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ABSTRACT 

TASK I. METHODS DEVELOPMENT FOR THE SPECIATI~N OF 'THE POLYSULFIDES' 
The c o n t r i b u t i o n s  o f  t h i - s  p r o j e c t  t o  t h e  e lec t rochemica l  .ana lys is  o f  s u l -  
f i d e s  and p o l y s u l f i d e s  a re  reviewed and summarized. E lect rochemica l  reduc- 
t i o n  a t  t h e  d ropp ing  mercury e l ec t r ode  (DME). i s  t h e  method o f  c h o k e  f o r  
t h e  de te rminZ t ion  o f  p o l y s u l f T d i c  s u l f u r .  To ta l  s u l f i d i c  s u l f u r  can con- 
v e n i e n t l y  be q u a n t i t a t e d  i n  m i x tu res  o f  s u l f i d e s  and po lysu l f . ides,  by 
measuring d i f f u s i o n  c u r r e n t s  engendered by t he  anodic d e p o l a r i z a t i o n  o f  
t he  DME i n  t h e  presence o f  t h e  mo ie t i es  HS' and S:'. 

TASK 2. METHODS DEVELOPMENT FOR THE SPECIATION OF DITHIONITE AND 
POLYTHIONATES. I n  a  s o l v e n t  c o n s i s t i n g  o f  40% ethanol -60% water ,  e l e c t r o -  
c a p i l l a r y  curves subs tan t i a t ed  t he  adso rp t i on  o f  e thanol  a t  t he  d ropp ing  
mercury e l ec t r ode .  The p o t e n t i a l s  where adso rp t i on  occur red  para1 1 e l ed  a  
s h i f t  of 1  v o l t  i n  t he  po la rograph ic  h a l f  p o t e n t i a l  o f  t h e  r e a c t i o n :  

TASK 3. TOTAL ACCOUNTING OF THE "SULFUR BALANCE" IN REPRESENTATIVE 
SAMPLES OF SYNFUEL PROCESS STREAMS. Two H-Coal l i q u e f a c t i o n  sour  water  
samples were analyzed rep resen t i ng  d i f f e r e n t  stages i n  t h e  PETC clean-up 
procedures.  One specimen was a  sample s t r i p p e d  o f  H 2 S  and ammonia; t h e  
o the r ,  r e s u l t i n g  f rom a d i f f e r e n t  batch,  was s t r i p p e d  and subsequent ly 
ex t r ac ted  w i t h  methyl  i s o b u t y l  ketone. The s t r i p p e d  e f f l u e n t  con ta ined  
l ess  than 0.001 M concen t ra t ions  o f  s u l f i d e ,  p o l y s u l f i d e ,  t h i o s u l f a t e ,  and 
s u l f a t e .  On t he  o t h e r  hand, s u l f a t e  accounted f o r  90% o f  t he  t o t a l  s u l f u r  
present  i n  t he  " s t r i p p e d  and e x t r a c t e d "  sample; t h e  remainder cons i s t ed  
Of  ~ ~ l f l d l c  arld p u l y s u l  r i d  ic:  s i i l  fur- hs we1 l as t h i o s u l f a t c ,  
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OBJECTIVE AND SCOPE OF WORK ' . 

The general o b j e c t i v e  i s  t o  develop dependable and accurate ins t rumenta l  
a n a l y s i s  methods f o r  the de te rmina t ion  o f  s u l f u r  moieties. '  These w i l l  i n c l ude  
po l ysu l  f i  des, d i t h i o n i  t e  and po ly th iona tes .  C a l o r i m e t r i c  procedures (thermo- 
m e t r i c  ti t r a t i o n s ,  i n j e c t i o n  entha l  p ime t r y )  and e l e c t r o a n a l y t i c a l  techniques 
( v o l  tammetry, coul ometr i  c  ana lys is ,  e tc .  1 w i  11 be used. The complete speci a- 
t i o n  o f  s u l f u r  w i l l  be undertaken. i.n represen ta t i ve '  synfue l  process stream 
samples . 

TASK DESCRIPTIONS 

ASK 1. .YETHODS DEVELOPMENT FOR THE SPECIATION OF POLY SULFIDES. 

Thermochemi c a l  and e lect rochemica l  methods o f  ana l ys i s  w i  11 be developed 
f o r  the de te rmina t ion  o f  S=, Sz,.. ST, Sc ,  SE, and o f  h igher  p o l y s ~ r l f i d e s  
i f  app l i cab le .  

TASK 2. METHODS DEVELOPMENT FOR 'THE SPECIATION .OF DITHIONITE AND 
POLYTHIONATES. 

E l  e c t r o a n a l y t i  c a l  and/or thermochemical methods of ana l ys i s  w i  11 be 
developed f o r  the de te rmina t ion  o f  S,Ot, S,OE, S30E, S,Oz, S50z, S,Oz, 
an? nf h i g h ~ r  pn ly th inna tes .  

TASK 3. TOTAL ACCOUNTING OF THE SULFUR BALANCE I N  REPRESENTATIVE SAMPLES OF 
SYNFUEL PROCESS STREAMS. 

