutterudite; SA, Safflorite; CA, c a k i  t e .  

Fig. 2b. Energy-dispersive x-ray spectrum of the particle in Fig. 2a 
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