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REMOVAL OF ORGANIC CONSTITUENTS I N  A COAL GASIFICATION 
PROCESS WASTEWATER BY ACTIVATED SLUDGE TREATMENT 

VassiZis C. Stamoudis, Richard G. Luthy, and W. Harrison 

ABSTRACT 

Removal of o rgan ic s  by ac t . iva ted-  s ludge  t rea tment  of 
wastewater from a n  experimental  c o a l  g a s i f i c a t i o n  p l a n t  was 
es t imated  by capi l lary-column gas  chromatography/mass spectrometry 
(GC/MS) of e x t r a c t s  of wastewater sampled b e f o r e  and a f t e r  proc- 
e s s i n g  by bench-scale,  a c t i v a t e d  s ludge  u n i t s .  The wastewater 
sample c h a r a c t e r i z e d  f o r  o rgan ic  c o n s t i t u e n t s  was ob ta ined  from 
a  s t a b l e ,  r e p r e s e n t a t i v e  p i l o t - s c a l e  HYGAS run .  Wastewater was 
p r e t r e a t e d  t o  reduce ammonia and a l k a l i n i t y  and was then proc- 
essed i n  an  a c t i v a t e d  s ludge  r e a c t o r  a t  a  hyd rau l i c  r e s i d e n c e  
t ime o f . t w o  days w i t h  a  b a c t e r i a l  mean c e l l  r e s i d e n c e  t i m e  of 
1 5  days and a  COD removal r a t e  of  0.86 pe r  day. 

Organic c o n s t i t u e n t s  were i s o l a t e d  from b i o l o g i c a l  r e a c t o r  
i n f l u e n t  and e f f l u e n t  samples and separa ted  i n t o  a c i d i c ,  b a s i c ,  
and n e u t r a l  f r a c t i o n s  u s i n g  a  methylene c h l o r i d e  e x t r a c t i o n  
procedure.  Capillary-column GC/MS was used t o  semiquant i f  y  t h e  
o rgan ic s ,  and a n a l y s i s  of t h e  r e s u l t s  i n d i c a t e s  t h a t  a c t i v a t e d  

.% 
s ludge  t rea tment  removed t h e  bu lk  of t h e  e x t r a c t a b l e  and chromato- 
graphable  organic  c o n s t i t u e n t s .  The i n f l u e n t  a c i d i c  f r a c t i o n ,  
composed mainly of phenol and a l k y l a t e d  phenols ,  c o n s t i t u t e d  98.5% 
of t h e  t o t a l  o rgan ic s  i d e n t i f i e d ;  t h e s e  were removed almost  com- 
p l e t e l y .  Organics  of  t h e  b a s i c  f r a c t i o n ,  composed mainly of  
a l k y l a t e d  p y r i d i n e s  and a n i l i n e s ,  were removed e f f e c t i v e l y ,  wi th  
t h e  except ion  of c e r t a i n  a l k y l a t e d  py r id ines .  I n  t h e  c a s e  of  t h e  
o rgan ic s  i n  t h e  n e u t r a l  f r a c t i o n ,  which c o n s t i t u t e d  less than  
0.75% of t h e  t o t a l  o rgan ic s  i n  t h e  i n f l u e n t ,  c e r t a i n  h e t e r o c y c l i c s  
and compounds con ta in ing  heteroatoms w e r e  removed e f f e c t i v e l y  . 
For a romat ic  hydrocarbons, t h e  more a l i p h a t i c  t h e  s u b s t i t u t i o n  
o r  a l i c y c l i c  t h e  con ten t ,  t h e  less t h e  removal. A l i c y c l i c  hydro- 
carbons and a l k y l a t e d  benzenes g e n e r a l l y  w e r e  removed poorly o r  
very  poorly.  

Wastewater sample s t r e n g t h ,  g a s i f i e r  o p e r a t i n g  cond i t i ons ,  
and b i o l o g i c a l '  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  a r e  reviewed wi th  
r e f e r ence '  t o  o p e r a t i o n  of  a  p r o j e c t e d  commercial-scale a c t i v a t e d  
s ludge  p l a n t .  The s tudy . conc ludes  by comparing t h e  bench-scale 
o rgan ic s  removal d a t a  w i t h  d a t a  f o r  t h e  removal of s i m i l a r  o rgan ic  
c o n s t i t u e n t s  from a r e f i n e r y  wastewater by a c t i v a t e d  
s ludge  a t  f u l l  s c a l e .  



1 INTRODUCTION 

1.1 PROGRAM OBJECTIVE 

The long-range o b j e c t i v e  of t h i s  s tudy is  t o  e s t a b l i s h  t h e  e f f i c i e n c y  
of  a c t i v a t e d  s ludge  t rea tment  f o r  t h e  removal of v a r i o u s  c l a s s e s  of o rgan ic  
contaminants  p r e s e n t  i n  raw p roces s  wastewater from c o a l  g a s i f i c a t i o n  p l a n t s .  
P re sen t  e f f o r t s  a r e  d i r e c t e d  toward s tudy  of removal e f f i c i e n c i e s  a t t a i n e d  
by bench-scale ,  a c t i v a t e d  s ludge  u n i t s ,  s i n c e  t h e r e  a r e  a t  p r e sen t  no f u l l -  
s c a l e  a c t i v a t e d  s ludge  p l a n t s  t r e a t i n g  c o a l  g a s i f i c a t i o n  p l a n t  wastewaters .  
R e s u l t s  a r e  being compared wi th  Argonne d a t a  on t h e  removal of o rgan ic  
c o n s t i t u e n t s  from petroleum r e f i n e r y  wastewater a s  t r e a t e d  by a c t i v a t e d  
s ludge  a t  full s c a l e .  

1.2 RESEARCH STRATEGY 

. A s  one p a r t  of a  coope ra t i ve  prograln between t h e  I n s t i t u t e  of Gas . 

Technology (IGT), Argonne Nat iona l  Laboratory (ANL), and Carnegie-Mellon 
U n i v e r s i t y  (C-MU), r e p r e s e n t a t i v e  samples of p i l o t - s c a l e ,  HYGAS process  waste- 
water  were c o l l e c t e d  by IGT ,  processed i n  bench-scale,  a c t i v a t e d  s ludge  
t r ea tmen t  equipment by C-MU, and d e l i v e r e d  t o  ANL f o r  e x t r a c t i o n  and a n a l y s i s .  
Ana lys i s  was performed on a c i d i c ,  b a s i c ,  and n e u t r a l  f r a c t i o n s  o f  samples 
us.ing capi l lary-column GC/MS techniques .  Percentage  removals f o r  v a r i o u s  
o r g a n i c  compounds and c l a s s e s  of o rgan ic  compounds were es t imated  by com- 
pa r ing  GC/MS d a t a  f o r  raw i n f l u e n t  and t r e a t e d  e f f l u e n t .  

1.3  - REVIEW OF PREVIOUS WORK 

The a u t h o r s  a r e  unaware of  any publ ished r e s u l t s  f o r  removal by 
a c t i v a t e d  s ludge  t r ea tmen t  of t r a c e  o fgan ic  c o n s t i t u e n t s  from c o a l  g a s i f i -  
c a t i o n  wastewaters .  S inge r ,  and o t h e r s  (1978) have  r e c e n t l y  summarized t h e  
a v a i l a b l e  l i t e r a t u r e  on c h a r a c t e r i z a t i o n  of o rgan ic s  i n  coal-conversion 
was tewaters ,  a n d , h a v e  presen ted  p re l imina ry  b i o t r e a t a b i l i t y  d a t a  on s y n t h e t i c ,  
coal-conversion wastewater . C h a r a c t e r i z a t i o n  d a t a  f o r  o rgan ic s  i n  HYGAS 
was tewaters  w e r e  n o t  among those  presen ted  i n  t h e i r  r e p o r t ,  

Raphael ian and Harr i son  (1978) r c c e n t l y  completed a s tudy  of organic 
compounds~across  t h e  wastewater t r ea tmen t  system of a  Class B petroleum 
r e f i n e r y .  ' T h e i r  s tudy  involved e s t i m a t i o n  of  t h e  removal of o rgan ic s  by t h e  
r e f i n e r y ' s  f u l l - s c a l e ,  a c t i v a t e d  s ludge  u n i t  and by add-nn, mixed-media f i l t r a -  
r ion and granu la r  a c t i v a t e d  carbon a t  p i l o t  s c a l e .  Experience gained i n  
t h e i r  s t udy  has  been used i n  t h e  p re sen t  e f f o r t .  



2 FIELD AND LABORATORY PROCEDURES 

Coordinated e f f o r t s  on t h e  p a r t  of t h e  t h r e e  o r g a n i z a t i o n s  involved 
i n  t h e  program, bo th  i n  t h e  f i e l d  and t h e  l a b o r a t o r y ,  w e r e  r equ i r ed  t o  
gene ra t e  and i n s u r e  t h e  r e l i a b i l i t y  o f  t h e  r e s u l t s  p resen ted  i n  t h i s  r e p o r t .  
Procedures  employed i n  t h e  s e l ec t i on ' ,  c o l l e c t i o n ,  p rocess ing ,  and a n a l y s i s  
of  an  a p p r o p r i a t e  c o a l  g a s i f i c a t i o n  aqueous condensate  f o r  t h i s  s t udy  a r e  
summarized below. Fu r the r  d e t a i l s  and d i s c u s s i o n s  a r e  a v a i l a b l e  i n  t h e  
l i t e r a t u r e  and/or  i n  appendices  t o  t h i s  r e p o r t  a s  noted.  

2.1 WASTEWATER SELECTION, COLLECTION, AND CHARACTERIZATION . 

HYGAS wastewater was s e l e c t e d  f o r  t h i s  s tudy  f o r  a  number of reasons .  
Among t h e s e  a r e :  (1)  t h e  HYGAS process  i s  a  major DOE/GRI-sponsored coaJ 
g a s i f i c a t i o n  system i n  an  advanced s t a t e  of development, (2) i t  is  a  process  
t h a t  c u r r e n t l y  produces a  product  o i l  and t h e r e f o r e  can be expected t o  pro- 
duce an aqueous condensa te  con ta in ing  a  broad d i s t r i b u t i o n  of o rgan ic  com- 
ponents,  (3 )  it  i s  a  p roces s  p r e s e n t l y  under i n t e n s i v e  environmental  s tudy  
by DOE; (4 )  i t  is  c u r r e n t l y  t h e  s u b j e c t  of a  range  of  DOE-sponsored ANL 
i n v e s t i g a t i o n s  of t h e  b i o l o g i c a l  and chemical c h a r a c t e r i s t i c s  of  c o a l  
ga s i f i ca t i on -gene ra t ed  o rgan ic s ,  and (5) i t  has  been t h e  focus  of  a  j o i n t  
experimental  i n v e s t i g a t i o n  of t h e  t r e a t a b i l i t y  c h a r a c t e r i s t i c s  of g a s i f i c a -  
t i o n  wastewaters  by C-MU and IGT dur ing  t h e  p a s t  two years .  

D e t a i l s  r ega rd ing  t h e  procedures  employed by C-MU and IGT i n  t h e  
c o l l e c t i o n  of. t h e  HYGAS wastewater sample used i n  t h e  p re sen t  i n v e s t i g a t i o n  
a r e  w e l l  documented by Luthy and Tal lon  (1978a and b ) ;  s i g n i f i c a n t  a s p e c t s  
a r e  noted he re .  Raw wastewater was c o l l e c t e d  i n  two ba t ches  du r ing  s t a b l e  
ope ra t i ng  pe r iods  of HYGAS p i l o t - p l a n t  r u n s  62 and 64 and l a t e r  w e r e  used 
f o r  a c c l i m a t i z a t i o n  and s t ieady-state  performance t e s t i n g  of t rea tment  sys- 
t e m s ,  r e s p e c t i v e l y .  Each of t h e s e  ba tches  was immediately t r a n s p o r t e d  by 
t r u c k  t o  C-MU ( P i t t s b u r g h )  where they  were blended and f rozen  i n  5-gal lon 
a l l o t m e n t s  f o r  p r e s e r v a t i o n ,  t o  be  thawed f o r  u s e  a s  needed. Although no 
s t u d i e s  of  t h e  s t a b i l i t y  o f  t h e  o rgan ic s  i n  t h e s e  samples w e r e  conducted 
a t  t h e  t ime of t h e i r  c o l l e c t i o n ,  a  r e c e n t  ANL i n v e s t i g a t i o n  of t h e  s t a b i l i t y  
of HYGAS quench water  by Raphaelian and Harr i son  (1979) sugges t s  t h a t  a  h igh  
deg ree  of sample s t a b i l i t y  could be  expected ( s e e  a l s o  Sec. 3 .3 .1) .  

Bulk chemical c h a r a c t e r i s t i c s  o f  t h e  raw and p r e t r e a t e d  HYGAS waste- 
wa te r s  a r e  summarized i n  Table  2.1* and r e f l e c t  a  h i g h  p r e s s u r e  (1000 p s i g )  
g a s i f i c a t i o n  of an  I l l f n o i s  No., 6  bituminous c o a l  w i t h  a  steam-to-coal.  r a t i o  
of 1 .81.  Extens ive  d i s c u s s i o n  of bu lk  wastewater sample c h a r a c t e r i s t i c s  i s  
provided i n  a  s e p a r a t e  r e p o r t  by Luthy & Ta l lon  (1978b). Seve ra l  p o i n t s  
must be  no ted ,  however, r ega rd ing  t h e  i n t e r p r e t a t i o n  of t h e s e  d a t a  and t h e  
o rgan ic  d a t a  r epo r t ed  l a t e r  i n  t h e  p re sen t  r e p o r t .  Although t h e  m a j o r i t y  
o f  o r g a n i c  and ino rgan ic  s p e c i e s  observed i n  p i l o t - s c a l e  HYGAS wastewaters  
might be  expected t o  e x i s t  i n  a  subsequent  commercial v e r s i o n  of t h e  HYGAS 
process ,  t h e i r  r e l a t i v e  q u a n t i t i e s  and concen t r a t i ons  a r e . l i k e l y  t o  be  

* ~ a t a  c i t e d  on l ime a d d i t i o n  and ammonia s t r i p p i n g  a r e  d i scussed  i n  
Appendix A (Sec. A. 1 )  of t h i s  r e p o r t  .. 