Diverse samples w i l l  be analyzed. The r e s u l t s  w i l l  tie intercompared 
c r i t i c a l l y  and " f i n g e r p r i n t  fea tu res"  o f  s u l f u r  d i s t r i b u t i o n  (between var ious 
o x i d a t i o n  s ta tes  and conjugate Bronsted acid-base mo ie t ies ,  e t c .  ) w i l l  be. 
c o r r e l a t e d  t o  tyoe of coals,  methods and cond i t i ons  of conversion and o ther  
s i g n i f i c a n t  va r iab les .  
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SUMMARY OF PROGRESS TO DATE 

Th i s  i s  the n i n t h  q u a r t e r l y  r e p o r t  on work performed under Grant 
DE-FG22-81PC40783, i n i t i a t e d  on September 30, 1981. 

TASK 1. METHODS DEVELOPMENT FOR THE SPECIATION OF THE POLYSULFIDES. 
The Lewis a c i d  p-hydroxymercuri benzoate (HMB) has been found t o  be a va lu -  
ab le  reagent f o r  the  de te rmina t ion  o f  p o l y s u l f i d e s  by thermometr ic t i t r a -  
t i o n .  T i  t r a t i o n 2 0 f  a  s o l u t i o n  con ta i n i ng  both hydrosul  f i d e  (HS-) and 
p o l y s u l f i d e s  ( S  -, 2 ~ x t 5 )  has y i e l d e d  two d i s c r e t e  endpoints.  The f i r s t  
endpoin t  corresponds t o  hyd rosu l f i de  and the  second t o  tw i ce  the molar-sum 
o f  h y d r o s u l f i d e  p l us  p o l y s u l f i d e s .  The average chain  l eng th  o f  t he  po l y -  
s u l f i d e s  has been found t o  be dependent on pH. The t r i m e t r i c a l l y  
determined average chain  l eng th  a t  pH 14 i s  f ou r ,  cor responding t o  a  
rearrangement o f  both tri su l  f i  de and pentasul  f i d e  t o  t e t r a s u l  f i d e .  The 
r e a c t i o n s  o f  t h i o s u l  f a t e ,  cyanide, i od i de ,  sul fi t e ,  ammonia and t h i ocya -  
na te  w i t h  HMB have been i n v e s t i g a t e d  and assignments made f o r  t h e .  en tha l -  
~ i e s  and Gibbs f ree energy of r eac t i on .  The reagent p-HMB i s  charac te r -  
i z e d  as an adduct o f  the s t rong,  s o f t  Lewis a c i d  -OOC$Hg+ and the hard 
base hydroxide. On the o the r  hand, t h a l l  ium ( I  ) i s  a  s o f t  Lewis a c i d  
which i s  s e l e c t i v e  fo r  s u l f i d e  and p o l y s u l f i d e  mo ie t i es  as a  group bu t  
l a c k s  the s p e c i f i c i r t o  d i s t i n g u i s h  between HS- and i n d i v i d u ~ l y s u l -  
f i  des. An e lect rochemica l  technique has been developed t o  determine 
p o l y s u l f i d i c  s u l f u r  by polarography a t  the dropping mercury e lec t rode .  
E lec t r ode  reac t i ons  o f  the type 

a re  imp l i ca ted .  The method i s  a p p l i c a b l e  t o  a  range o f  concen t ra t ions  
between 5 x 10-5 and 3 x  10-3 M. For the  de te rmina t ion  of " s u l f i d i c  s u l f u r "  

advantage was taken of d i f f u s i o n  cu r ren t s  corresponding t o  the f o l  1 owing 
anodic depol a r i z a t i o n  r eac t i ons  o f  the dropping mercury e lec t rode :  

HS- + Hg = HgS + H+ + 2e 

which over lap  i n  a  range of p o t e n t i a l s  between -0.65 and t0 .2  v o l t  versus 
t h e  sa tu ra ted  calomel e lec t rode .  
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TASK 2. METHODS DEVELOPMENT FOR THE SPECIATION OF DITHIONITE AND 
THE POLYTHIONATES. The l i t e r a t u r e  on the e l e c t r o r e d u c t i o n  and e l e c t r o o x i -  
d a t i o n  o f  d i  t h i o n i  t e ,  tri thionate;  t e t r a t h i o n a t e  and pen ta th iona te  has 
been reviewed p rev ious l y .  D i t h i o n a t e  appears t o  be e lect rochemica l  l y  
i n e r t .  However, a  weal th  o f  i n f o r m a t i o n  i s  a v a i l a b l e  on e l e c t r o r e d u c t i o n  
processes which a re  l i k e l y  t o  y i e l d  cathodic  cu r ren t - vo l t age  curves 
amenable f o r  a n a l y t i c a l  u t i l i z a t i o n s .  Thus t r i t h i o n a t e  i s  known t o  be 
e lec t ro reduced t o  a  m ix tu re  o f  s u l f i t e  and t h i o s u l f a t e ,  where as t e t r a t h i o -  
na te  y i e l d s  t h i o s u l f a t e  as i t s  so le  e l e c t r o r e d u c t i o n  product.  It has 
been repo r ted  t h a t  pen ta th iona te  i s  e l e c t r o r e d u c i b l e  t o  a  m ix tu re  o f  
t h i o s u l  f a t e  and elemental  s u l f u r  and d i  t h i o n i  t e  y i e l d s  su l  f o x y l a t e  (S02-1 
upon e lec t ro reduc t i on .  A few e l  e c t r o o x i  d a t i o n  reac t i ons  o f  ' the re1 evant  
moi e t i e s  have a1 so been repor ted,  y i e l d i n g  corresponding anodic cu r ren t -  
vo l t age  curves. Exper imenta l l y ,  i t  has been found t h a t  t r i t h i o m t e ,  t e t -  
r a th i ona te ,  pen ta th iona te .  and hexsth ionate indeed y i e l d e d  well deFi~ir?t:l  
p o l  arographi  c  e l e c t r o r e d u c t i o n  waves a t  the dropping mercury e lec t rode .  
A  po la roqraph ic  procedure has been d e ~ ~ d  fo r  the ne te rm ina t i on  o f  
' t e t r a t k i o n ~ k e  and pen ta th iona te  i i l  the brksenct! o f  edch u therm. The 
method i s  based on measurinq d i f f u s i o n  cur ren ts  ( a t  the dropping mercury 
e l ec t rode )  a t  two d i s c r e t e  p o t e n t i a l  s  where the f o l  l ow ing  e l ec t rode  
r e a c t i o n s  occur:  