Table  2.1. Representa t ive  HYGAS Wastewater Sample C h a r a c t e r i s t i c s  

Parameter,  mg/L 

COD Phenol  NH -N CN- SCN- S= SO; A l k a l i n i t y  pH 
S p e c i f i c a t i o n  

3 
a s  CaCO, ( u n i t s )  

Raw Wastewater 4 0 5 0  7 1 0  3690 0 . 3 2  28 1 3 8  184  1 2 , 6 0 0  7 . 8  

Lime Pretreatment  .3830 6 6 0  3200.  0 . 3 6  28 9 6  2 4 1  1 , 2 1 0 ~  1 0 . 1  

Ammonia S t r i p p e d  3700 6 6 0  133  0 . 4 5  24 1 5  236 1 ,060" 1 0 . 0  

Net  change  (%) between 
raw and s t r i p p e d  wastewater  - 8 . 6  - 7 . 0  - -96 - -14 -89 +28 -92 - 

a ~ l k a l i n i t y  measured a f t e r  pH adjustment  t o  7 . 3 .  

d i f f e r e n t .  Fac to r s  t h a t  c o n t r i b u t e  t o  t h i s  s i t u a t i o n  inc lude :  (1) d i f f e r e n t  
deg rees  of c o a l  pre t rea tment  i n  p i l o t - s c a l e  ope ra t ions  than a r e  a n t i c i p a t e d  
f - -  ul culu l~~erc ia l - sca le  - ope ra t inns  ( a f f e c t i n g  both t h e  quan t i t y  a r ~ d  concentra- 
t i o n s  of aqueous s p e c i e s ) ;  ( 2 )  d i f f e r e n t  steam-to-coal r a t i o s  i n  t h e  p i l o t -  
s c a l e  ope ra t ion  ( a f f e c t i n g  t h e  concen t r a t ions  of  aqueous s p e c i e s )  ; ( 3 )  d i f f e r -  
e n t  g a s i f i e r  geometry and ope ra t ing  cond i t i ons  i n  t h e  p i l o t - s c a l e  ope ra t ion  
( a f f e c t i n g  both t h e  q u a n t i t y  and concen t r a t ions  of aqueous s p e c i e s ) ;  and 
(4) a  d i f f e r e n t  raw product  a s  quench system than  t h a t  a n t i c i p a t e d  f o r  a  
commercial-scale o p e r a t i o n  ( a f f e c t i n g  t h e  d i s t r i b u t i o n  of s p e c i e s  between 
t h e  gas  and l i q u i d  phase) .  

Where d i r e c t  s c a l i n g  of p i l o t - s c a l e  obse rva t ions  t o  the a n a l y s i s  of 
commercial-scale c h a r a c t e r i s t i c s  i s  envis ioned ,  ear.h f a r t n r  r i . ted alao1.l~ ~nuot  
be addressed c a r e f u l l y  and i t s  e f f e c t s  accounted for. However, i n  t h e  con- 
t e x t  of t h e  p re sen t  i n v e s t i g a t i o n ,  i s s u e s  of s c a l i n g  a r e  i n t e n t i o n a l l y  l e s s  
demanding. The primary o b j e c t i v e  h e r e  .has  been t o  s ecu re  a r e p r e s e n t a t i v e  
sample of HYGAS' p i l o t - s c a l e  wastewater t h a t  reasonably can be expected t o  
c o n t a i n  t h e  spectrum of s p e c i e s  t h a t  might e x i s t  i n  a  commercial-scale 
p l a n t .  The f a t e  of t h i s  spectrum of s p e c i e s  dur ing  wastewater t r ea tmen t ,  
p a r t i c u l a r l y  ac t iva t ed - s ludge  process ing ,  has  t hen  been determined. I n  t h i s  
c o n t e x t ,  t h e  emphasis is  on t h e  spectrum 06 s p e c i e s  present  and t h ~ i r  r a l n -  
t i v e  changes dur ing  t rea tment  r a t h e r  than  upon t h e i r  a b s o l u t e  concen t r a t ions .  

2 .2  BENCH-SCALE WASTEWATER TREATMENT 

P i l o t  p l a n t s  ( i nc lud ing  HYGAS) do no t  as a  r u l e  o p e r a t e  s c a l a b l e  
wastewater trecrLule11L syscems. C-MU and 1G'l '  have, t h e r e f o r e ,  assembled a  
series u f  s c a l a b l e  wastewater p re t r ea tmen t  and t rea tment  u n i t  ope ra t ions  t o  
s imu la t e  and s tudy  t h e  t rea tment  of HYGAS wastewaters .  Th i s  bench-scale - 
system i s  descr ibed  b r i e f l y  f o r  t h e  reader  i n  Appendix A and d iscussed  i n  
d e t a i l  i n  a  s e p a r a t e  r e p o r t  by Luthy Q  allo on (1978b). 

Wastewater. samples used i n  t h e  p r e s e n t  o rgan ic s  s tudy  were subjec ted  .,' 

t o  ,two s t a g e s  .of p re t r ea tmen t ,  l ime  a d d i t i o n  f o r  t h e  removal of excess  
a l k a l i n i t y  (CaCO p r e c i p i t a t i o n ) ,  and a i r  s t r i p p i n g  f o r  t h e  removal' of excess  3 .  ammonia. P r e t r e a t e d  wastewater was then  fed t o  a  carefu1l.y acc l imat ized  
6-L bench-scale a c t i v a t e d  s ludge  r e a c t o r  f o r  biological .  t rea tment .  



The r e a c t o r  was opera ted  a t  d i s so lved  oxygen l e v e l s  g r e a t e r  t han  
3.0 mg/L and i n  t h e  pH range of 7.0 t o  7.5.  The r e a c t o r  was managed on t h e  
b a s i s  of a  15-day, mean b a c t e r i a l  c e l l  r e s idence  t ime and approximately . 

two-day'hydraulic r e s idence  t i m e .  The a t t a inmen t  of s t e a d y - s t a t e  o p e r a t i o n  
was def ined  a s  t h a t  i n t e r v a l  (balance pe r iod )  necessary  t o  ach ieve  t h r e e  
complete s o l i d  was t ing  cyc l e s .  For t h i s  r e a c t o r ,  s teady-s ta t ' e  o p e r a t i o n  
occurred 45 days a f t e r  t h e  r e a c t o r  was acc l ima t i zed  to'HYGAS wastewater .  The 
r e a c t o r  was then  run  f o r  an  a d d i t i o n a l  seven weeks t o  o b t a i n  s u f f i c i e n t  
s t eady - s t a t e  performance d a t a .  Basic  ope ra t i ng  c o n d i t i o n s  and performance ' 

c h a r a c t e r i s t i c s  of t h e  a c t i v a t e d  s ludge  r e a c t o r  du r ing  i n f l u e n t  and e f f l u e n t  
sampling f o r  t h e  p re sen t  o rgan ic s  s tudy  a r e  presen ted  i n  Table  2 .2 .  . Samples 
u t i l i z e d  i n  t h e  p r e s e n t  s tudy  r e p r e s e n t  a  composite c o l l e c t e d  over  a  t h r ee -  
week per iod  o f ' s t e a d y - s t a t e  r e a c t o r  o p e r a t i o n  a t  t h e  cond i t i ons  c i t e d .  

Table  2.2 .  Basic  Operat ing and performance Charac- '9 

t e r i s t i c s  of Act iva ted  Sludge Reactor  
du r ing  Sampling f o r  ANL Organics Study 

parametera  b  Average Value 
-.- 

. Mean Cel l , .Res .  Time, days  1 5  

Hydrau l i c  Res. Time,, days  2.05 

COD Rem. Ra te ,  day-l  0.86 

Mixed Liquor  Suspended S o l i d s  (MLSS) 2000 

. . Mixed Liquor V o l a t i l e  Suspended S o l i d s  (MLVSS) 1820 

- O2 U t i l .  Ra te ,  mg02/mg MLVSS-day 0.28 

Zone S e t .  Vel . ,  f t / h r  24 

Sludge Volume Index,  mL/g 54 

I n f .  - Eff .  - 
COD 3710. 700 

P h e n o l i c s  625 0.3= 

NU3-N 148 101  

Org-N 1 0  7  

CN- 0.4 . 0.4 

Conduc t iv i ty ,  ~ h o s / c m  4500 5900 

. a A l l  pa ramete r s  mg/L excep t  a s  noted.  

b ~ v e r a g e  v a l u e s  measured ' du r ing  t h e  seven-week s t e a d y - s t a t e  
o p e r a t i n g  pe r iod .  Th i s  p e r i o d  was preceded by 45 days  of 
o p e r a t i o n  p r i o r  t o  o n s e t  o f  s t e a d y  s t a t e .  

'Average 'ef f l u u l l ~  y l ~ v ~ l u l  lc cui~ceiitrat ion d u r i n g  t h c  pc r iod  
o f  sample c o l l e c t i o n  f o r  t r a c e  o r g a n i c  a n a l y s i s  was ~ 0 . 0 5  mg/L. 



2.3 EXTRACTION PROCEDURES 

The e x t r a c t i o n  scheme used i n  t h i s  s tudy  i s  shown i n  Fig.  2.1.  This  
scheme fo l lows  g e n e r a l l y  aqcepted p ro toco l  and has  been used p rev ious ly  f o r  
c h a r a c t e r i z a t i o n  of  o r g a n i c s  i n  r e f i n e r y  wastewater (Raphaelian 
and Harr i son ,  1978) . 

I n f l u e n t  and e f f l u e n t  wastewater samples were e x t r a c t e d  concu r r en t ly  
and i n  e x a c t l y  t h e  same f a sh ion .  One l i t e r  of sample was t r a n s f e r r e d  t o  a  
2-L s epa ra to ry  funne l  and s u f f i c i e n t  6 N  H C 1  was added t o  h r ing  t h e  pH of t h e  
mix ture  t o  a  v a l u e  of 1 t o  2. The pH of t h e  i n f l u e n t  samples was 9-10 and t h a t  
of t h e  e f f l u e n t  was about  8. Approximately 125 I& of methylene c h l o r i d e  were 
added and t h e  mix tu re  was shaken thoroughly and l e f t  s t and ing  f o r  1-2 h r  f o r  
t h e  l a y e r s  t o  s e p a r a t e .  Severe em111 s i o n  problems were encountcrcd.  The 
methylene c h l o r i d e  l a y e r  o r i g i n a l l y  c o n s i s t e d  nf t i n y  d r o p l e t s ,  which l o t c r  
formed l a r g e r  g lobu le s  surrounded hy d ~ h r i s  that  may have bccn o rgan ic  
m a t e r i a l .  Most of  t h e  g lobu le s  coa lesced  t o  form a  c l e a r  red-yellow bottom 
l a y e r  when t h e  s e p a r a t o r y  funne l  was c a r e f u l l y  t i l t e d  back and f o r t h .  Th i s  
l a y e r  was c01ler.te.d i n t o  a n  SrLenmeyar flaolc having a g r o u l l c l - j u i ~ l ~  g l a s s  
s toppe r ,  and i t  was observed t h a t  i t s  c o l o r  i n  t h e  i n f l u e n t  sample was more 
i n t e n s e .  The emulsion l a y e r  t h a t  remained i n  t h e  s epa ra to ry  funne l  was 
minimized i n  volume by r e p ~ ~ t i n g  a  process  of c o l l e c t i n g  t h e  l a y e r  t h a t  fo rmed 
i n  t h e  funne l  i n t o  a  beaker," t r a n s f e r r i n g  t h e  beake r ' s  c o n t e n t s  back i n t o  a  
s e p a r a t o r y  funne l ,  and a f  ter performing t h e  t i l t i n g  ope ra t i on  d r a i n i n g  t h e  
c l e a r  bottom l a y e r  i n t o  an  Erlenmeyer f l a s k ;  t h e  process  was cont inued u n t i l  

, t h e  emulsion l a y e r  was minimized t o  a  d e s i r e d  volumz of a  few mL. 

F i n a l l y ,  t h e  aquenns and t h e  remaining emulsion l a y e r s  were t r a n s f e r r e d  
back t o  t h e  o r i g i n a l  aqueous phase ( i n  t h e  2-Ta sppaaratory f l lnnel) .  Thc whole 
process  was then  r e p r e a t e d  twice  u s i n g  80 mT, methylene c h l o r i d e ,  The combined 
methylene c h l o r i d e  e x t r a c t  was named f r a c t i o n  A+N. 

Phase 
1 )  25%NaOH Discarded 

I I . DH 12-13 
Aqueous 

Phase 
B ( S a l t s )  

Discarded 

2)' CH2C12 

3X 

I SAMPLE 1 
2 )  CH2C12 

I I 

Fig .  2 .I. E x t r a c t i o n  Scheme f o r  HYGAS Wastewater Sa~ilylrs 

. 1 ) CNHC! o-. 

* A t  t h i s  s t a g e  i n . e a c h  r e p e t i t i o n ,  cons ide rab l e  f u r t h e r  coa lescence  of  
methylene c h l o r i d e  g lobu le s  and d r o p l e t s  u s u a l l y  occurred.  

Aqueous - Pnase 
1 )  5%NaOH A ( S a l t s )  

1 ) lNHCl 
pH 1 -2  

2)  &H2C12 
, Organic Phase 

A + N  
3X 3X Organic Phase 

pH 12-13 F rac t ion  A 
. . Organic P h a s ~  

f r a t t i o n  N . 



Next, t h e  pH of t h e  aqueous l a y e r  was a d j u s t e d  t o  a  v a l u e  of 11-12 
wi th  25% NaOH, and t h e  mix ture  was e x t r a c t e d  w i t h  methylene c h l o r i d e .  S ince  
emulsions were encountered,  t h e  above descr ibed  procedure was followed. The 
combined methylene c h l o r i d e  e x t r a c t  was named F r a c t i o n  B (Fig.  2.1) and was 
d r i e d  ove rn igh t  w i th  %20 g of anhydrous sodium s u l f a t e .  

F r a c t i o n  A+N was t r a n s f e r r e d  t o  a  s epa ra to ry  funne l  and then e x t r a c t e d  
t h r e e  t imes  w i th  60 mL of 5% NaOH. No emulsions were encountered t h i s  t i m e .  
The methylene c h l o r i d e  l a y e r  was c a l l e d  F r a c t i o n  N ,  and i t  was d r i e d  over- 
n igh t  w i th  %20 g of precleaned anhydrous sodium s u l f a t e .  The pH of t h e  
combined aqueous l a y e r  was ad jus t ed  t o  1-2 w i th  1 N  H C 1 ,  and t h e  mix ture  was . 

e x t r a c t e d  t h r e e  t i m e s  w i th  methylene c h l o r i d e  ( 1  x 100 mL, 2 x 75 mL) . The 
aqueous phase was d i scarded .  The methylene c h l o r i d e  l a y e r  was named 
F r a c t i o n  A, and i t  was d r i e d  ove rn igh t  w i th  %20 g of anhydrous sodium s u l f a t e .  

The d r i e d  methylene c h l o r i d e  e x t r a c t  (F rac t ions  ' A ,  B ,  N) was tra2.s- 
f e r r e d  i n t o  a  Kuderna-Danish type  concen t r a to r  u s ing  a  Snyder column and 
Kontes tube .  The column and concen t r a to r  were wrapped w i t h  aluminum f o i l .  
Each Erlenmeyer f l a s k  was r i n s e d  twice  w i t h  10-15 mL of methylene c h l o r i d e .  
The concen t r a to r  was placed i n  a  steam b a t h  and t h e  s o l v e n t  evaporated u n t i l  
a  volume of  1-2 mL was l e f t .  The Snyder column and concen t r a to r  w e r e  r i n s e d  
wi th  3-4 mL of  methylene c h l o r i d e .    he samples were then  sea l ed  i n  v i a l s  w i th  
Teflon-l ined caps and s t o r e d  i n  a  f r e e z e r  a t  %-20°C. 

The b a s i c  f r a c t i o n  of t h e  i n f l u e n t  contained phenols i n  r e l a t i v e l y  
high concen t r a t i on  l e v e l s ,  making t h e  GC/MS a n a l y s i s  of t h e  b a s i c  compounds 
d i f f i c u l t .  The o r i g i n a l  b a s i c  f r a c t i o n  was worked up f o r  t h e  removal of  
phenols a s  fo l lows .  The i n f l u e n t  b a s i c  f r a c t i o n  was d i l u t e d  t o  50 mL wi th  - 
methylene c h l o r i d e ,  and t h e  mix ture  was washed t h r e e  t i m e s  w i t h  25 mL i n  
NaOH and then wi th  25 mL water .  The methylene c h l o r i d e  l a y e r  was then  d r i e d  
wi th  sodium s u l f a t e  and concent ra ted  t o  a  1 mL volume (new b a s i c  f r a c t i o n ) .  

2.4 PROCEDURE FOR TESTING EXTRACTION EFFICIENCY 

One mL of a  s tandard  s o l u t i o n  con ta in ing  a  series of  a c i d i c  and n e u t r a l  
o rgan ic  s tandard  compounds (250 pg/mL) was added t o  1000 mL d i s t i l l e d  water  
and t h e  mix tu re  was e x t r a c t e d  a s  desc r ibed  above ( ~ e c .  2.3) . For a  blank,  
1000 mL of d i s t i l l e d  water was a l s o  e x t r a c t e d  i n  e x a c t l y  t h e  same way. 

~ n a l ~ s i s  of t h e  o rgan ic s  i n  a l l  f r a c t i o n s  was performed on a  H e w l e t t -  
Packard 5982A GC/MS equipped w i t h  a Hewlett-Packard 59348 Data System. The . 

d a t a  system cons i s t ed  of  a  21MX Computer w i th  32K, 16-bit-word c o r e  memory, 
7900A Dual Disc Drive w i t h  2.5 M b y t e s / d i s c  memory, 5948B Data Subsystem 
(AID and D j A  Conve r t e r s ) ,  and a  .Tektronix 4012. Disp lay  Terminal.  A 5830, 
Hewlett-Packard GC was used i n  p l a c e  of t h e  5700 s e r i e s  ~ e w l e t t - ~ a c k a r d  GC 
normally ( d e l i v e r e d  wi th  t h e  '5982A GCIMS. 

' 

Due to' t h e  complexi ty  of  t h e  samples , .  g l a s s - c a p i l l a r y ,  wal l -coated 
open-tubular (WCOT) columns were used.  The temperature  was programmed from 
,20°C t o  240°C a t  2°/nlin, w i th  a  2-~nia hold a t  20°C. The column used was a 
P.erkin-Elmer, 0.2 5 111111 I D ,  50-~ri 101ig OV-101. 



The i d e n t i f i c a t i o n  of t h e  compounds was based on mass s p e c t r a  and 
known r e t e n t i o n  t i m e s .  For compounds t h a t  were no t  r e so lved ,  t h e  percent  
removal was done by s ing le - ion  monitor ing.  Ca lcu l a t i on  of t h e  recovery of  
t h e  o rgan ic s  i n  t h e  sp iked  water e x t r a c t s  was a l s o  done by s ing l e - ion  
moni tor ing .  

To e s t i m a t e  pe rcen t  removal of i n d i v i d u a l  compounds t h e  t o t a l - i o n  (TI) 
chromatograms of bo th  t h e  i n f l u e n t  and e f f l u e n t  were p l o t t e d  and t h e  t o t a l  
i o n s  of t h e  peaks corresponding t o  t h e  compounds were determined.  The 
assumptions made f o r  t h i s  were t h a t  

a .  Each compound found i n  t h e  i n f l u e n t  a l s o  could be p re sen t  i n  t h e  
e f f l u e n t  (wi th  t h e  same chromatographabi l i ty ) ,  

b. The , concen t r a t i on  l e v e l s  of t h e  compounds a r e  i n  t h e  optimum ra.nge 
of l i n e a r i t y  in a t o t a l - i o n  (or  s ing le - ion)  v s  conc.en.t.ration p l o t ,  

r .  The e x t r a c t i o n  y i e l d s  f o r  i n d i v i d u a l  compounds i a  t h e  i ~ d l u e r l t  
and e f f l u e n t  a r e  t h e  same. 

The f i r s t  assumption is  a  p l a u s i b l e  one.and a  c o r o l l a r y  t o  t h i s  i s  t h a t ,  
i f  a compound i s  n o t  found i n  t h e  e f f l u e n t ,  I t  is  1002 removed. To sub- 

. s t a n t i a t e  t h e  second assumption one. ha s  t o  de te rmine  t h e  t o t a l - i o n  (or  s i ng l e -  
i on )  a r e a  v s  concen t r a t i on  f o r  each compound o r  f o r  a  few compounds s e rv ing  
a s  models f o r  t h e  o t h e r s .  Table  2.3 and F ig .  2.2 show t h e  r e s u l t s  of such 
a  s tudy  involv ing  benzon i t r  i le .  This  compound. gave s u r p r i s i n g l y  good 
1 i n e a r i t y . o v e r  a  concen t r a t i on  range  of 1-100 ng/pL. B e n z o n i t r i l e  was chosen 
a s  a  compromise model f o r  n e u t r a l  compounds because (1)  i ts  mass spectrum 
i s  t y p i c a l  of a n  u n s u b s t i t u t e d  o r  s i n g l y  s u b s t i t u t e d  a romat ic  compound, 
( 2 )  . i t  has  a ~rledium p o l a r i t y ,  and (3)  it  is abundant i n  t h e  i n f l u e n t  n e u t r a l  
f r a c t i o n  ( s ee  Table  3 .3 ,  Peak No. 45 i n  Sec t ion  3 ) .  Since  i t  could n o t  be  
assumed t h a t  what is t r u e  f o r  benzanitri.1.e wi3.1. n .ecessar i ly  be  t r u e  f o r  t h e  
o t h e r  compounds, any a t t empt  t o  q u a n t i f y  t h e  1 .a . t ter  based on t h e  fnrrn1.r might 
i nvo lve  l a r g e  e r r o r s .  However, f o r  e s t ima t ing  pe rcen t  removal (comparing 
t o t a l  i ons  f o r  t h e  same compound), compounds w i t h  mass s p e c t r a  s i m i l a r  t o  
benzqn i t r  i l e  would pos s ib ly  behave s i m i l a r l y .  

The assumption of uniform e x t r a c t i o n  y i e l d s  i s  probably t h e  l e a s t  
s u b s t a n t i a t e d .  Limited ANL recovery s t u d i e s  on s e l e c t e d  s tandard  compounds 
i n  d i s t i l l e d  water  a r e  shown i n  Table. 2.4. These d a t a  show t h a t  e x t r a c t i o n  
e f f i c i e n c i e s  even i n  d i s t i l l e d  water  a r e  v a r i a b l e .  Furthermore, i t  i s  known 
t h a t  concen t r a t i on  l e v e l s  (Warner, 1976) ,  ma t r ix  e f f e c t s ,  and t h e  e x t e n t  of 
emulsion i n  e x t r a c t i o n  a f  f ec.t sol-vent e x t r a c t  ion y i e l d s .  R ~ r n v ~ r i e s  of t h e  
o r g a n i c s  e x t r a c t e d  from spiked water  va ry  cons ide rab ly ,  from 32% t o  133%, 
w i t h  an average  recovery  of 61% f o r  t h e  8 compounds. These r e s u l t s  a r e  n o t  
unexpected s i n c e  v a r i a b i l i t y  i n  e x t r a c t i o n  y i e l d s  is  a  ve ry  common phenomenon. 
The ' r epo r t ed  y i e l d s  a r e  based on GC/MS d a t a  ( s ing le - ion  coun t s ) .  Of course ,  
r e c o v e r i e s  of organic 's  from d i s t i l l e d  water  s o l u t i o n s  do no t  imply s i i n i l a r  
r e c o v e r i e s  from complicated samples. However, s i n c e  t h e  scope of t h i s  s tudy  
was on ly  t o .  e s t i m a t e  pe rcen t  removals of o rgan ic  c o n s t i t u e n t s  u s i n g  a  qu ick  
and convenient  t o o l ,  t h e  assumption o f  uniform e x t r a c t i o n  y i e l d  was fol lowed.  



Table 2.3. Total-Ion and Single-Ion 
(Mass 103) Counts f o r  D i f f e r e n t  
Concentrat ions of ~ e n z o n i t r i l e  

Conc. of 
B e n z o n i t r i l e  T o t a l  Mass 103 

i n  ng/pL Thousand. i ons  Thousand ions  

0 20 40 ' 60 80 100 

BENZONITRILE CONC., ng/pL 

~ i g .  2 . 2 .  P l o t  of Total-Ion and Single-  
Tnn (Mass 103) Areas v s  Con- 
c e n t r a t i o n  f o r  B e n z o n i t r i l e  



Table  2.4.  Percen t  Recoveries  o f  
Organics  Ext rac ted  from 
Spiked D i s t i l l e d  Water 

. . 

~ o m ~ o u n d  Name % Rec.overy 

0-Xylene 
3-Octanone 
1-Heptanol 
n-Butylbenzene 
Phenol 
Creso l  
o-Ethylphenol 
dlO~An t hrac ene 



3 RESULTS AND DISCUSSION 

3.1 WASTEWATER CHARACTERIZATION AND BIOLOGICAL REACTOR OPERATING CONDITIONS 

Typica l  a n a l y s e s  of t h e  quench and cyc lone  condensates  used i n  t h e  
b i o l o g i c a l  t r e a t a b i l i t y  s tudy  a r e  .provided i n  'Luthy and Ta l lon  (1978b) . 
Average concen t r a t i ons  o f ,  raw p i l o t  HYGAS p l a n t  wastewater c h a r a c t e r i s t i c s  
a f t e r  blending and fo l lowing  pre t rea tment  were presen ted  i n  Table  2.1. Raw 
wastewater had COD va lues  of about  4000 mg/L and phenol ic  c o n s t i t u e n t s  of 
approximately 700 mg/L. Gas chromatographic a n a l y s i s  of one sample t h a t  had 
a  COD of 44.00 mg/L showed phenol equal  t o  800 mg/T,, o -c reso l  equa l  t o  64 mg/L, 
and (m+p)-cresol equa l  t o  210 mg/L. Color imet r ic  phenol a n a l y s i s  of t h e  
same sample gave phenol ic  concen t r a t i on  of 980 mg/L. The c o l o r i m e t r i c  
procedure does no t  r e p o r t  pa ra - subs t i t u t ed  phenols i f  t h e  s u b s t i t u t e d  group 
is a  methyl r a d i c a l ,  a s  i s  t h e  c a s e  w i th  para-cresol ;  t h u s  ,it i s  no t  un-j! 
expected t h a t  t h e  c o l o r i m e t r i c  procedure r e p o r t s  s l i g h t l y  lower t o t a l  phenol 
concen t r a t i on  than t h e  gas  chromatographic de te rmina t ion .  Approximately 60% 
of raw wastewater COD may be accounted f o r  a s  phenol and c r e s o l .  Raw waste- 
water a f t e r  blending had approximately 3700 mg/L ammonia (0.26 m/L) and 
approximately 13,000 mg/L of a l k a l i n i t y  a s  CaC03 (0.26 eqv/L).  Thus, essen-  
t i a l l y  a l l  of t h e  ammonia conta ined  i n  raw HYGAS wastewater i s  p r e s e n t ,  i n  
theory ,  a s  so-ca l led  f r e e  ammonia. 

Table  2 . 2  summarized gene ra l  ope ra t i ng  parameters  and performance 
c h a r a c t e r i s t i c s  f o r  t h e  r e a c t o r  used i n  t h e  o r g a n i c s  s tudy .  These d a t a  a r e  . 

based on average  v a l u e s  presen ted  i n  Appendices V and XI1 of Luthy and Ta l lon  
(1978b). Data presen ted  i n  Table  2 . 2  show t h a t  t h e  r e a c t o r  gave good removal 
e f f i c i e n c i e s  f o r  COD, phenol ics ,  and th iocyana t e .  . T h e  r e a c t o r  possessed 
t y p i c a l  s t e a d y - s t a t e  va lues  of MLVSS and demonstrated good s ludge  s e t t l i n g  
p r o p e r t i e s .  The r e a c t o r ' s  o p e r a t i n g  c o n d i t i o n s  r e s u l t e d  i n  a  COD removal r a t e  
of 0.86 day-1. These performance f a c t o r s  a r e  s i m i l a r  t o  t h o s e  envis ioned  f o r  
a  commercial a c t i v a t e d  s ludge  f a c i l i t y ,  a l though a  commercial f a c i l i t y  may .be 
designed f o r  a  lower COD removal r a t e ,  depending on t h e  degree  of  conserva t i sm 
d e s i r e d .  

It i s  recogni.xed t h a t  ques t i ons  may be  r a i s e d  concerning sample s t o r a g e  
i n  p l a s t i c  con ta ine r s .  Out of n e c e s s i t y ,  raw wastewater samples c o l l e c t e d  a t  
t h e  p i l o t - p l a n t  f a c i l i t y  were shipped and s t o r e d  i n  p l a s t i c  c o n t a i n e r s  because 
of t h e  l a r g e  q u a n t i t y  of wastewater being handled and because i t  was be l i eved  
t h a t  f r e e z i n g  o f f e r e d  t h e  b e s t  a l t e r n a t i v e  f o r  long-term s to rage .  The 
a c t i v a t e d  s ludge  e f f l u e n t  sample was c o l l e c t e d  i n  a  p l a s t i c  c o n t a i n e r  and 
f rozen  because t h e  b i o l o g i c a l  o x i d a t i o n  experiments  preceded t h e  t r a c e  o rgan ic  
c h a r a c t e r i z a t i o n  s t ~ d  ies by s e v e r a l  months. Subsequent work performed a t  
ANL on a c t i v a t e d  s ludge  t rea tment  of wastewater from a  c o a l  g a s i f i c a t i o n  
p l a n t  has  used f r e s h  samples of b i o l o g i c a l  r e a c t o r  e f f l u e n t  n o t  s t o r e d  i n  
p l a s t i c  c o n t a i n e r s .  

?. 
. . 