AT -0.4 VOLT VS SCE: ~ ~ 0 : -  + 2e = 25 0'- 
2 3 

It has been found t h a t  tri th i ona te ,  t e t r a t h i o n a t e ,  and pen ta th iona te  y i e l  d  
we1 1  - reso lved  d i f f e r e n t i a l  pu lse po la rograph ic  peaks a t  the dropping ner- 
cury  e l ec t rode  us ing  a  mixed sol  ven t  o f  60% water/40% ethanol ( v / v ) ,  
Po l y th i ona te  spec ia t i on  i s  f e a s i b l e  w i t h o u t  p r i o r  separat ion. Remarkably, 
t h e  po la rograph ic  hal f -wave p o t e n t i a l  o f  the reduc t ion  o f  t e t r a t h i o n a t e  
( t o  t h i o s u l f a t e )  i s  s h i f t e d  by -1.1 v o l t  when the so lven t  i s  changed from 
pure water t o  an ethanol -water  m ix tu re .  Concomitant ly ethanol i s  adsorbed 
a t  the  e l ec t rode  i n t e r f a c e .  However, the p r i n c i p a l  o v c r a l l  c l o c t r o r a d ~ ~ c -  
t i o n  s to i ch iome t r i es  o f  the po l y th i ona tes  are the same i n  the presence and 
i n  the  absence o f  ethanol , viz. ,  



Furthermore, t e t r a t h i o n a t e ,  pen ta th iona te ,  and hexath ionate were found 
t o  be e l ec t r oox idab le  a t  g lassy carbon anodes, w h i l e  t r i t h i o n a t e  was not. 
The hea t  o f  o x i  d a t i o n - r e d u c t i o n  r e a c t i o m t h e  . t ype  

and o f  the  cyano lys is  . reac t ions  

have been i d e n t i f i e d  as promis ing s t a r t i n i g  p o i n t s  f o r  the  development o f  
i ns t rumenta l  methods fo r  the  de te rmina t ion  of po l y t h i ona tes .  

" .  

TASK 3. TOTAL ACCOUNTING OF THE SULFUR BALANCE IN REPRESENTATIVE 
SAMPLES OF SYNFUEL PROCESS STREAMS. I n q u i r i e s  have been sent t o  indus- 
t r i a l ,  government, and academic o rgan iza t ions ,  sol  i c i  t i n g  app rop r i a t e  
specimens. Responses have been rece i ved  from more than a  dozen i n d i v i -  
duals,  who have access t o  d ive rse  samples i n  va r ious  l oca t i ons ,  rang ing  
f rom Washington, Oregon, and C a l i f o r n i a  t o  New York, Delaware, and the  
Caro l inas .  Specimens were s to red  i n  a  n i t r o g e n  dry-box f a c i l i t y .  I t s  
e f f e c t i v e n e s s  i n  m in im iz ing  sample o x i d a t i o n  was v e r i f i e d  by d u p l i c a t e  
a n a l y s i s  of two H-Coal@ sour water samples which had been so s to red  f o r  
over  two years.  A f i v e - s t e p  p ro toco l  has been fo rmu la ted  f o r  spec ia t i ng  
and q u a n t i t a t i n g  the major and minor mo ie t ies  which c o n t r i b u t e  t o  the 
t o t a l  s u l f u r  content .  Ana lys is  o f  p o l y s u l f i d e s  i n  H-Coal sour water 
samples y i e l d e d  comparable r e s u l t s  by e lec t rochemica l  , thermochemical , 
and c l a s s i c a l  methods. A g a s i f i e r  condensate was found t o  con ta in  no 
s u l f i d e ,  p o l y s u l f i d e s ,  o r  t h i o s u l f a t e  by any method. An SRC-I1 aqueous 
e f f l u e n t  was found t o  con ta in  some t h i o s u l f a t e  by both e lec t rochemica l  and 
thermochemical methods. Ana lys is  o f  aqueous H-Coal l i q u e f a c t i o n  process 
e f f l u e n t  sample by e l e c t r o a n a l y t i c a l  and thermochemical methods showed 
t h a t  the predominant s u l f u r  species was HS-. P o l y s u l f i d e s  were present  i n  
aged specimens. I n  con t ras t ,  an aqueous g a s i f i c a t i o n  e f f l u e n t  sample from 
Grand Forks, ND, conta ined no t  on ly  S u l f f d f c  and p o l y s u l f i d i c  sul  Fur bu t  
a1 so t h i o s u l  f a t e  and th iocyanate.  L i q u e f a c t i o n  (SRC process) samples 
f rom the p i l o t  p l a n t  a t  W i l s o n v i l l e ,  Alabama, taken from d i f f e r e n t  stages 
i n  the  wastewater t reatment  were found t o  con ta i n  s u l f a t e  and t h i o s u l f a t e .  
A l i q u e f a c t i o n  sample from PETC's Disposable C a t a l y s t  Development (DCD) 
u n i t  conta jned a  m i x tu re  o f  s u l f i d e  and p o l y s u l f i d e s .  Two H-Coal l i q u e -  
f a c t i o n  e f f l u e n t s  o r i g i n a t i n g  from the p i l o t  p l a n t  a t  Ca t l e t t sbu rg ,  

'Ken tucky ,  were t r e a t e d  a t  PETC. These wastewater samples were ob ta ined  
f rom d i f f e r e n t  stages o f  the PETC clean-up t rea tment  and both conta ined 
compara t i ve ly  law corrcer.rtr .a~tiot~s o f  sul  f u r  whieh cons is ted  predominant ly 
o f  s u l f a t e .  