3.2 CHEMICAL CHARACTERISTICS AND REMOVAL EFFICIENCIES OF. ORGANIC 
CONSTITUENTS 

Visua l  comparison o f  t h e  t o t a l - i o n  chromatograms (F igs .  3.1-3.3) of 
a l l  f r a c t i o n s  r e v e a l s  t h a t  t h e  C-MU activated.:s,lurlge process  removed t h e  







RETENTION TIME 

Fig. 3 .3 .  T c t a l  Ion Chromatograas of  Neutral  F rac t ion  E x t r a c t s  of HYGAS Wastewater Treated by C-MU 
Reactor V.  (The f i n e r  s t r u c t u r e  of t h e  t o t a l  ion chromatogrzm f o r  t h e  e f f l u e n t  e x t r a c t  
is  due t o  t h e  f a c t  that :he volnme of t h e  e f f l u e n t  e x t r a c t  i s  1 0  t imes  l e s s  than  t h a t  of 
t h e  i n f l u e n t  extract . :  



bulk  of t h e  organic  c o n s t i t u e n t s .  Resu l t s  of e x t r a c t a b l e  and chromato- 
graphable  o rgan ic s  i d e n t i f i e d  i n  t h e  a c i d i c ,  b a s i c ,  and n e u t r a l  f r a c t i o n s  
a r e  presented i n  Tables  3 .1 ,  3 .2 ,  and 3 . 3 ,  r e s p e c t i v e l y ,  on an  es t imated  
i n f l u e n t  concen t r a t i on  b a s i s  t o g e t h e r  w i th  a n  es t imated  percentage  of a c t i v a t e d  
s ludge  removal e f f i c i e n c y .  To ta l  ion peak a r e a s  served a s  t h e  primary b a s i s  
f o r  t h e  e s t i m a t i o n  of concen t r a t i ons .  For t h e  n e u t r a l  f r a c t i o n ,  t h e  concen- 
t r a t i o n  l e v e l s  were es t imated  based on t h e  b e n z o n i t r i l e  s tudy  d iscussed  i n  
Sec t ion  2.5.  For t h e  a c i d i c  and b a s i c  f r a c t i o n s ,  a d d i t i o n a l  in format ion  
was ob ta ined  from s e v e r a l  runs  of s tandard  compounds. Note t h a t  f o r  p r a c t i -  
c a l  purposes ,  however, r epo r t ed  concen t r a t i on  l e v e l s  a r e  on ly  s emiquan t i t a t i ve  
e s t ima te s ,  no t  on ly  because of t h e  n a t u r e  of t h e  GC/MS method used ,  but a l s o  
because of p o s s i b l e  l o s s e s  due  t o  e x t r a c t i o n  o r  s e p a r a t i o n  procedures .  Thus, 
i n s t ead  of  g iv ing  s ing l e -va lue  concen t r a t i on  numbers (Tables  3.1-3.3) , i t  
was decided t o  a s s i g n  ranges  i n  concen t r a t i on  l e v e l s  t h a t  allowed f o r  a  f a c t o r  
of v a r i a b i l i t y  of 2  t o  3. I 

A s  shown i n  Table  3 .1 ,  t h e  a c i d i c  f r a c t i o n  of raw wastewater i n f l u e n t  
c o n s i s t s  a lmost  exc lus ive ly  of s i ng l e - r i ng  s u b s t i t u t e d  phenol ic  compounds, 
a l l  of which a r e  v i r t u a l l y  removed by ac t iva ted-s ludge  t rea tment .  Cons i s t en t  
wi th  prev ious  C-MU ana lyses  (Luthy and Tal lon ,  1978b) and t h e  sc reen ing  
s t u d i e s  of t h e  I n s t i t u t e  of Gas Technology, phenol and c r e s o l s  c o n s t i t u t e  by 

. f a r  t h e  l a r g e s t  f r a c t i o n  of  o rgan ic s  observed. Despi te  t h e  abundance of 
t h e s e  compounds i n  t h e  i n f l u e n t ,  no t r a c e  of phenol and only  a  t r a c e  of c r e s o l  
was de t ec t ed  i n  t h e  e f £ l u e n t .  

Tables  3.2 and 3 .3  p re sen t  o rgan ic s  found i n  t h e  b a s i c  and n e u t r a l  
f r a c t i o n s ,  r e s p e c t i v e l y .  The r eade r  is caut ioned  t o  n o t e  t h a t  t h e  t o t a l  of 
e x t r a c t a b l e  and chromatographable o rgan ic s  i n  t h e  a c i d i c  i n f l u e n t  f r a c t i o n  
is  two o r d e r s  of magnitude l a r g e r  than t h a t  r epo r t ed  f o r  t he  b a s i c  f r a c t i o n .  
A s  f o r  t he  n e u t r a l  o rgan ic s ,  t he  t o t a l  amount i s  s l i g h t l y  l e s s  than  t h a t  of 
t he  b a s i c  f r a c t i o n .  The a c i d i c  f r a c t i o n  r ep re sen t ed  more than  98.5% 0.f t h e  
i d e n t i f i e d  compounds on a  mass b a s i s .  

A s  shown i n  Table  3 .2 ,  o rgan ic s  i n  t h e  b a s i c  f r a c t i o n  were p r i m a r i l y  
n i t r o g e n  h e t e r o c y c l i c s  ( ~ y r i d i n e ,  qu ino l ine ,  i ndo le )  and a n i l i n e  and t h e i r  
a l k y l a t e d  d e r i v a t i v e s .  Most of t h e  b a s i c  compounds were removed e i t h e r  
completely o r  q u i t e  e f f e c t i v e l y , ,  w i t h  t h e  except ion  of c e r t a i n  sub ' s t i t u t ed  
py r id ines ,  e . g . ,  dimethyl p y r i d i n e .  I n  gene ra l ,  a l i p h a t i c  s u b s t i t u t i o n s  
r e s u l t e d  i n  lower percentage  removal f o r  d e r i v a t i v e s  of  py r id ine :  compare 
py r id ine  v e r s u s  p i c o l i n e ,  and C and C -pyr id ines .  The r e s u l t s  a l s o  show 

2  - 
a  c e r t a i n  s e l e c t i v i t y  of e f f i c i e n c i e s  02 removal toward isomers of C - and 

2 C3-pyridines. It has  t o  be noted he re  t h a t  i n  t h e  e x t r a c t i o n  procedure,  
c e r t a i n  b a s i c  coinpounds ( indazole  o r  benzimidazole,  ca rbazole)  ended up i n  
t h e  n ~ i . i t r a l  f r a k t i o n  where t h e i r  removal wao complctc ( sce  Table  3 .3 ,  Peak 
Nos. 230 and 500).  

A s  i n  t h e  c a s e  of  t h e  b a s i c  f r a c t i o n ,  o rgan ic  concen t r a t i ons  i n  t h e  
n e u t r a l  f r a c t i o n  of t h e  i n f l u e n t  wastewater sample a r e  ve ry  low (Table  3 .3) .  
The e x t e n t  of removal of n e u t r a l  f r a c t i o n  o rgan ic s  by t h e  b,ench-scale, 
a c t i va t ed - s ludge  p roces s  is  very dependent on t h e  chemical s t r u c t u r e  of t h e  
p a r t i c u l a r  compound. The gene ra l  t r end  i s  t h a t  h e t e r o c y c l i c s  and compounds 
con ta in ing  heteroatoms a r e  u s u a l l y  removed e f f e c t i v e l y .  Examples are 
b e n z o n i t r i l e  (peak No. 45) ,  a ce ty l th iophene  (peak No. 97) ,  i sopropyl th iophene  
(peak No. 101) ,  methycyanobenzene (peak No. 132) , benzothiophene (peak No. 155) , 



Tab.1e 3.1. Concentrat ion in Reactor Influent and Effluent and 
Percent removal of Acidic Fraction Organics in HYGAS 
Plant Wastewater by Activated Sludge at Pilot Scale 

Estimated Estimated Estimated 
Influent Conc. Effluent Conc. Percent 

Peak No. Compound Name (!Jg/L) (ug/L) Removal 

10 Phenol 

14 Cresol 

16 Cresol 40,000 

6 2 C -Phenol 
3 

800 

65 + 66 C -Phenols 
3 

7,500 

7 0 C Phenol 3- 750 

7 5 C4-Phenol 350 

7 7 Allyphenol or Methyl- 
vinylphenol or 
Hydroxyindan 1,100 

7 8 Methyldihydroxy- 
benzene 500 

80 C -Phenol 4 300 

8 1 C4-Phenol SO!, 

85 Allylphenol or Hydrov- 
indan or Nethyl- 
vinylphenol 3,500 

92 C -Dihydroxybenzene 2 
500 

130 Naphthol 650 

NT, not detected 



Table 3.2. Concentration in Reactor Influent and Effluent and Percent Removal 
of Basic Organics in .HYGAS Plant Wastewater by Activated Sludge at 
Pilot Scale 

Estimated Estimated Estimated 
.Peak Influent Conc. Effluent Conc. Percent 
Number Compound Name (lJg/L) (lJg/L) Removal 

5 Pyridine 540 NT 100 

8 Toluene 

15 Picoline 

30+31 Picolines 

3 5 Ethylpyridine 

70 C Pyridine 3- 
75 C -Pyridine 3 
7 7 Acetylenylpyridine 

9 0 Aniline 

110 Methylaniline 

115 Me thy laniline 

120 Methylaniline 

170 ' C -Aniline 
2 

175 Quinoline 

185 ' Isoquinoline .' 24 ' NT . , 100 

200 Methylquinoline 28 3 .  90 

205 : Indole 60 ~'1.: 100 

NT, not detected. 



Table 3.3. Concentration in Reactor Influent and Effluent and 
Percent Removal of Neutral-Fraction Organics in HYGAS 
Plant Wastewater by Activated Sludge at Pilot Scale. 

a . a  
Estimated Estimated Estimated 

Peak Influent Conc. Effluent Conc. Percent 
Number Compound Name (MIL) (l~g/L) Removal 

Ethy lbenzene 

o- Xylene 

Cycloalkene? 

Isopropylbenzene 

Benzonitrile 

Ethylme thylbenzene 

Cycloalkene 

Trimethylbenzene 

Trimethylbenzene 

Indan or Methylstyrene 

Indene 

Acetylcyclohexene or 
C -Cyclohcxene 3 

Acetylcyclohexene or 
C Cyclohexene or 3- 
C2 - Cyclohexeuulle 

Acetyl  t h i  opheng o r  
(C3-Thiophene) trace 

9 

NT 

Methylindan 

Isopropylthiophene 

Methylindan or 
C -Styrene 2 

trace 

Methyl inrlan or 
C -Styrene 
2 

C Cyclohexenone or 
3-Methylacetylcyclohexene 

trace 

Methylcyanobenzene.? 

C4-Thiophene & Methylindan 
or C2-Styrene 

Methylindene 



Table  3 . 3 .  (Contd.)  

a 
~stimated~ Estimated Estimated 

Peak Influent Conc. Effluent Conc. Percent 
Number Compound Name (!Jg/L) () lg/L) Removal 

136 Methylindene & 
C -Benzene 
4 

ND 11 NDIPR' 

139 Methyl benzyl sulfide? ND 12 ND/PR' 

144 ~ ~ - ~ e n z e n e  [ l- (2-methyl- 
propyl) benzene] . ND 

150 Naphthalene 405 9 98 

'155 Benzothiophene 111 3 5 68 

160 C -Cyclohexadiene 
(terpenoid) or 
Phenyl isopropyl ether ND 

165 C -Cyanobenzene 
4 

166 Dimethoxybenzene 

174 Quinoline (8O-t) and 
Ethylmethoxybenzene or 
C -Cyclohexadiene 4 5 7 

176 C -Cyclohexadiene 
4 

ND 

180 C -Cyclohexadiene 
4 

ND 

185 C -Benze,ne and 
C Methoxybenzene or 2- 
C -Cyclohexadiene 
4 

2 4 

65 
20 (combined) 

4 2 
14 (combined) 

7 +kg 

201 Methylbenzothiophene ND 11 ND/PR' 

, 205 ' 2-Me thylnaphthalene 2 3 9 ' 61 

207 C -Cyclohexadiene 5 
ND 

213 . Methylbenzothiophene ND 

trace ND/PR' 

22 ND IPR' 

219 Isopropylmethoxybenzene 
or C,-Cyclohexadiene 16' 

trace N D / P R ~  

2 30 Indaqole or 
Benzimidazole 29 , . NT 100 

238 n-Propylmethoxybenzene , , 

or C5:Cyclohexadiene ' 5 ' .  trace 9 9+ 

240.. C -Methoxybenzene or 
C Cyclohexadlene 
5- 

. trace 6 99+ 

245 ' Ethyl benzoate ' ND 6 +t g 

250 Bipheny 1 . I ,  2 2 trace 9 9+ 

260 Methylindole 50 ' NT 100 



2 0 

Table 3 .3 .  (Contd.)  

a a  
Est imated Est imated Est imated 

Peak I n f l u e n t  Conc. E f f l u e n t  Conc. Percent  
Number Compound Name (pg/L) (vg/L) Removal . 

264 Methylbiphenyl  

270 Methylindole 

276 Methylindole 

9 NDIPR' 

t r a c e  9 8+ 

NT 100 

Methylindole 

Methyl indole  

25 

6 5 

NTJ 

ND 

Acenaphthene 

Me thy l b ipheny l  

8 

7 

4 

t r a c e  

17  

Bibenzyl  

F luorene  

Cyanophenyl 
benzoate  (? ) ,  & ? 

P l a s t i c i z e r  

A l i p h a t i c  hydrocarbon 

Anthracene o r  
Pheuar~ ~ h r e n e  

Carbazole  

A l i p h a t i c  hydrocarbon 

P l a s t i c i z e r  

a ~ ~ ,  no t  de t e rminab l e ;  NT, n o t  de t ec t ed .  

b ~ h e  e f f l u e n t  shows a l a r g e r  peak. The i n f l u e n t  e x t r a c t  p o s s i b l y  was d r i e d  when 
methylene c h l o r i d e  was evapora ted ,  s o  t he  more v o l a t i l e  xy l enes  escaped.  

'NDIPR s t a n d s  f o r  n o t  de t e rminab l e /poo r ly  removed, Due t o  t h e  f a c t  t h a t  t h e  
e k f l u e n t  con t a ined  fewer o rgan i c s  of  lower c o n c e n t r a t i o n  l e v e l s ,  t h e  f i n a l  
e x t r a c t  volume had t o  he  r .oncentrated t o  a volume much sma l l e r  c11a11 t h a t  of 
t he  i n f l u e n t .  C e r t a i n  peaks ,  cor responding  t o  compounds t h a t  were i n  ve ry  low 
c o n c e n t r a t i o n  l e v e l  i n  t h e  inf l .uent  were then  e a s i e r  t o  i d e n t i f y  i n  t h e  e f f l u e n t ,  
b u t  were obscured o r  i n  t h e  "noise", l e v e l  i n  t h e  i n f l u e n t .  So, a l l  t o l d ,  t h e  
symbol m/PR indic.a tes t h a t  t h e  p e r c e n t  ramoval f o r  a p~1:t- i  I . . I I ~ . H  I. C C I I I I ~ O U ~ ~  ~ o u l d  
n o t  be determined (ND) b u t  is  probably  poor1.y removed (PR). 

d ~ h o u l d e r  peak i n  e f f l u e n t  . 
e 
The peak i n  t h e  e f f l u e n t  cor responds  t o  ano the r  compound. 

'A dominant p a r t  of  t h e  peak i n  t h e  i n f l u e n t  cor responds  t o  methylindoline, .  

. %he symbol ft means t h a t  t h e  compound s t r i c t l y  appea r s  on ly  i n  t he  e f f l u e n t .  



C -methoxybenzenes (peak Nos. 260, 270, 276, 278, 280).  . I n  t h e  c a s e  of 
3 

aromatic  hydrocarbons, t h e  more a l i p h a t i c  t h e  s u b s t i t u t i o n  o r  a l i c y c l i c  t h e  
con ten t ,  t h e  less t h e  removal. Examples a r e  s u b s t i t u t e d  benzenes (peak Nos. 
12 ,  15 ,  20, 50, 62) ,  cyc loa lkanes  o r  cyc loa lkenes  (peak Nos. 35, 47, 67).  
Also most of t h e  compounds wi th  t h e  l a b e l s  ND/PR ( s e e  Table  3 .3 ,  n o t e  C ,  
and d i s c u s s i o n  below) f a l l  i n  t h i s  ca tegory .  Polynuclear  a roma t i c s  were 
o n l y  p a r t i a l l y  removed, depending a g a i n  on t h e  amount of s u b s t i t u t i o n .  
Examples a r e  naptha lene  (peak No. 150) v s  s u b s t i t u t e d  naptha lenes  (peak Nos.' 
205, 215, 261, 262) ,  acenaphthene (.peak No. 290),  f l u o r e n e  (peak No. 343) ,  
b ibenzyl  (peak No. 3 l l ) 'me thy lb ipheny l  (peak No. 295) and an th racene  of 
phenanthrene (peak NO.' 450).  It is  noted t h a t  a l l  of the. n e u t r a l  f r a c t i o n  
o rgan ic s  i d e n t i f i e d  i n  t h e  b i o l o g i c a l  r e a c t o r  e f f l u e n t  were found t o  be 
p re sen t  a t  ve ry  ].ow concen t r a t i ons ,  e. g . ,  less than s e v e r a l  .pg/L. 

Compounds t h a t  were a t  very  low concen t r a t i ons  i n  t h e  i n f l u e n t  n e u t r a l  
4 

f r a c t i o n  were obscured o r  i n  t h e  "noise" l e v e l  i n  t h e  i n f l u e n t  chromatogram. 
It was ve ry  d i f f i c u l t  o r  impossible ,  t h e r e f o r e ,  t o  determine percent  removal 
va lues  f o r  t h e s e  compounds, even though i t  was e a s i e r  t o  i d e n t i f y  them i n  
t h e  e f f l u e n t  f r a c t i o n  due t o  t h e  f a c t  t h a t  t h e  e f f l u e n t  f r a c t i o n  was concen- 
t r a t e d  t o  a sma l l e r  volume (0 .5  mL) than t h a t  of t h e  i n f l u e n t  (5  mL). Such 
compounds a r e  i d e n t i f i e d  i n  Table  3.3 wi th  t h e  symbol ND/PR (not  de te rminable /  
poor ly  removed) under t h e  es t imated  pe rcen t  removal column. The I a c t s  s t r o n g l y  
suggest  t h a t  t h e s e  compounds, a l t hough  i n  ve ry  low concen t r a t i ons  i n  t h e  
i n f l u e n t ,  w e r e  poorly removed. 

Some compounds l i k e  e t h y l  benzoate  (No. 245) and p l a s t i c i z e r s  
(Nos. 370; 530, 550) i n  Table  3.3 show up s t r i c t l y  on ly  i n  t he  e f f l u e n t .  
E thyl  benzoate  can be e i t h e r  a contaminant o r  an a r t i f a c t .  A s  f o r  p las -  

f t i c i z e r s  (p r imar i l y  p h t h a l a t e s ) ,  they  a r e  ub iqu i tous  t r a c e  contaminants.  
Also, p l a s t i c  c o n t a i n e r s  w e r e  used dur ing  sampling and p re t r ea tmen t  of t h e  
wastewater .  

3 . 3  FACTORS PERTAINING TO INTERPRETATION OF RESULTS 

This  s t u d y  I I S P ~  wastewater from HYGAS p i l o t  p l a n t  Run Number 64. To 
e v a l u a t e  t h e  u t i l i t y  of t h e  s tudy  r e s u l t s  f o r  p r o j e c t i n g  t o  commercial-scale,  
a c t i v a t e d  s ludge  per formance , i t  is  necessary  t o  comment on t h e  r e p r e s e n t a t i v e -  
n e s s  of  t h e  raw wastewater used and t h e  r e l evance  of t h e  bench-scale tests 
and p i l o t - p l a n t  o p e r a t i n g  cond i t i ons .  Important  i s s u e s  a r e  wastewater sample 
s t r e n g t h ,  g a s i f i e r  o p e r a t i n g  cond i t i ons ,  and b i o l o g i c a l  r e a c t o r  ope ra t i ng  
cond i t i ons .  

3.3 .1  Wactowatsr Samp7.e Skrength and S t a b i l i t y  

The purpose of  t h i s  s tudy  was t o  a s s e s s  t h e  f a t e  of o rgan ic  s p e c i e s  
i n  a c t i v a t e d  s ludge  t r ea tmen t  of a c o a l  g a s i f i c a t i o n  wastewater.  I n  t h i s  
r e s p e c t ,  t h e  HYGAS wastewater conta ined  t h e  spectrum of o rgan ic s  t h a t  might 
be  p re sen t  i n  a commercial-plant e f f l u e n t .  However, f o r  r ea sons  d i s cus sed  
helow l i t t l e  can  be  concluded about  a b s o l u t e  concen t r a t i on  l e v e l s .  



The wastewater used i n  t h e  t r e a t a b i l i t y  s tudy comprised a 1:l blend 
of cyclone and quench condensates .  This  blending procedure ensured t h a t  a l l  
p i l o t - p l a n t  wastewater organic  s p e c i e s  were represented  i n  the  sample. 
However, because make-up water  was introduced i n t o  t h e  p i l o t  p l a n t ' s  cyclone 
separa tor . ,  t he  blend of cyclone and quench condensates  may have been d i l u t e d  
a s  much a s  30 t o  50%. The steam-to-carbon r a t i o  dur ing  the  p i l o t - p l a n t  run 
was 1.82. P re sen t ly  conceived commercial-scale des igns  c a l l  f o r  a  steam- 
to-carbon r a t i o  approaching 1.0.  This  sugges ts  t h a t  t h e  p i l o t - p l a n t  product 
gas contained excess  unreacted steam, and f o r  t h i s  reason  t h e  e f f l u e n t s  
may have been.more d i l u t e .  Other f a c t o r s  t h a t  may have tended to.make t h e  
p i l o t - p l a n t  e f f l u e n t s  of l e s s e r  s t r e n g t h  a r e  t h a t  organics  may be adsorbed 
on overhead f i n e s  and may be removed by e x t r a c t i o n  from the  aqueous phase 
and e n t e r s  i n t o  t h e  rec i rcu la t ing-coa l - feed  s l u r r y  o i l .  

With regard t o  t h e  s t a b i l i t y  of t h e  wastewater samples dur ing  t r ans -  
p o r t ,  s t o r a g e ,  and t h e  bench-scale t e s t s ,  a  r e c e n t  s tudy  (Raphaelian and .  
~ a r r i s o n ,  1979) showed no d e t e c t a b l e  composi t ional  changes f o r  HYGAS quench- 
water  samples s t o r e d  a t  r e f r i g e r a t o r  tcmperatures  (2-4°C) f o r  a bU-day 
pcr iod  or aL an inci ibator  temperature (37OC) f o r  a  7-day per iod .  The 
e x t r a c t a b l e  organic  c o n s t i t u e n t s  examined by Raphaelian and Harr ison were 
of t h e  same type a s  i n v e s t i g a t e d  i n  t h e  p re sen t  s tudy  and were i s o l a t e d  and 
analyzed i n  exac t ly  t h e  same way. Because the  wastewater samples of t h i s .  
s t udy  were s u b j e c t  t o  cond i t i ons  mi lder  than the  37OC cond i t i on ,  . i t  i s  
probable t h a t  l i t t l e  o r  no d e t e c t a b l e  changes i n  t h e  e x t r a c t a b l e  and chromato- 
graphable organics  took p lace .  

3.3.2 Gasifier Gpe~dating Conditions 

It i s  important  t o  no te  t h a t  a n t i c i p a t e d  changes i n  commercial-scale 
g a s i f i e r  ope ra t ing  cond i t i ons  may o f f s e t  t h e  e f f e c t s  on sample s t r e n g t h  
desc r ibed  above. A l l  of t h e  above e f f e r . t s  suggest  t h a t  t h e  p i lo t -p l anc  
wastewater used i n  t h i s  s tudy  may be r e l a t i v e l y  weak by comparison wi th  
p red ic t ed  commercial-scale e f f l u e n t s .  P o t e n t i a l l y  counter ing  t h i s  aggregate  
e f f e c t  i s  t h e  f a c t  t h a t  t h e  low temperature r e a c t o r  (LTR) i n  t he  commercial 
p l a n t  i s  designed (D.K. Fleming, IGT, w r i t t e n  communication, 1979) t o  ope ra t e  
a t  h ighe r  temperatures ,  h ighe r  hydrogen p a r t i a l  p re s su re ,  and longer  gas  
r e s idence  time than  has  been t r u e . a t  t h e  p i l o t  p l ~ n t ,  Available d a t a  a r e  

'collLr-adfcrory a s  t o  t h e  p r e c i s e  e f f e c t s  of g a s i f i e r  ope ra t ing  cond i t i ons  on 
o rgan ic s  product ion;  however, i t  is a n t i c i p a t e d  t h a t  a s  the.  LTR temperature 
a n d , t h e  gas-phase r e s idence  time i n c r e a s e s ,  decomposition r e a c t i o n s  a r e  
p o s s i b l e .  Decomposition r e a c t i o n s  i n  a  commercial f a c i l i t y  may be enhanced 
f u r t h e r  over  those  achieved at. p i l o t  s c a l e  by impro~.red g a u - c o l i d ~ ~  c o n t a c l i l ~ g .  

A commercial HYGAS f a c i l i t y  is. envisioned t o  process  bituminous c o a l  
a t  about  90% carbon conversion.  The wastewater cha rac t e r i zed  i n  t h i s  s tudy  
was formed from p i l o t - p l a n t  process ing  of bituminous coa l ;  however, carbon 
conversion was only  722. This  f a c t o r  may a l s o  a I I e c t  the r e l a t i v e  s t r e n g t h  
of p i l o t - p l a n t  v s  commercial-plant wastewater.  D i f f e rences  i n  raw product  
gas  quench conf igu ra t ion  between p i l o t  p l a n t  and commercial p l a n t  would 
a f f e c t  t h e  d i s t r i b u t i o n  of organic  s p e c i e s  between gaseous and l i q u i d  
e f f l u e n t s .  



Appendix B p r e s e n t s  a d d i t i o n a l  information on t h e  process  c o n d i t i o n s  
f o r  HYGAS Run 64, inc lud ing  g a s i f i e r  conversion and temperature  d a t a ,  and 
p l a n t  water balance.  

3 . 3 . 3  ~ i o  ZogieaZ Reactor Operating Conditions 

The bench-scale b i o l o g i c a l  r e a c t o r  was fed  l ime-pre t rea ted ,  ammonia- 
s t r i p p e d  wastewater.  Wastewater t rea tment  i n  t h e  commercial f a c i l i t y  may 
inco rpo ra t e  phenol e x t r a c t i o n  and recovery p r i o r  t o  ammonia s t r i p p i n g  i f  
wastewater phenol load ings  a r e  s u f f i c i e n t l y  high. The a d d i t i o n  of phenol 
e x t r a c t i o n  could a f f e c t  t h e  performance of a  commercial b i o l o g i c a l  waste- 
water  t rea tment  p l a n t .  

Lime pre t rea tment  may have removed some raw wastewater o rgan ic  bases  
and o t h e r  m a t e r i a l  by p r e c i p i t a t i o n .  Commercial-scale wastewater t r e a t h e n t  
de s igns  c a l l  f o r  f r e e  and f ixed- leg  ammonia s t r i p p i n g  p r i o r  t o  b i o l o g i c a l  
ox ida t ion .  S imi la r  o rgan ic  p r e c i p i t a t i o n  and adso rp t ion  r e a c t i o n s  may occur  
i n  t h e  f i xed  l e g  of an  ammonia s t i l l ,  a s  i n  t h e  lime p re t r ea tmen t  o p e r a t i o n  
used i n  t h i s  s tudy ,  i f  l i m e  i s  added t o  t h e  f i xed  l e g .  These cond i t i ons  
may n o t  occur  i f  c a u s t i c  is  used i n  f ixed- leg  s t r i p p i n g  i n s t e a d  of  l ime.  
The e x t e n t  t o  which bench-scale,  l ime-pretreatment  ammonia s t r i p p i n g  and 
f r e e  and f ixed- leg  ammonia s t r i p p i n g  a r e  i d e n t i c a l  wi th  r e s p e c t  t o  t h e  f a t e  
of o rgan ic  c o n s t i t u e n t s  r e q u i r e s  f u r t h e r  eva lua t ion .  

The b i o l o g i c a l  r e a c t o r  s e l e c t e d  f o r  a n a l y s i s  o f  i n f l u e n t  and e f f l u e n t  
o rgan ic  compounds was opera ted  under c o n d i t i o n s  s i m i l a r  t o  t hose  t h a t  would 
be expected i n  a  commercial f a c i l i t y .  A commercial f a c i l i t y  may be  designed 
f o r  somewhat lower r a t e s  of COD removal than  t h o s e  t h a t  were employed wi th  
t h e  r e a c t o r  se lec ' t ed  f o r  t h e  o rgan ic s  s tudy;  approximately 0.50 day-l  v e r s u s  
0.86 day-', depending on t h e  amount of  conservat ism d e s i r e d .  The r e a c t o r ' s  . 
performance showed good s ludge  s e t t l i n g  p r o p e r t i e s  and good removal e f f i -  
c i e n c i e s  f o r  COD, phenol ics ,  and th iocyana t e .  

3 . 4  COMPARISON WITH OTHER STUDIES 

It would be  u s e f u l  i f  t h e  o rgan ic s  removal d a t a  ob t a ined  a t  bench 
s c a l e  i n  t h i s  s tudy  could be compared wi th  d a t a  f o r  s i m i l a r  k inds  of o rgan ic  
c o n s t i t u e n t s  removed from an  i n d u s t r i a l  p rocess  wastewater by a c t i v a t e d  
s ludge  a t  f u l l  s c a l e .  One would expect  t h a t  s t u d i e s  of  o rgan ic s  removal by 
wastewater t rea tment  systems of petroleum r e f i n e r i e s  o r  coking p l a n t s  could 
provide  d a t a  t h a t  would permit  a  rough measure of  t h e  r e l i a b i l i t y  o f  t r a c e  
o rgan ic s  removal e s t i m a t e s  when going from bench s c a l e  t o  f u l l  s c a l e .  A 
c a r e f u l  s ea rch  of  t h e  l i t e r a t u r e  h a s  been made, bu t  t h e  on ly  s tudy  found 
t h a t  adequate ly  t r e a t s  t h e  removal of a  broad spectrum of  o rgan ic  c o n s t i t u e n t s  
by a c t i v a t e d  s ludge  a t  f u l l  s c a l e  is  Argonne's s tudy  o f  o rgan ic s  v a r i a t i o n  
a c r o s s  t h e  wastewater t rea tment  system of a  Class-B petroleum r e f i n e r y .  
The s tudy  i s  desc r ibed  i n  d e t a i l  i n  Raphaelian and Harr i son  (1978) and only  
t hose  r e s u l t s  t h a t  a r e  p e r t i n e n t  t o  t h e  p r e s e n t  s tudy  a r e  r epea t ed  here .  

Wastewater samples were c o l l e c t e d  a t  SOHIO's   ole do r e f i n e r y  every 
f o u r ' h o u r s  f o r  fou r  days . '  I n f l u e n t  t o  t h e  a c t i v a t e d  s ludge  p l a n t  was 
c o l l e c t e d  from t h e  d i s s o l v e d - a i r - f l o t a t i o n  (Dm) u n i t .  ~ f f l u e n t  from t h e  



ac t iva ted-s l .udge  p l a n t  was c o l l e c t e d  from t h e  f i n a l  c l a r i f i e r  (FC) . The 
same methods o f  o r g a n i c s  e x t r a c t i o n ,  GC/MS sample a n a l y s i s ,  and compound 
i d e n t i f i c a t i o n  and q u a n t i t a t i o n  procedures  were used i n  t h e  p re sen t  s tudy  
a s  were used i n  t h e  r e f i n e r y  wastewater s tudy .  