DESCRIPTION OF TECHNICAL PROGRESS 

TASK 1. METHODS DEVELOPMENT FOR THE SPECIATION OF THE POLYSULFIDES 

Work on t h i s  t a s k  has been s u b s t a n t i v e l y  completed. Th i s  r e p o r t  i s  
t h e  f i n a l  i n  a  s e r i e s  o f  f o u r  r e t r o s p e c t i v e  summaries which eva lua te  c r i t -  
i c a l  l y  the  r e l e v a n t  accompl ishrnents. 

Methods of a n a l y s i s  o f  t h e  p o l y s u l f i d e s  descr ibed  i n  t h e  l i t e r a t u r e  
r e f l e c t  amb igu i t i e s  r ega rd i ng  t h e  o x i d a t i o n  s t a t e s  o f  s u l f u r  i n  these 
m o i e t i e s .  Mo lecu la r  o r b i t a l  ca l cu l a t i ons1 ,  i n d i c a t e  t h a t  t he  two nega t i ve  
cll&r,4es u r  l t l e  drliuris Si- a r e  A l s t r i b u t e d  among a l l  t h e  s u l f u r  atoms i n  
any g iven  p o l  s y l  f i d c  cha in .  However, 5;- mo ie t i es  r eac t  LII~III i ~ d l  l y  CIS I f  
one of  the  s u l f u r  atoms c a r r i e d  a  d i v a l e n t  nega t i ve  charge and t he  remain- 
de r  o f  t . h ~  cha in  cons i s t ed  o f  uncharged s u l f u r  atoms. Ana lys i3  o f  p o l y s u l -  
f i d e  m i x tu res  i s  f u r t h e r  compl icated by s i m i l a r i t i e s  o f  s t r u c t u r e  and chem- 
i c a l  . r e a c t i v i t y  among t h e  va r i ous  p o l y s u l f i d e s ,  v i z . ,  S;', S $ - ,  S:', S:', 
e t c .  Other  s u l f u r  m o i e t i e s ,  s i m i l a r  i n  chemical r e a c t i v i t y  t o  t h e  po l y -  
s u l f i d e s  must a l s o  be taken i n t o  account as p o s s i b l e  i n t e r f e r e n c e s .  Among 
them, s u l f i d e  S ' (which h y d r o l i z e s  t o  HS- i n  aqueous s o l u t i o n ) ,  t h i o l s ,  
and t h i o e t h e r s  a re  o f  main concern as species which a re  l i k e l y  t o  be p re -  
sen t  i n  coa l  convers ion wastewater streams. A d d i t i o n a l  comp l i ca t ions  a re  
rearrangement r e a c t i o n s 2  of t h e  type:  

nsmsZ- + HS- + OH- = msns2- + H ~ O  

where: n  - m = 1; m  = 1,2,3,4 

For  example : 

As a  r e s u l t ,  p o l y s u l f i d e  cha in  l e n g t h  and concen t ra t ions  o f  i n d i v i d u a l  
po1,ysu l f ide m o i e t i e s  may vary  a s  a f ~ r n c t i n n  nf pH s.nd b i s u l f i d e  
concen t ra t i on .  

A conven t iona l  nomenclature system i s  i n  use f o r  express ing  ana l y t . i c s l  
f i n d i n g s  i n  samples c o n t a i n i n g  p o l y s u l  f i d e s  and/or m i x tu res  o f  s u l f i d e s ,  
h y d r o s u l f i d e s  , and p o l y s u l f i d e s .  The terms " p o l y s u l f i d i c  s u l f u r "  and 
" s u l f i d i c  s u l f u r "  a re  d e f i n e d  as f o l l o w s :  

P o l y s u l f i d i c  S u l f u r :  



S u l f i d i c  S u l f u r :  

The e lec t rochemis t r y  o f  t h e  p o l y s u l f i d e s  and o f  s u l f i d e  was i n v e s t i -  
gated3,' i n  o rde r  t o  develop methods f o r  t h e  de te rm ina t i on  o f  p o l y s u l f i d e s  
i n  t he  presence o f  s u l f i d e  and o t h e r  s u l f u r  species.  Cur ren t -vo l  tage 
curves obta ined i n  t h e  presence o f  m i x tu res  o f  va r ious  p o l y s u l f i d e s  y i e l d e d  
two i n t e r e s t i n g  observ i i t i ons :  

( a )  Only a  s i n g l e  po la rograph ic  wave was obta ined a t  t he  dropping 
mercury e l ec t rode  regard1 ess o f  t h e  number o f  po l ysu l  f i d e s  
present  i n  t h e  sample. 

( b )  That wave had t he  charac te r  o f  a  composi t e  wave, i .e. , i t  
e x h i b i t e d  bo th  anodic and ca thod ic  l i m i t i n g  c u r r e n t  reg ions.  

The ca thod ic  d i f f u s i o n  c u r r e n t  o f  t h e  composite wave was p r o p o r t i o n a l  
t o  t he  po l ysu l  f i d i  c  s u l f u r  concen t ra t ion  (de f i ned  i n  Equat ion 1.3)  i r r e -  
spec t i ve  o f  t he  cha in  l e n g t h  o f  t h e  p o l y s u l f i d e s .  Ana lys is  o f  t he  reduc- 
t i o n  products  and cou lomet r i c  experiments i m p l i c a t e d  the  f o l l o w i n g  t ype  of 
e l ec t rode  reac t ions  : 

For exampl e  : 

Con t ro l l ed  p o t e n t i a l  coulometry o f  r e a c t i o n  in te rmed ia tes  and c y c l i c  v o l -  
tammetry revealed t h a t  t h e  r.eacL iori secluetice 1 .7-1.13 aeeounted f o r  t hc  
o v e r a l l  r e a c t i o n  1.5. 

5'- + (x-1 )Hg + H20 = (x-1 )HgS + OH- + HS- 
X 

(1.7) 

Th is  i s  a  so-ca l led  CE mechanism c o n s i s t i n g  o f  a  chemical r e a c t i o n  (Reac- 
t i o n  1.7) fo l lowed by an e l e c t r o n  t r a n s f e r  process (React ion 1.8)  which 
i nvo l ves  t he  product  o f  t h e  preceding reac t i on .  



For example: 

. - 

s:- + 4Hg + H20 = 4HgS + HS- +. OH- . (1 -9) 

, . 
When a  glassy carbon indicator  electrode was used in l i eu  of the  

dropping mercury electrode no measurable current  corresponding t o  Reaction 
1.5 was abse).ved. . 

On the other hand, the anodic portion of the composite wave.was pro-. 
portional t o  the  t n t a l  roncentrat i  on of the  polysulfides : 

These r e su l t s  were accounted f o r  by electrode reactions of the type: 

52- + x ~ g  = X H ~ S  + Ze 
X 

(1.12) 

For example : 

5;' + 5Wg - 5HgS + PC (1.13) 

Reactions 1.12 and 1.13 a r e  so-called "anodic depolari 7at.inn" processes, 
involving the electrooxidation of mercury. Similar reactions a re  known to  
occur in the presence of other depolarizers,  such aq qlilfidc?, thiosulfate,. 
s u l f i  t e ,  thiocyanate, cyanide, and chloride.  Sulfide i s  the only moi ety 
whichanodical1.v depolarizes mercury a t  t h ~ !  same p o t ~ n t i a l  as t h e  p01ysu1- 
f ides .  An extensive study was undertaken t o  investigate t h e  anodic depa- 
l a r i z a t i on  of mixtures of polysulfides and su l f ides .  . I t  was observed t ha t  
the  anodic current  was proportional to  the sum of the concentrations of 
su l f ides  and polysulfides.  Thus, the measurement of the anodic current  
provided a  means t o  determine the t o t a l  su l f i d i c  su l fu r  (defined in Equa- 
t ion  7.4)  content of samples. 

Electrochemical methods are  the techniques of choice fo r  the deter-  
mination of polysulfides and hydrosulfide due t o  t h e i r  a b i l i t y  t o  discrim- 
ina te  between s u l f i d i c  and polysulfidic su l fu r .  The r e l a t i ve  proportion 



o f  these i s  n o t  a f f e c t e d  by Rearrangement ~ e a c t i o n  1.1. The determina- 
t i o n s  were found t o  be remarkably f ree  of i n t e r f e rences  by o t h e r  mo ie t f es  
norma l l y  encountered i n  coa l  convers ion  process streams. 

TASK 2. METHODS DEVELOPMENT FOR THE SPECIATION OF DITHIONITE AND THE 
POLYTHIONATES 

1n p rev ious  t h e  po larography o f  t h e  po l y t h i ona tes  was i nves -  
t i g a t e d  i n  a mixed s o l v e n t  (e thano l -wa te r )  system. The r e s u l t s  o f  t h e  
i n v e s t i g a t i o n  were compared w i t h  f i nd i ngs  ob ta ined  i n  aqueous s o l u t i o n s  i n  
t h e  absence o f  e thano l .  Two d ' i s t i n c t  e f f e c t s  o f  e thanol  .were ev i den t :  

( a )  The ha1 f-wave p o t e n t i a l  o f  S40z' undergoes a v e r y  1 a rge .  nega- 
t i v e  s h i f t .  

( b )  I n  1 i e u  o f  t h e  two we1 1 -de f ined  waves observed i n  aqueous s o l  u- 
t i o n ,  S50z' y i e l d s  o n l y  a s i n g l e  w e l l - d e f i n e d  wave ( p l u s  two 
i 1 1 -de f  i ned smal l  prewaves ) . 