A t o t a l  of 304 compounds were i d e n t i f i e d  i n  t h e  n e u t r a l  f r a c t i o n  of 
t h e  DAF e f f l u e n t .  Only a  v e r y  few of t h e s e  compounds could be  i d e n t i f i e d  
d i r e c t l y  by t h e i r  mass s p e c t r a .  By u s i n g  massgrams, however, i d e n t i f i c a t i o n  
of  a  m a j o r i t y  o f  compounds was achieved.  Concent ra t ions  of s p e c i f i c  o rgan ic  
compounds i d e n t i f i e d  i n  t h e  DAF and FC e f f l u e n t s  must be  considered t o  
r e p r e s e n t  order-of-magnitude e s t i m a t e s  whose main v a l u e  is  f o r  eva lua t ion  of 
t h e  'performance o f  t h e  ac t i va t ed - s ludge  p roces s .  Used i n  t h i s  con tex t ,  
t h e s e  d a t a  a r e  t h e  b e s t  a v a i l a b l e  f o r  d e f i n i n g  performance of  a  f u l l - s c a l e ,  
b i o l o g i c a l  t rea tment  p l a n t  f o r  removing a  g r e a t  v a r i e t y  o f  s p e c i f i c  o rgan ic  
compounds. 

Over 400 s p e c i f i c  o rganic-  compounds were found i n  t h e  SOH10 wastewater 
b e f o r e  b i o l o g i c a l  t rea tment .  Data coll.ec..t.~.d a t  the SOH10 r e f i n e r y  d i ~ c l o c e  
a n  extremely h igh  removal o f  s p e c i f i c  n e u t r a l - f r a c t i o n  o rgan ic  compounds i n  
t h e  ac t i va t ed - s ludge  u n i t ,  w i th  t h e  lowes t  removal demonstrated being 99.3%. 
Th i s  f i n d i n g  compares we l l  w i t h  t h e  n e u t r a l - f r a c t i o n  o r g a n i c s  removal d a t a  
of  t h e  p re sen t  s t udy  on ly  f o r  t hose  compounds i n i t i a l l y  a t  h igh  concentra-  
t i o n s  i n  t h e  i n f l u e n t  (Table  3 .3) .  I n  gene ra l ,  however, a romat ic  compounds 
w e r e  seldom a s  e f f e c t i v e l y  removed from t h e  g a s i f i c a t i o n  wastewater a s  from 
t h e  r e f i n e r y  wastewater .  The d a t a  c o r r e l a t e  much b e t t e r  i n  t h e  c a s e  of  
o r g a n i c s  i n  t h e  a c i d i c  f r a c t i o n  where t h e  a c t i v a t e d  s ludge  removal ef  f  i c i en -  
c ies  f o r  phenol ic  compounds are e x c e l l e n t  i n  bo th  t h e  c o a l  g a s i f i c a t i o n  and 
r e f i n e r y  s t u d i e s .  The'same good c o r r e l a t i o n  e x i s t s  w i th  t h e  o rgan ic s  i n  
t h e  b a s i c  f r a c t i o n ,  where t h e  removal e f f i c i e n c i e s ,  i n  bo th  c a s e s ,  a r e  
g e n e r a l l y  good w i t h  t h e  except ion  of c e r t a i n  a l k y l a t e d  p y r i d i n e s .  

It can be  specu la t ed  t h a t  much of  t h e  o rgan ic  m a t e r i a l  remaining i n  
a n  a c t i v a t e d  s ludge  e f f l u e n t ,  f o r  e i t h e r  a bench-scale, c o a l  gas i f ica t3 .on  o r  
a  f u l l - s c a l e ,  pe t ro leum-ref inery  wastewater w i l l  c o n s i s t  of  compounds t h a t  
a r e  by-products of b i o l o g i c a l  p rocesses .  The concen t r a t i ons  of s p e c i f i c  
o r g a n i c  compounds t h a t  o r i g i n a t e  i n  c o a l  g a s i f i c a t i o n  and petroleum r e f i n i n g  
p roces se s  may be  expected t o  be extremely low . ( in  t h e  p a r t s  per  b i l l i o n  
range)  a f t e r  convent iona l  a c t i v a t e d  s ludge  t rea tment  of p rocess  wastewaters .  

The above expec t a t i on  w i l l  be v a l i d  on ly  f o r  a  p rope r ly  designed and 
ope ra t ed  a c t i v a t e d - s l u d g e  p l a n t .  It w i l l  n o t  hold f o r  o p e r a t i o n a l  u p s e t s  o r  
shock load ings  t o  t h e  b i o l o g i c a l  system. For t h i s  r ea son  a d d i t i o n a l  t r e a t -  
ment systems may be needed t o  supplement a c t i v a t e d  s ludge  t rea tment .  
Har r i son  e t  a l .  (1979),  f o r  example, have r e c e n t l y  recommended s tandby 
powdered a c t i v a t e d  carbon t rea tment  systems f o r  c o n t r o l  of t r a c e  o rgan ic s  
t h a t  could be emi t ted  du r ing  subnormal o p e r a t i o n  of a c t i v a t e d  s ludge  systems 
used t o  t r e a t  petroleum-ref i ne ry  wastewaters .  The p o t e n t i a l  f requency and 
magnitude o f  u p s e t s  i n  a c t i v a t e d -  s ludge  p l a n t s  p r n j e c t ~ d  f o r  commercial- 
s c a l e ,  c o a l  g a s i f i c a t i o n  p l a n t  w i l l  be addressed i n  l a t e r  phases of t h e  
p re sen t  program. 



4 CONCLUSIONS 

I n  t h i s  s tudy  i t  was found t h a t  over  98.5% of e x t r a c t a b l e  and chromato- 
graphable organic  m a t e r i a l ,  on a  mass b a s i s ,  was represented  i n  t he  a c i d i c  
f r a c t i o n  of a  coa l -gas i f i ca t ion  process  wastewater.  The remaining m a t e r i a l  
was composed l a r g e l y  of b a s i c  and n e u t r a l  o rgan ic  compounds wi th  t h e  l a t t e r  
be ing  p re sen t  a t  l e v e l s  somewhat l e s s  than those  i n  t h e  b a s i c  f r a c t i o n .  
Act iva ted  s ludge process ing  removed most of t h e  i d e n t i f i a b l e  o rgan ic  c o n s t i t -  
uents .  Compounds of t h e  a c i d i c  f r a c t i o n s  were removed almost completely.  
High removal e f f i c i e n c i e s  were a l s o  observed f o r  compounds i n  t he  b a s i c  
f r a c t i o n ,  wi th  t h e  except ion  of c e r t a i n  s u b s t i t u t e d  py r id ines .  The e x t e n t  
of removal of compounds i n  t he  n e u t r a l  f r a c t i o n  was dependent on chemical 
s t r u c t u r e .  Aromatic hydrocarbons con ta in ing  a l i p h a t i c  s u b s t i t u t i o n s  and poly- 
nuc lea r  aromatic  compounds were only p a r t i a l l y  o r  poorly removed. Basic and 
n e u t r a l  f r a c t i o n  o rgan ic s  , i n  t he  b i o l o g i c a l  r e a c t o r  e f f l u e n t  were found ' in  
concen t r a t ion  l e v e l s  of on ly  s e v e r a l  ug/L, wi th  an o v e r a l l  removal of about 
90%. cons ide r ing  a l l  t h e  o rgan ic s ,  t h e  o v e r a l l  removal was 99.8%. 

Ana ly t i ca l  d a t a  presented  i n  t h i s  s tudy  f o r  organic  c h a r a c t e r i z a t i o n s  
a r e  a t  b e s t  s emiquan t i t a t i ve  e s t ima te s .  I n  f u t u r e  s t u d i e s ,  i t  i s  planned t o  
address  some of t h e  unresolved ques t ions  regard ing  q u a n t i f i c a t i o n  of organic  
compounds i n  'complex wastewater.  This  work w i l l  i nc lude  eva lua t ion  of ex- 
t r a c t i o n  e f f i c i e n c i e s  f o r  s e l e c t e d  organic  compounds from c o a l - g a s i f i c a t i o n  
process  e f f l u e n t s .  
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APPENDIX A 

PROCEDURES EMPLOYED FOR WASTEWATER 
PRETREATMENT AND ACTIVATED-SLUDGE PROCESSING 

A. I ' WASTEWATER PRETREATMENT PROCEDURES 

Wastewater p re t rea tment  cons i s t ed  o f :  

a .  Blending cyc lone  and quench condensates ,  

b. Removing excess  a l k a l i n i t y  by t rea tment  w i t h  lime, and 

c .  Removing excess  ammonia by a i r  s t r i p p i n g .  

A s  shown i n  F ig .  A . l ,  no t  a l l  of t h e  wastewater was sub jec t ed  t o  ammonia 
removal because i t  was d e s i r e d  t o  r e s e r v e  some f o r  s t u d i e s  of  b i o l o g i c a l  
o x i d a t i o n  a t  h igh  ammonia l e v e l s .  A l l  wastewater was p r e t r e a t e d  w i th  l i m e  
because i t  was found t h a t  t h e  exces s ive ly  h igh  v a l u e s  'of a l k a l i n i t y  caused 
b i o l o g i c a l  r e a c t o r  pH t o  f l u c t u a t e  upward uncon t ro l l ab ly .  This  a c t i v i t y  
was a  r e s u l t  of carbon d iox ide  being s t r i p p e d  from s o l u t i o n  du r ing  a e r a t i o n  
a t  a  r a t e  g r e a t e r  than t h a t  wh,ich a c i d  was being produced by t h e  b i o l o g i c a l  
.degrada t ion  r e a c t i o n s .  

A l k a l i n i t y  removal was achieved i n  t h i s  s t udy  by adding l i m e  t o  t h e  
raw wastewater ,  which p r e c i p i t a t e d  a l k a l i n i t y  a s  a  calcium ca rbona te  s ludge.  
Lime a d d i t i o n  was c a r e f u l l y  c o n t r o l l e d  by experimental  de s ign  so  a s  t o  l e a v e  
approximately 1000 mg/L r e s i d u a l  a l k a l i n i t y  i n  t h e  ammonia s t r i p p e d  wastewater 

' a f t e r  adjustment  t o  a  pH v a l u e  of 7.3.  It was .found t h a t  t h i s  v a l u e  o f '  
a l k a l i n i t y  provided s u f f i c i e n t  b u f f e r i n g  c a p a c i t y  t o  prevent  downward pH 

. changes a s  a  r e s u l t  of t h e  acid-producing r e a c t  i ons  accompanying b i o l o g i c a l  
ox ida t ion .  This  s t r a t e g y  e l imina ted  t h e  need f o r  au tomat ic  pH c o n t r o l  u n i t s  
on t h e  b i o l o g i c a l  r e a c t o r s ,  and i t  permi t ted  b i o l o g i c a l . r e a c t o r  pH t o  be  
monitored only  on a  d a i l y  b a s i s .  It was found t h a t  smal l  a d d i t i o n s  of  a c i d  
o r  base  were r equ i r ed  t o  prevent  pH d r i f t ,  and t h a t  pH v a l u e  could  be  main- 
t a ined  w i t h i n  d e s i r e d  l i m i t s  by d a i l y  chemical a d d i t i o n s .  

The purpose of  t h e  ammonia s t r i p p i n g  process  was t o  p repa re  i n f l u e n t  
t o  t h e  b i o l o g i c a l  r e a c t o r s  by reducing raw wastewater ammonia concen t r a t i on  t o  
accep tab l e  l e v e l .  These l e v e l s  w e r e  achieved by a i r  s t r i p p i n g  l ime-pre t rea ted  
wastewater a t  a  pH of approximately 10. A t  t h i s  pH, ammonia equ i l i b r ium 
s h i f t s  t o  favor  ammonia over  ammonium ion  and permi ts  d i s so lved  ammonia t o  
be  l i b e r a t e d  from s o l u t i o n  by con tac t ing  w i t h  a i r .  The s t r i p p i n g  process  
reduced raw wastewater ammonia concen t r a t i on  from an  average  l e v e l  of 3200 
mg/L t o  between 100 and 150 mg/L. A diagram of  t h e  ammonia s t r i p p i n g  column 
is  shown i n  Fig.  A . 2 .  Average c h a r a c t e r i s t i c s  f o r  raw, l i m e  t r e a t e d ,  and 
ammonia s t r i p p e d  wastewater ,  and percentage  change through ammonia s t r i p p i n g  
a r e  presen ted  i n  Table  2.1. 
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Fig. A.1. Schematic of Wastewater Pretreatment by Ammonia Stripping 
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~ i g .  A . 2 .  Experimental Design f o r  B io log ica l  o x i d a t i o n  S t u d i e s  on 
HYGAS P i l o t  P l a n t  Wastewater 



A. 2 EXPERIMENTAL DESIGN 

The purpose  o f  t h e  b i o l o g i c a l  t r e a t a b i l i t y  s t u d y  was t o  d e f i n e  a c t i -  
v a t e d  s l u d g e  performance c h a r a c t e r i s t i c s  w i t h  HYGAS wastewater  and t o  a d d r e s s  
some of  t h e  b a s i c  q u e s t i o n s  i d e n t i f i e d  w i t h  r e g a r d  t o  b i o l o g i c a l  t r e a t m e n t  
o f  c o a l  c o n v e r s i o n  e f f l u e n t s .  F i g u r e  A. 2  shows a schemat ic  of t h e  genera l  
e x p e r i m e n t a l  d e s i g n  t o  meet.  t h e  o b j e c t i v e s  o f  t h e  t r e a t a b i l i t y  s t u d y .  R e s u l t s  
from t h a t  s t u d y  a r e  p r e s e n t e d  i n  a r e p o r t  by Luthy and T a l l o n  (1978b).  

The p r e s e n t  r e p o r t  p r e s e n t s  r e s u l t s  of i d e n t i f i c a t i o n  and removal o f  
t r a c e  o r g a n i c  compounds. For t h e  purpose  of t h i s  s t u d y ,  GC/MS a n a l y s i s  of 
o r g a n i c  c o n s t i t u e n t s  w a s  performed o n l y  on samples  o f  i n f l u e n t  and e f f l u e n t  
from Reac tor  V ( F i g .  A.2) .  Th i s  r e a c t o r  was s e l e c t e d  f o r  a n a l y s i s  o f  
i n f l u e n t  and e f f l u e n t  o r g a n i c  compounds because  i t  was r e p r e s e n t a t i v e  of t h e  
midrange o f  p r o c e s s i n g  c o n d i t i o n s  employed i n  t h e  b i o l o g i c a l  o x i d a t i o n  s t u d y .  