However, t h e  o v e r a l l  e l e c t r o d e  reac t i ons  were never the less  found t o  be t h e  
same i n  bo th  media, v i z . ,  

Dur ing  t h i s  q u a r t e r l y  pe r i od ,  work was undertaken t o  e x p l a i n  t h e  
exper imenta l  observa t ions .  E l e c t r o c a p i l l a r y  measurements were performed 
i n  o rde r  t o  a s c e r t a i n  whether adsorp t ion  o f  e thanol  a t  t h e  d ropp ing  mer- 
cu r y  e l e c t r o d e  was imp l i ca ted .  E l e c t r o c a p i l l a r y  curves were ob ta ined  by 
measur ing drop t ime  (which i s  p r o p o r t i o n a l  t o  su r f ace  t ens ion7 )  as a func-  
t i o n  o f  p o t e n t i a l .  F igures 2.1 and 2.2 i l l u s t r a t e  a comparison between 
e l e c t r o c a p i l l a r y  clrrves i n  the  absence and presence o f  e thano l .  I t i s  
apparent t h a t  ethanol  s h i f t e d  t he  e l e c t r o c a p i l l a r y  maximum and " f l a t t e n e d "  
t he  e l e c t r o c a p i l l a r y ~ c u r v e  i n  t he  range of p o t e n t i a l s  between 0.0 and -1.0 
v o l t  versus SCE.  Th is  i n d i c a t e s  t h a t  under t h e  exper imenta l  c o n d i t i o n s ,  
e thanol  was absorbed a t  t h e  mercury i n t e r f a c e  beg inn ing  a t  zero v o l t  and 
g r a d u a l l y  desorbed a t  -1.0 v o l t .  These p o t e n t i a l s  p a r a l l e l  t h e  observed 
s h i f t  o f  hal f -wave p o t e n t i a l  o f  t e t r a t h i o n a t e  when changing so l ven t s  f rom 
pure water  t o  water  and e thano l .  C o r r e l a t i o n s  o f  t h i s  t ype  have been 
accounted f o r  i n  t he  l i t e r a t ~ r e ~ , ~  by e l e c t r i c  double l a y e r  e f fec ts  



Electrocapi 11 ary  Maximum 

Potent ia l  f Vol t Versus SCE) 

Figure 2.1. E lec t rncap i l l a ry  Curve i n  the  Absence of Ethanol 

Solvent: Pure water 
Supporting E lec t ro ly te :  0.12 M phosphate buf fe r ,  pH 6 .5  

El ectrocapi  11 a r y  M~xirnum 

E'thanol Adsorption 

Ethanol Desorption 

2 111 1 qL - 
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Potent ia l  (Volt Versus SCE) 

Finure 2.2. Electrocapi 1 l a ry  Curve in the Presence of Ethanol 

Solvent:  60% ( v / v )  water ,  40% ethanol 
Supporting E l ec t ro ly t e :  0.12 M phosphate buf fe r ,  pH 6 .5  



engendered by adso rp t i on  a t  e l e c t r o d e  i n t e r f a c e s .  The magnitude o f  t h e  
e f f e c t  observed i n  t h e  p resen t  stu'dy i s  remarkable and warrants  f u r t h e r  
i n v e s t i g a t i o n .  Appropr ia te  work i s  i n  progress.  

TASK 3. TOTAL ACCOUNTING OF THE SULFUR BALANCE IN REPRESENTATIVE SAMPLES 
OF SYNFUEL PROCESS STREAMS 

Two sour  wa te r  samples r e s u l t i n g  f rom t h e  H-Coal p rocess lo  were 
rece ived  i n  August, 1983. These samples, by-products o f  t h e  d i r e c t  l i q u e -  
f a c t i o n  o f  Kentucky #9 coal  a t  t h e  C a t l e t t s b u r g ,  Kentucky, p i l o t  p l a n t ,  
were t r e a t e d  a t  t h e  P i t t s b u r g h  Energy Technology Center (PETC). One 
sample, designated aT "s t r ippedT (L-G); r e s u l t e d  Trom t h e  f o l  l ow ing  gen- 
e r a l i z e d  procedure1': t h e  sour  wa te r  was heated t o  90°C i n  a  s t i l l  
equipped w i t h  a  n i t r o g e n  b leed t o  remove hydrogen s u l f i d e  and ammonia 
u n t i l  t h e  ammonia concen t ra t i on  was reduced t o  1  ess than 500 mg/L. The 
o t h e r  sample, termed " s t r i p p e d  and e x t r a c t e d "  (L-7),was s i m i l a r l y  s t r i p p e d  
and then subjected t o  coun te r cu r ren t  e x t r a c t i o n  us ing  methyl  i s o b u t y l  
ketone t o  remove phenol l l .  Subsequently, the  wa te r  was heated t o  40°C i n  
a  second s t i l l  u s i ng  a  n i t r o g e n  b leed t o  d r i v e  o f f  r e s i d u a l  ketone. Upon 
a r r i v a l  i n  ou r  l a b o r a t o r i e s ,  t he  samples were s to red  i n  a  n i t r o g e n  g love  
box. A d e s c r i p t i o n  o f  these samples and t h e i r  t rea tment  h i s t o r y  i s  pre-  
sented i n  Table  3.1. Fo l l ow ing  a  p resc r i bed  p r o t o c o l 3  t he  t o t a l  s u l f u r ,  
redox p o t e n t i a l , . a n d  pH were determined, as r epo r t ed  i n  Table 3.2. Su l f u r  
s p e c i a t i o n  r e s u l t s  appear i n  Table 3.3. 