A. 3 BIOLOGICAL OXIllATTnW EXPERIMENTAL PROCEDURES 

A. 3 .1  EXPERIMENTAL APPARATUS 

The, b i o l o g i c a l  o x i d a t i o n  u n i t  c o n s i s t e d  of complete-mix, con t inuous-  
f l o w ,  s t i r r e d - t a n k  r e a c t o r s .  F i g u r e  A.3 shows a s i d e  view of  t h e  r e a c t o r  
used  f o r  t h e  b i o l o g i c a l  t r e a t m e n t  s t u d i e s .  Each r e a c t o r  was made of g l a s s ;  
t h e  body was c y l i n d r i c a l  w i t h  t h e  bottom of  t h e  r e a c t o r  b e i n g  cone-shaped. 
Each r e a c t o r  had a  t o t a l  volume of  6 l i ters .  The r e a c t o r s  w e r e  equipped 
w i t h  s e l u i c i r c u l a r  p l e x i g l a s s  i n t e r n a l  c l a r i f i e r s ;  t h e s e  were  s e c u r e d  t o  t h e  
s i d e  of t h e  r e a c t o r s  w i t h  s i l i c o n e  g l u e .  The remain ing  p o r t i o n  o f  t h e  r e a c t o r  
volume (5.15-5.40 L )  s e r v e d  as t h e  a e r a t i o n  chamber. The lower p a r t  of t h e  
c l a r i f i e r  w a s  c u t  d i a g o n a l l y  and p a r t i a l l y  covered w i t h  p l e x i g l a s s  t o  p r e v e n t  
a i r  b u b b l e s  from e n t e r i n g  t h e  c l a r i f  i.er. T h i s  m o d i f i c a t b n  p e r m i t t e d  t r e a t c d  
e f f l u e n t  t o  r i s e  and mixed- l iquor  suspended s o l i d s  t o  se.t.t.1.e hack. i n t o  t h e  
a e r a t i o n  chamber. '  O u t l e t  t a p s  were c o n s t r u c t e d  t h r o i ~ g h  t h e  s i d e  of t h e  
r e a c t o r s  a t  t h e  s u p e r n a t e  l e v e l s  o f  t h e  c l a r i f i e r s ,  t h e r e b y  a l l o w i n g  t h e  
e f f l u e n t  t o  g r a v i t y  d r a i n  i n t o  c o l l e c t i o n  r e s e r v o i r s .  Aquarium pumps provided 
a i r  t o  t h e  u n i t s ;  t h e  a i r  w a s  even ly  d i s p e r s e d  by u s e  of d i f f u s i n g  s t o n e s  
l o c a t e d  a t  t h e  b a s e  o f  t h e  a e r a t i o n  chambers. The c o n i c a l  d e s i g n  o f  the. b a s e  
o f  the a e r a t i o n  chamber p reven ted  incomple te  mixi.ng. Though b i o l o g i c a l  fl.oc- 
~ ~ i i x i r ~ g  w a s  s a t i s f i e d  by a e r a t i o n ,  a e r a t i o n  a l o n e  was found i n e f f e c t i v e  i n  
h a n d l i n g  problems a r i s i n g  from b a c t e r i a l  f  loc-clumping. ' A e r a t i o n  a I s o  caused 
t h e  was tewate r  t o  foam. E l e c t r i c  stirrers were mounted above t h e  r e a c t o r s  
and set a t  60 rpm. T h i s  s e t u p  remedied problems a s s o c i a t e d  w i t h  b a c t e r i a l  
f loc-c lumping and c o n t r o l l e d  foaming problems tn a c e r t a i n  extcnt  by h e l p i n g  
to r e e l l t r a i n  s o l i d s  t h a t  tended t o  accumulate  on t h e  s u r f a c e  of t h e  r e a c t o r .  
S t i r r i n g  d i d  n o t  e f f e c t i v e l y  s o l v e  foaming problems, and s o  i t  was n e c e s s a r y  
t o  a p p l y  a n t i f o a m i n g  a g e n t  (Calgon C-37) s p a r i n g l y  t o  t h e  s u r f a c e  of t h e  
a e r a t o r  or1 a d a i l y  b a s i s  d u r i n g  most o f  t h e  s t u d y .  

T h e . g e n e r a 1  l a y o u t  of t h e  e x p e r i m e n t a l  a p p a r a t u s  i s  shown i n  F i g .  A.4. 
I n f l u e n t  f l o w  r a t e  was c o n t r o l l e d  w i t h  v a r i a b l e  speed p e r i s t a l t i c  f i n g e r  
pumps. The i n f l u e n t  flowed from r e f r i g e r a t e d  s t o r a g e  t a n k s  k e p t  a t  a h e i g h t  
o f  abou t  20 cm above t h e  r e a c t o r s .  The h e i g h t  d i f f e r e n t i a l  p rov ided  a 
p o s i t i v e  p r e s s u r e  head t o  t h e .  f i n g e r  pumps and reduced f l o w  f l u c t u a t i o n s  
caused by i n f l u e n t  l i n e  c l o g g i n g  owing t o  t h e  r e l a t i v e l y  low f lows  t h a t  were 
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F i g .  A.4. General  Layout of B i o l o g i c a l  O x i d a t i o n  Exper imental  
Appara tus  

m a f n t a i n e d .  Reac to r  t e m p e r a t u r e  was n o t  c o n t r o l l e d  and v a r i e d  i n  t h e  r a n g e  
o f  22 t o  25OC. I n f l u e n t  t o  t h e  b i o l o g i c a l  u n i t s  was r e f r i g e r a t e d  i n  o r d e r  t o  
minimize sample d e g r a d a t i o n .  E f f l u e n t  samples were ana lyzed  a n d / o r  composited 
d a i l y .  Composite samples were p r e s e r v e d  and s t o r e d  i n  a  r e f r i g e r a t o r .  

A. 3 .2  SAMPLING, ANALYSIS, AND OPERATING SCHEDULE 

The b i o l o g i c a l  r e a c t o r s  were  moni to red  d a i l y  f o r  f low,  pH, MLSS, and 
s l u d g e  was t ing .  The f o l l o w i n g  p a r a n e t e r s  were he ld  as e x p ~ r i r n ~ n . t a 1  s o n c t a n t a :  
illIlur11c COU, U.U., pH, h y d r a u i i c  r e s i d e n c e  t i m e ,  and mean c e l l  r e s idence .  
t i m e .  Reac to r  D.O.  w a s  ma in ta ined  g r e a t e r  t h a n  3 mg/L. Reac to r  pH was main- 
t a i n e d  i n  t h e  r a n g e  o f  7.0-7.5 by the.  r e s i d u a l  a l k a l i n i t y  in t h e  p r e t r e a t e d  
was tewate r  and by s m a l l  d a i l y  pH ad j l -~s tments  t o  t h e  i n f l u o u t  a.n.d/or t o  t h e  
mixed l i q u o r .  ' Cnnsi . s te .ncy  o,f inf- lucnt  COD was a s s u ~ e d  au well as nlay be 
a c h i e v e d  by t h e  wastewater  s t o r a g e  and b lend ing  p rocedures .  

The r e a c t o r  was managed on t h e  b a s i s  o f  mean c e l l  r e s i d e n c e  t ime.  It 
was t h e r e f o r e  n e c e s s a r y  t o  compute t h e  q u a n t i t y  o f  s l u d g e  t o  b e  wasted d a l l y .  
T h i s  computat ion was made a c c o r d i n g  t o  t h e  fol l .awing formula  : 

I (z v X1 - F X2) 1000 
mL of  s l u d g e  - - C 

wasted p e r  day xl 

where : 

8 = d e s i r e d  mcan c e l l  r e s i d e n c e  t ime ,  d a y s  
C 

V = r e a r . t n t  volume, L 

X = MLVSS, mg/L 
1 

X = e f f l u e n t  VSS, m g / ~  
2 

F = d a i l y  f low,  L/d 



The procedure ensured t h a t  ce l l  was t ing  c a l c u l a t i o n s  took  i n t o  account  t h e  
amount of ' v o l a t i l e  suspended s o l i d s  c a r r i e d  o u t  w i t h  t h e  e f f l u e n t .  

Sludge was wasted by syphoning 'of f  t h e  d e s i r e d  volume of  mixed l i q u o r ,  
dewater ing t h e  s ludge  on a  vacuum f i l t e r ,  and r e t u r n i n g  t h e  f i l t r a t e  t o  t h e  
r e a c t o r .  Th i s  m e t h o d o 1 0 ' ~ ~  allowed independent c o n t r o l  of  hyd rau l i c  and mean 
c e l l  r e s i d e n c e  t i m e s .  ~ ~ d r a u l i c  r e s i d e n c e  t ime  Qas c a l c u l a t e d  by d i v i d i n g  
r e a c t o r  volume minus c l a r i f i e r  volume by e f f l u e n t  flow volume c o l l e c t e d  over  

. . 
twenty-four hours.  . . 

An .abbrev ia ted  sampling schedule  was employed du r ing  a c c l i m a t i z a t i o n  
and t h e  balance per iod .  The ba lance  pe r iod ,  t h e  t ime r equ i r ed  f o r  t h e  r e a c t o r  
' to  a t t a i n  s t e a d y - s t a t e  o p e r a t i o n ,  w a s  de f ined  a s  being equa l  t o  t h r e e  com- 
p l e t e  s o l i d  was t ing  c y c l e s ,  i . e . ,  t h r e e  t i m e s  8 . During s t e a d y - s t a t e  . 

C o p e r a t i o n ,  t h e  r e a c t o r  performance was c h a r a c t e r i z e d  accord ing  t o  . a  set ;of ' 

s tandard  wastewater parameters  and s ludge  p r o p e r t i e s .  

Act iva ted  s ludge  was obtained'  from a  l o c a l  coke p l a n t  ' t r e a t i n g  weak . 
ammonia l i q u o r .  The s ludge  was used t o  seed t h e  b i o l o g i c a l  r e a c t o r s .  P r i o r  
t o  r e c e i p t  of HYGAS wastewater ,  t h e  r e a c t o r s  w e r e  fed  weak'ammonia l i q u o r  f o r  * 

s e v e r a l  weeks. Upon a r r i v a l ,  t h e  HYGAS wastewater was blended, p r e thea t ed ,  
and d i l u t e d  t o  50% s t r e n g t h ;  feed s t r e n g t h  was g radua l ly  increased '  t o  100% 
s t r e n g t h  over  a per iod  of t h r e e  weeks. . . 

Reactor  performance and s t a b i l i t y  du r ing  a c c l i m a t i z a t i o n  wer.e eva lua ted  
on t h e  b a s i s  of  COD, t h iocyana t e ,  and phenol removal. Oxygen uptake ,  s ludge  . 
volume index,  and mic rob ia l  , a c t i v i t y  were used a s  i n d i c a t o r s  of  s l udge  
v i a b i l i t y .  During s t a r t u p ,  feed s t r . ength  was increased  by 10-25% whenever 
COD and phenol removals approached 75 and 99%, r e s p e c t i v e l y .  

An e s t i m a t e  of n u t r i e n t  requi rements  showed t h a t  phosphorus was t h e  
on ly  apparen t  s e r i o u s  n u t r i e n t  de f i c i ency .  Hence t h e  wastewater was supple- 
mented wi th  phosphorus. , . 

Boron was p re sen t  a t  approximately 1UU mg/L i n  HYGAS wastewater. 1111s 
concen t r a t i on  of boron may no t  be  s e v e r e l y  t o x i c  t o  t h e  acc l ima t i zed  b a c t e r i a  ' 

t h a t  removes carbonaceous s u b s t r a t e s . '  However, n i t r i f i c a t i o n  ,was i n h i b i t e d  . 

i n  t h e s e  s t u d i e s ,  and one of t h e  suspec ted  causes  was h igh  boron l e v e l s .  . 

Boron was a l s o  suspected of i n h i b i t i n g  b a c t e r i a l  growth. ' .  

A. 4 BIOLOGICAL OXIDATION STUDIES 

A. 4.1 REACTOR OPERATING CONDITIONS 

The b i o l o g i c a l  r e a c t o r s  w e r e  ope ra t ed  a t  d i s so lved  oxygen (DO) , l e v e l s  
g r e a t e r  than 3 mg/L, and d i s so lved  oxygen g e n e r a l l y  f l u c t u a t e d  i n  t h e  range  
of 4 t o  6 mg/L. A t  t h i s  concent ra ' t ion  DO is n o t  l i m i t i n g  t o  b a c t e r i a l  
s t a b i l i z a t i o n  r e a c t  i ons ,  i nc lud ing  n i t r i f i c a t i o n .  



Reactor pH was maintained in the range of 7.0-7.5. That pH range 
represented a compromise between selection of appropriate pH conditions for 
minimizing potential HN02 and NH3 toxicity to nitrifying bacteria while 
encompassing the pH range recommended as being suitable for thiocyanate 
oxidizing organisms. 

Reactor mean cell residence time was selected on the basis of litera- 
ture review recommendations and on laboratory experimentation. The literature 
review indicated that a sludge wastage rate of about 5% per day may be 
suitable for treatment of related wastewaters. This wastage rate corresponds 
to a mean cell residence time of 20 days, a value that was selected as 
a point from which to perform parametric studies to determine a range of 
suitable mean cell residence times. When one of the reactors was operated 
with a sludge age of approximately 60 days, the sludge demonstrated very poor 
settling characteristics. When managed on a sludge age: of 40 days, s r r t l t n g  
characreristics improved to the point where effluent suspended solids were 
not excessive. It was concluded that a sludge age of 40 days represented an 
upper bound beyond which operational problems may bc encountered. IL was 
also found ill Lllis study that a sludge age of about 10 days was the lowest 
permissible mean cell residence time that could be sustained during prolonged 
steady-state testing. For these reasons the biological kinetic study employed 
mean cell residence times varying from 10-40 days. 

Hydraulic residence time was selected initially on the basis of con- 
servative estimates of kinetic growth constants. Assumed values of yield 
coefficient and organism decay coefficient were used to correlate estimates 
of COD rr~r~oval efficiency, mixed liquor volatile suspended solids (MLVSS), 
and mean cell residence time. Hydraulic residence times were then selected 
that gave flexibility in steady-state MLVSS values. It was desired that 
under steady-state conditions reactor MLVSS should fall within a normal oper- 
ating range of 1000-8000 mg/L. Experimental results showed in fact that 
MLVSS varied from 1000-3000 mg/L for the test conditions shown in Fig. A.1, 

The attainment of steady-state operation was defined as that interval 
(balance period) necessary to achieve three complete solid wasting cycles. 
The reactors were then run from 7-14 weeks to obtain sufficient steady-state 
performance. data. 

A. 4.2 BIOLOGICAL OXIDATION OF UNDILUTED STRIPPED WASTEWATER 

The main series of biological oxidation experiments consisted of a 
study to determine biological oxidation kinetics with undiluted ntripp-d 
wastewaeef as represented by Reactors IV, V, VI, and VII on $ig. A.1. In 
these experiments, mean cell residence time, hydraulic residence time, and 
influent COD were maintained as experimental constants, while effluent COD 
and MLVSS were system variables. There was no variability in mean cell 
residence time, which was imposed hy the solids wacting schedule. .Held 
reasonably stable by the wastewater storage procedure, influent COD had a 
.coefficient of variation of 11-16% during the time that the reactors were 
at steady-state operation. Hydraulic residence time was maintained as 
constant as was feasible by use of peristaltic feed pumps. 



Table 2 .2  i n  t h e  main body of t h i s  r e p o r t  showed g e n e r a l  o p e r a t i n g  
parameters  and performance c h a r a c t e r i s t i c s  f o r  Reactor  number V ,  and t h e s e  a r e  
based on average va lues  presen ted  i n  Appendices V and X I 1  of  Luthy and 
Ta l lon  (1979b). I n f l u e n t  and e f f l u e n t  samples were c o l l e c t e d  f r o m ' t h e  
r e a c t o r  f o r  c h a r a c t e r i z a t i o n  of t r a c e  o rgan ic  spec i e s .  The samples were 
covpos i ted  over  a three-week pe r iod  du r ing  s t eady  s t a t e  and w e r e  p reserved  
p r i o r  t o  shipment t o  Argonne by f r e e z i n g  i n  p l a s t i c  c o n t a i n e r s .  The samples 
were thawed and one-gallon a l i q u o t s  o f . i n f l u e n t  and e f f l u e n t  were shipped 
by a i r  on ~ u n e  7, 1978' f rom C-MU t o  Argonne, where they were s t o r e d  a t  
2-4OC u n t i l  prepared f o r  GCIMS a n a l y s i s .  