ANALYSIS OF THE STRIPPED H-COAL LIQUEFACTION SAMPLE (L -6 ) ,  us i ng  
e l e c t r o a n a l y t i c a l  and thermometr ic techniques showed t h a t  s u l f i d e ,  po l y -  
s u l f i d e ,  t h i o s u l f a t e ,  and s u l f a t e  were a l l  found t o  be below t h e  d e t e c t i o n  
1  i m i t s  o f  t h e  r e s p e c t i v e  methods (Table  3.3). A s u l f u r  balance from 
Table  3 . 3  c ~ u l d  n o t  account f o r  t he  t o t a l  s u l f u r  ob ta ined  by c l a s s i c a l  
methods (Table  3.2, Column 4 ) .  The 'low t o t a l  s u l ~ u r  concen t ra t  f u n ,  the pH 
of 6.2 and t h e  redox p o t e n t i a l  of t0.671 v o l t s  ( v e r s l ~ s  NHE) were expected 
though, as w i l l  be d iscussed i n  t he  conc lus ions  s e c t i o n  o f  t h i s  r e p o r t .  
S u l f a t e  should be t h e  predominant species i n  t h i s  specimen as t he  h i g h  
p o s i t i v e  p o t e n t i a l  i s  i n d i c a t i v e  o f  a  h i g h l y  o x i d i z e d  sample12. 

ANALYSIS OF THE STRIPPED AND EXTRACTED H-COAL LIQUEFACTION SAMPLE 
(L-7) y i e l d e d  i n t e r e s t i n g  r e s u l t s .  Spec ia t i on  revea led  t he  presence o f  
s u l f i d e ,  p o l y s u l f i d e s ,  t h i o s u l f a t e ,  and s u l f a t e  (Tab le  3.3).  The predomi- 
nant  s u l f u r  mo ie ty  was found t o  be s u l f a t e ,  which i s  c o n s i s t e n t  w i t h  t h e  
h i g h  p o s i t i v e  redox p o t e n t i a l  , +O. 353 v o l t  (versus NHE) , and t h e  pH, 6 .9  
(Table  3.2)12. The anomalous pH and redox p o t e n t i a l  w i l l  be discussed i n  
more d e t a i l  i n  t he  conc lus ions s e c t i o n  o f  t h i s  r e p o r t .  The s u l f i d i c  s u l -  
f u r  concen t ra t i on  was found t o  be 0.8 mM the rmome t r i ca l l y ,  and 0.71 mM 
e l ec t r ochem ica l l y .  These a re  i n  good agreement. The p o l y s u l f i d i c  s u l f u r  
obta ined by t h e  d i f f e r e n t  methods d isagrees.  Anomalous appearance of cu r -  
va tu re  a t  t h e  thermometr ic t i t r a t i o n  endpoin ts  (which may i n d i c a t e  t he  
presence o f  i n t e r f e r e n t s  ) cas ts  doubt on t h e  thermochemi c a l  r e s u l  t s l  3 .  Addi - 
t i o n a l l y  t h e  va lue  f o r  t he  t o t a l  s u l f u r ,  13.6 mM (Table 3 .2) ,  agrees w i t h  the  
sumof t h c  i n d i v i d u a l  mo ie ty  concen t ra t ions ,  13.4 mM, es t imated f romTab le  3.3. 



Table 3.1 

Descri 'pt-on o f  Samples o f  Synfuel Process S t r e ~ m j  

L- 7 

D. Drummond 
DOE, FETC 
P.0, BOX 10940 
Pi t tsburgh,  PA 15236 

Acueous e f f i  uent o f  H-Coal process; 
Cat let tsburg,  KY, processed Nov. 1982. 

Str ipped 3nd extracted a t  PETC.. 

Sealed iin pclyethylene b o t t l e .  

I d e n t i f i c a t i o n  

Suppl i e r  

Descr ip t ion  

Storage before 
a r r i v a l  a t  
Penn State 

L - 6  . 

C. Drummonc 
D O E ,  F'ETC 
F.O. E ~ O X  1C940 
F i ttsburgh, PA 15236 

A q u ~ o ~ s  e f f l u e n t  o f  H-Coal process; 
Cat let tsburg,  KY, p lan ts  Kentucky #9 
coal processed Nov. 1982. 

Str ipped a t  PETC. 

S2aled i n  polyethylene b o t t l e .  



Table 3 . 2  . .. 

Characterization of Aqueous Coal Conversion 
Process Stream Specimens 

(3)  
Redox Potential b (4  

Total ~ u l  f urC 

( a )  See Table 3.1 

( b )  Volt versus normal hydrogen electrode 

( c )  Moles sul fur  per 1 i t e r  , weighed as BaS04 



Summary o f  Cesul t s  o f  Determi r a t i o n  o f  Su l fu r  Moiet ies i n  Synfuel Process Stream samplesa 

Sample L -6  Sample L-7 

Concenfrations 
( m i l l i m ~ l e . . ? . - ~ )  

(a) See Table 3.1 'or i d e n t i f i c a t . i o n  
(b)  Detect ion 1 i m i l  

Met hod Met hod 
Thermoc hemi ca l  Electrochemical I Thenochenical Electrochemical 

S u l f i d i c  S(-11) 

P o l y s u l f i d i c  S(0) 

Thiosul f a t e  

S u l f i  t e  

Sulfate. 

~ 0 . 0 8 ~  <(I. 04 b 

~ 0 . 0 8 ~  <[I. 04 b 

4 . 1  b 
<[I. 01 b 

--- 4 . 0 1  b 

<0. 2 b --- 



TASK 1. METHODS DEVELOPMENT FOR THE SPECIATION OF THE POLYSULFIDES. 
Polarography prov ides a  p r e f e r r e d  approach f o r  t h e  a n a l y s i s  o f  m i x tu res  o f  
p o l y s u l f i d e s ,  s u l f i d e s ,  and hydrosul  f i des .  P o l y s u l f i d i c  and s u l f i d i c  s u l -  
f u r  can be determined from a  s i n g l e  composite wave, regard less  o f  t h e  
cha in  l e n g t h  o f  t he  va r i ous  p o l y s u l f i d e s  p resen t  i n  t h e  sample. 