APPENDIX B 

PROCESS REVIEW OF OPERATING CONDITIONS 

The wastewater samples analyzed i n  t h i s  r e p o r t  cons i s t ed  of a  composite 
of condensates  from Runs 62 and 64 a t  t h e  HYGAS p i l o t  p l a n t .  C-MU'S 
b io log ica l - r eac to r  system was accl imated on Run 62 wastewater.  The b io log ica l -  
system t r e a t a b i l i t y  d a t a ,  however, were obta ined  from Run 64 wastewater.  The 
c o a l  f o r  both r u n s  was I l l i n o i s  No. 6 bituminous coa l  from t h e  Peabody No. 10  
mine. 

P i l o t  p l a n t  ope ra t ing  cond i t i ons  were reviewed wi th  r e s p e c t  t o  com- 
pa rab le  cond i t i ons  g iven  i n  Revision No. 2 of t h e  r.nrnmercja1 concep t  des ign  
prepared ,by PROCON Inc.  f o r  t h e  HYGAS process .  Operat ing vari.ah3.e.s evaluated 
were g a s i f i e r  conversion,  gasifier tempera t ~ l r e s ,  and  p l a n t  water balanca.  

G a s i f i e r  c o n v e r s i o n ' i s  a  measure of t h e  r e l a t i v e  amount of c o a l  o r  
carbon gas . i f ied  and is  based on t h e  amount of c o a l  fed down i n t o  t h e  g a s i f i e r .  
Th i s  feed  r a t e  i s  c a l l e d  t h e  n e t  feed  r a t e  and is equal  t o  t h e  t o t a l  feed 
l e s s  t h e  overhead d u s t .  Net feed r a t e  is  a  b e t t e r  measure of g a s i f i e r  
performance, s i n c e  t h e  overhead d u s t  does no t  have an oppor tun i ty  t o  be 
g a s i f i e d .  Because t h e  l e v e l  of pre t rea tment  i n  t h e  p i l o t  p l a n t  i s  comparable 
t o  t h a t  of t h e  commercial-plant ' de s ign ,  t h e  amount of v o l a t i l e  m a t e r i a l s  
a b l e  t o  be g a s i f i e d  i s  comparable. 

Conversion can be c a l c u l a t e d  e i t h e r  by an  a s h  balance method o r  by 
weight balance. The a s h  ba lance  assumes t h a t  t h e  overhead d u s t  has  t h e  same 
a s h  con ten t  a s  t h e  feed  c o a l .  The weight ba lance  method makes no such 
assumptions and uses  an  ove ra l l  weight balance.  The fol lowing equat ions  a r e  
used i n  t h e  ash-balance method of  computation: 

A ~ C  sc % carbon g a s i f i e d  = 100 x 1 - - 
A ~ ~ C ~  

A .  (l-Asc) 
% c o a l  g a s i f i e d  = 100 x 1 - 

A = ash  content  of feed  
F 

ASC = ash  content  of spent  char  

CF = carbon con ten t  of feed 

CSC = carbon con ten t  of spent  char .  



The. equat ions  used i n  t h e  weight ba lance  method. a r e  a s  fo l lows  : 

% carbon g a s i f i e d  = 100 x 1 - WscCsc 
W C - W C  

F F  D D  , 

WE (l-AF) -WD (I-%) -WSC (1-ASC) 
% c d a l '  g a s i f i e d  = 100 x 

WF(l-AF)-WD (I-+,) 

where.: 

WE = l b / h r  coa l  feed 

WSC = l b / h r  spen t  char  

WD = l b / h r  overhead dus t  

% = a s h  con ten t .  of overhead d u s t  

C = carbon con ten t  of overhead, d u s t .  
D 

The r e l a t i v e  va lues  f o r  t h e s e  convers ions  compared t o  t h e  commercial 
des ign  a r e  shown below. The va lues  were c a l c u l a t e d  from a r e p o r t ,  by 

, t h e  I n s t i t u t e  of Gas Technology (1978). The commercial-plant des ign  va lues  
were ca l cu la t ed '  from flows shown on PROCON process  flow diagram 
2174-02.00-12. 10-D, da ted  3/31/78. The o v e r a l l  v a l u e s .  a r e  based on t h e  t o t a l  
c o a l  f eed ,  no t  t h e  n e t  feed.  

% Carbon Gas i f ied  % Coal Gas i f i ed  

Ash W t .  Ash W t .  
Balance Balance Overa l l  Balance Balance Overa l l  

HYGAS 
Run 64 72.8 74.6 59.5 77.4 79.4 64.7 

Commercial 
P l an t  90.1 .90. 1 83.3 91.1 91 .l 84.3 

2:. 

. . . * 
.. ii' 

During t h e  period of Run 64, t h e  a s h  content  of t h e  overhead dus t  
(12.29%) was near  t h a t  f o r  t h e  feed  (12.63%). Thus, t h e  c l o s e  agreement 
between a s h  and weight-balance conversion f o r  t h e  p i l o t  p l a n t .  The commer- 
c i a l -p l an t  conversions a r e  c l o s e  because a s h  con ten t s  a r e  n e a r l y  equal  
(21.9 f o r  d u s t ,  20.9 f o r  p r e t r e a t e d  c h a r ) ,  conversion is h igh ,  and t h e  r a t e  
of overhead d u s t  l o s s  i s  low. 

It i s  important t o  no te  t h a t  t h e  lower g a s i f i e r  conversions do n o t  
n e c e s s a r i l y  mean t h a t  t h e  process  is  incapable  of higher  conversions.  Each 
p i l o t - p l a n t  run  i s  planned t o  demonstrate  t h e  i n t e r r e l a t i o n s h i p s  among 
s p e c i f i c  process  v a r i a b l e s ,  l i k e  feed  r a t e ,  conversion,  bed temperatures ,  
steam r a t e ,  e t c .  I n  t h i s  p a r t i c u l a r  run ,  lower conversions were noted a s  a 
r e s u l t  of run-specif i c  goa ls .  The e f f e c t s  of the lower convers ions  on 
g a s i f i e r  y i e l d s  a r e  no t  t o t a l l y  c l e a r  and can b e s t  be  d iscussed  a s  they a r e  
r e l a t e d  t o  g a s i f i e r  temperatures .  



B. 2 GASIFIER TEMPERATURES 

A comparison of g a s i f i e r  temperatures  f o r  Run 64 is  g iven  below. Note 
t h a t  t h e  low tempera ture  r e a c t o r  (LTR) and h igh  temperature r e a c t o r  (HTR) a r e  
coo le r  than  c a l l e d  f o r  i n  t h e  commercial-plant des ign .  Steam-Oxygen G a s i f i e r  
(SOG) bed temperature is  up t o  des ign .  Again, t h e s e  tempera tures  a s  tabu- 
l a t e d  h e r e  a r e  s p e c i f i c  t o  t h e  goa l s  of  t h e  run and do no t  d i r e c t l y  r e f l e c t  
upon process  c a p a b i l i t i e s .  

Commercial Temperatures of Run 64 
Design 8/23/77 t o  8/24/77 

SJ-ur1.y Dryir ig  Bed , 60:J 639 
LTR 1432 1148 
HTR 17 00 1 4  68 
SOG 1800 1819 

The main e f f e c t  of t h e s e  lower temperatures  is t o  dec rease  r e a c t o r  
conversion.  The r e s u l t i n g  e f f e c t  on g a s i f i e r  product composition r e q u i r e s  
a more. complicated eva lua t ion .  I n  a d d i t i o n  t o  t h e  s y n t h e t i c  gas  components, 
o i l s ,  phenols ,  and o t h e r  heavy o rgan ic s  a r e  produced dur ing  c o a l  d e v o l a t i l i -  
z a t i o n  and g a s i f i c a t i o n  i n  t h e  LTR. Some of t h e s e  condens ib le  o rgan ic s  a r e  
s o l u b l e  i n  water  and a r e  even tua l ly  p re sen t  i n  t h e  p l a n t  wastewater.  The 
q u a n t i t y  of chemical ly o x i d i z a b l e  components i n  t h e  wastewater i s  t h e  
Chemical Oxygen Demand, o r  COD. C 

Ol~ly gaseous . .~omponents a r e  produced i n  t h e  HTR and SOG because of 
t h e  h igh  t emperatur&s and con£ i g u r a t i o n  of t h e s e  r e a c t o r s ,  Therefore ,  
changes i n  conversion and g a s i f i e r  temperature can a f f e c t  on ly  t h e  produc- 
t i o n  of  heavy o rgan ic s  as they occl~r.  i n  t h e  LTR. 

The r e a l  ques t ion  of t h e  e f f e c t  on product gas  composition of r a i s i n g  
LTR temperatures  from t h i s  p i l o t - p l a n t  run  t o  t h e  commercial-design-level 
cannot be f u l l y  determined a t  t h i s  t i n e .  F i r s t ,  no hard d a t a  e x i s t  f o r  
bituminous g a s i f i c a t i o n  from t h e  IGT bench-sca1.e r e a c t o r  t h a t  s imu la t e s  t h e  
LTR. Second, t h e  d a t a  a v a i l a b l e  f o r  l i g n i t e  and sub-hi tiiminovs d e v o l a t i l i -  
z a t i o n  and g a s i f i c a t i o n ,  a s  r epo r t ed  i n  Johnson (1973-1975), a r e  somewhat 
con t r ad ic to ry .  Some r e s u l t s  i n d i c a t e  t h a t  t h e  LTR would cont inue  t o  produce 
a  s l i g h t l y  i nc reas ing  q u a n t i t y  of COD components a s  temperature increased  
from 1100-1500°F. Other d a t a  i n d i c a t e  t h a t  no such inc rease  could be 
expected.  At most, t h e  i n c r ~ a s e d  p r o d u c t i ~ n  would nnly he aLuub 10-15X. 

Another i n t e r e s t i n g ,  and a s  y e t  unquan t i f i ed ,  occurrence i n  t h e  LTR 
t h a t  could a f f e c t  t h e  composition of t h e  o rgan ic s  produced is  d e a l k y l a t i o n  
and dehydroxylat ion of  t h e  more complex componcnts i n  t h e  LTR. Dealkyla t ion  
and dehydroxylat ion r e a c t i o n s  remove respectively a l k y l  and hydroxyl groups 
from aromat ic  compounds. The r e s u l t i n g  e f f e c t s  a r e  a  dec rease  i n  compounds 
such a s  alkylbenzenes and higher  phenol ics  and an  i n c r e a s e  i n  t h e  q u a n t i t y  
of benzene t h a t  i s  produced. 



Data on pea t  g a s i f i c a t i o n  i n  an LTR type  u n i t ,  and o t h e r  k i n e t i c  
s t u d i e s  conducted by IGT and o t h e r s ,  r e p o r t e d l y  i n d i c a t e  t h a t  h igher  LTR 
temperatures  g r e a t l y  promote d e a l k y l a t i o n .  A s i m i l a r  r e l a t i o n s h i p  i s  
expected f o r  dehydroxylat ion.  Depending on t h e  r e a c t i o n s  involved,  dea lkyla -  
t i o n  convers ions  a s  h igh  a s  90% have been r epo r t ed .  These r e s u l t s  cannot  
a s  y e t  be  app l i ed  t o  c o a l  g a s i f i c a t i o n  i n  t h e  p i l o t  p l a n t ,  bu t  t hey  d o  
i n d i c a t e  t h a t  h igher  commercial-plant de s ign  tempera tures  could change 
t r e a t a b i l i t y  requi rements ;  a  s h i f t  from phenol recovery  t o  b i o l o g i c a l ,  o r  
t o  o t h e r  forms of chemical t r ea tmen t ,  could become c o s t  e f f e c t i v e  because 
o f  t h e  presence  of fewer r e f r a c t o r y  o r g a n i c s  i n  t h e  wastewater .  

B. 3 PLANT WATER BALANCE 

I n  both t h e  p i l o t - p l a n t  and t h e  commercial de s ign ,  water  is r e q u i r e d  
t o  remove en t r a ined  char  and t o  quench t h e  raw gas  from t h e  g a s i f i e r .  fn 
t h e  p i l o t  p l a n t  i t  is  d ischarged  d i r e c t l y  and i s  n o t  t r e a t e d  f o r  r euse .  
Addi t iona l  make-up water  i s ' r e q u i r e d - t o  r e p l a c e  t h e  h ighe r  blowdown, which 
r e s u l t s  i n  d i l u t i o n  of t h e  o rgan ic s  t h a t  a r e  p re sen t  r e l a t i v e  t o  t hose  
expected i n  a  commercial p l a n t .  

Also, a s  shown below, steam u s e  i n  t h e  p i l o t  p l a n t  i s  h igher  than . 
t h a t  expected i n  t h e  commercial-plant de s ign .  The a d d i t i o n a l  steam requ i r ed  
i s u s e d  t o  'maintain f l u i d i z a t i o n  v e l o c i t i e s  and t o  reduce  t h e  r e l a t i v e  
q u a n t i t y  of oxygen i n  t h e  SOG t o  i n h i b i t  c l i n k e r i n g .  I n  t h e  commercial 
p l a n t ,  t h e  SOG would be  r e s i z e d  t o  ach i eve  t h e  d e s i r e d  v e l o c i t i e s  wi thout  
t h e  h igher  steam requi rements .  The f e a s i b i l i t y  of t h i s  p o s s i b i l i t y  has  been 
demonstrated dur ing  r e c e n t  r u n s  a t  lower g a s i f i e r  p r e s s u r e s ,  a s  i nd i ca t ed  
below. 

Steam/# Coal Feed Steam/# Carbon ( n e t )  

HY GAS 
Run 64 1.73 3.12 

Comer c  i a l  
Des lg11 1.13 1.94 

B. 4 RESULTS 

Based on t h e  process  review,  i t  i s  f e l t  t h a t  t h e  p i l o t - p l a n t  waste- 
water  should,  i n  gene ra l ,  be  comparable t o  u n t r e a t e d  commercial-plant waste- 
water .  That is, t h e  same gene ra l  t ypes  o f  compounds should be  p r e s e n t  i n  
both s t reams.  The review a l s o  i n d i c a t e s  t h a t  p i l o t - p l a n t  e f f l u e n t  water 
should be more d i l u t e  i n  was tes  r e q u i r i n g  t r ea tmen t  t han  would be  t h e  waste- 
water  from a  commercial p l a n t .  I f  t h e  LTR temperature  i s  increased  t o  t h e  
l e v e l  s p e c i f i e d  i n  t h e  commercial de s ign ,  t h e  q u a n t i t y  of  COD-producing 
o rgan ic s  w i l l  probably remain c o n s t a n t ,  w i t h i n  210%. There may, however, be  
a s h i f t  from s u b s t i t u t e d  a romat ics  t o  benzene, a s  a  r e s u l t  of d e a l k y l a t i o n  
and dehydroxylat ion.  This  e f f e c t  could be  s i g n i f i c a n t  and should be  
confirmed by l a b o r a t o r y  t e s t i n g .  F i n a l  conf i rmat ion  w i l l  n o t  occur u n t i l  a  
demonstrat ion p l a n t  i s  cons t ruc t ed .  
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