TASK 2. METHODS DEVELOPMENT FOR THE SPECIATION OF DITHIONITE AND 
POLYTHIONATES. E l e c t r i c  double l a y e r  e f f e c t s  may account f o r  a  ca thod ic  
overvo l tage  o f  1  v o l t  i n  t h e  e l e c t r o r e d u c t i o n  o f  t e t r a t h i o n a t e  ( t o  t h i o -  
s u l f a t e )  a t  t h e  dropping mercury e l ec t r ode .  

TASK 3. TOTAL ACCOUNT OF THE "SULFUR BALANCE" IN REPRESENTATIVE 
SAMPLES OF SYNFUEL PROCESS STREAMS. Several  conc lus i onscan  be drawn by 
comparison o f  t h e  r e s u l t s  o f  samples L-6 and L-7 i n  t h e  p resen t  document 
w i t h  t h e  da ta  ob ta ined  f o r  a  p rev ious  "un t rea ted "  aqueous e f f l u e n t  (L -2 )  
o f  the  H-Coal process from C a t l e t t s b u r g ,  Kentucky5. L-2, L-6, and L-7 were 
processed on t he  same da te  (November 1982) a t  t h e  C a t l e t t s b u r g  p i l o t  p l a n t .  
L-6 and L-7 were subsequent ly t r e a t e d  by PETC cleanup procedures b u t  L-2 
was no t .  L-2 conta ined 0.154 Molar  s u l f u r  as hydrogen s u l f i d e .  The pH 
and redox p o t e n t i a l  o f  L-2 were 9.3 and -0.31 v o l t  (versus NHE) r e s p e c t i v e l y .  

TO BEGIN WITH, t h e  r e c e n t l y  analyzed e f f l uen t s ,  L-6 and L-7, were 
s t r i p p e d  a t  PETC (see D e s c r i p t i o n  o f  Technica l  Progress,  Task 3) t o  remove 
most o f  t h e  hydrogen s u l f i d e  and ammonia. Th is  exp la i ns  why L-6 and L-7 
con ta i  ned m i  11 i -Mol a r  s u l f u r  concen t ra t ions  (Table  3.3) i ns tead  o f  a  0.15 
Molar s u l f u r  concen t ra t i on  as i n  L-2. 

SECONDLY, s ince  ammonia i s  removed by t h e  PETC s t r i p p i n g  process, i t  
i s  expected t h a t  t he  pH of t h e  t r e a t e d  specimens (L-6 and L-7)  would be 
much lower  than t h a t  o f  t he  un t rea ted  sample ( L -2 ) .  Th is  was indeed 
observed expe r imen ta l l y ;  t h e  pH o f  L-6 and L-7 were 6.2 and 6.9, respec- 
t l v e l y ,  w h l l e  t h e  pH o f  L-2 was 9.3. 

THIRDLY, t h e  redox p o t e n t i a l  o f  L-2 (-0.31 v o l t )  i s  i n d i c a t i v e  o f  a  
reduc ing  environment, w h i l e  t h e  redox p o t e n t i a l s  o f  t h e  PETC t r e a t e d  e f f l u -  
en ts ,  L-6 and L-7, ( t0 .67 v o l t  and t0 .35 v o l t ,  r e s p e c t i v e l y )  were charac- 
t e r i s t i c  o f  an o x i d i z i n g  environment. Based on t h e  pH and redox poten- 
t i a l s ,  a  lower  o x i d a t i o n  s t a t e  o f  s u l f u r  would be expected t o  p r e v a i l  i n  
L-2 w h i l e  a  h i g h  s u l f u r  o x i d a t i o n  s t a t e  would predominate i n  L-6 and L-7.  
Th is  t o o  was expe r imen ta l l y  conf i rmed:  hydrogen s u l f i d e  was t h e  o n l y  s u l -  
f u r  mo ie ty  de tec ted  i n  L-2 w h i l e  s u l f a t e  was t he  predominant s u l f u r  spec ies 
i n  L-7. The prevalance o f  s u l f a t e  i n  L-7 i n d i c a t e s  t h a t  t h i s  e f f l u e n t  has 
been exposed t o  oxygen f o r  a  f a i r l y  l o n g  t ime, because t h i o s u l f a t e  (an 
i n t e rmed ia te  i n  t h e  o x i d a t i o n  o f  hydrogen s u l f i d e  t o  s u l f a t e )  i s  slow t o  
o x i d i z e .  



FOURTHLY, s i n c e  ammonia was removed dur ing  t h e  PETC s t r i p p i n g  pro- 
cess and phenols (weak Bronsted ac id s  which a r e  another  major l i q u e f a c t i o n  
byproduct) remained, i t  would be expected t h a t  t h e  pH of  t h e  e f f l u e n t  
ob ta ined  d i r e c t l y  a f t e r  t h e  s t r i p p i n g  process be s l i g h t l y  a c i d i c .  This  
.was indeed t h e  a c t u a l  f ind ing: .  t h e  pH o f  L-6 was. 6.2. L-7 was .addition- 
a l l y  t r e a t e d  t o  remove t h e  phenol byproducts; i t s  pH would be expected t o  
be s l i g h t l y  h igher  than t h a t  of  L-6.. Again, t h i s  was experimental ly  
observed. , . 
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