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FIXEJFFILM, FLUIDIZED-BED BIOREACTORS FOR BIOOXIDATION OF COAL 
CONVERSION WASTEWATERS: PROGRESS REPORT FOR THE PERIOD 

OCTOBER 1 ,  1984-SEPTEMBER 30, 1985 

T -  L. Donaldson, G .  W. Strandberg,  and R. M. Worden 

ABSTRACT 

The t e c h n i c a l  f e a s i b i l i t y  of b iooxida t ion  t rea tment  of 50% 
s t r e n g t h  a c t u a l  wastewater w a s  s u c c e s s f u l l y  demonstrated us ing  
a f lu id ized-bed  b io reac to r .  The w a s t e w a t e r  w a s  s t r i p p e d  t o  
remove ammonia and s u l f i d e s  p r i o r  t o  b io t rea tment .  Addi t iona l  
exper imenta l  and modeling work confirmed t h e  need t o  supply 
s u b s t a n t i a l  oxygen t o  main ta in  high r e a c t i o n  rates. The reac- 
t i o n  k i n e t i c s  w e r e  shown t o  depend on t h e  phys ica l  cha rac t e r -  
i s t ics  of t h e  b iof i lms .  Wnamic modeling and experimental  
s t u d i e s  have shown t h a t  classical  r e a c t i o n  and d i f f u s i o n  con- 
c e p t s  used i n  c a t a l y s i s  are adequate  t o  d e s c r i b e  t h e  dynamic 
behavior  of bench-scale h i o r e a c t o r s  when t h e  pH i s  cons tan t .  
O s c i l l a t i o n s  i n  t h e  r e a c t i o n  ra te  and phenol concen t r a t ion  
were seen  when t h e  pH w a s  not  con t ro l l ed .  A s t a t u s  summary 
of t h e  f luidized-bed b i o r e a c t o r  process  €o r  b ioox ida t ion  of 
o rgan ic s  i n  c o a l  g a s i f i c a t i o n  wastewaters is presented.  

1 INTRODUCTION 

Wastewaters generated i n  c o a l  g a s i f i c a t i o n  processes  con ta in  s i g n i f -  

i c a n t  q u a n t i t i e s  of monohydric and s u b s t i t u t e d  phenols ( c r e s o l s ,  e t c . ) ,  

tars and o i l s ,  ammonia and s u l f i d e s ,  cyanides  and th iocyan ides ,  and a 

wide v a r i e t y  of o t h e r  o rgan ic  chemicals i n  lesser q u a n t i t i e s .  The 

chemical oxygen demand (COD) can be -50,000 mg/L. There i s  cons ide rab le  

v a r i a t i o n  i n  t h e  d e t a i l e d  composition of t h e  wastewaters from d i f f e r e n t  

g a s i f i c a t i o n  technologies  and types  of coal .  Treatment requirements  and 

t h e  technologies  t o  be used i n  commercial-scale p l a n t s  w i l l  depend on the  

p a r t i c u l a r  coa l ,  t h e  conversion technology, and s i t e - s p e c i f i c  f a c t o r s  
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rel .ated t o  t h e  f a t e  of t h e  wastewater (e.g., r e u s e ,  discharge) . l  

f r e q u e n t l y  p o s t u l a t e d  t h a t  i n t e g r a t e d  t reatment  t r a i n s  w i l l  be requi red ,  

c o n s i s t i n g  of c l a r i f i c a t i o n ,  t a r  and o i l  s e p a r a t i o n ,  ammonia and sui-fide 

s t r i p p i n g ,  pH adjustment ,  s o l v e n t  e x t r a c t i o n  and recovery of phenols,  

b io t rea tment  of d i s s o l v e d  o r g a n i c s ,  and pol ishing.1 7 2  

t h e  o v e r a l l  t rea tment  t r a i n  w i l l  r e q u i r e  opt imal  sequencing and i n t e r -  

f ac i n g  of t h e  var ious  u n i  t opera t  ions.  

It i s  

Optimal design of 

A number o f  i n v e s t i g a t o r s  have shown t h a t  t h e  m a j o r i t y  of the d is -  

so lved  organics  are  amenable t o  d e s t r u c t i o n  by biooxidation.3-6 

s e v e r a l  yea r s ,  t h e  use  of f luidized-bed b i o r e a c t o r s  f o r  b iooxida t ion  of 

c o a l  g a s i f i c a t i o n  wastewaters has  been under development a t  Oak Ridge 

Nat ional  Laboratory (ORNL). Wastewater t reatment  technology u t i l i z i n g  

f luidized-bed b i o r e a c t o r s  f o r  b i o d e n i t r i f i c a t i o n  has been s u c c e s s f u l l y  

developed a t  w i t h  t h e  p r e s e n t  work on b io t rea tment  of c o a l  gasiEi-  

c a t i o n  wastewaters being a l o g i c a l  ex tens ion  o€ t h i s  program. 

For 

Fluidized-bed b i o r e a c t o r s  o f f e r  s e v e r a l  advantages r e l a t i v e  t o  con- 

v e n t i o n a l  suspended-growth processes  such as a c t i v a t e d  s ludge.  R e l a t i v e l y  

h igh  concent ra t ions  of c e l l s  can be r e t a i n e d  i n  t h e  b i o r e a c t o r  as immo- 

b i l i z e d  f i l m s  o n  t h e  support  p a r t i c l e s ,  which l e a d s  t o  high r e a c t i o n  

rates a t  low h y d r a u l i c  r e t e n t i o n  times. This is  somewhat analogous t o  

long s o l i d s  r e t e n t i o n  times i n  convent ional  suspended-growth systems. 

The columnar c o n f i g u r a t i o n s  of f luidized-bed b i o r e a c t o r s  promote opt imal  

h y d r a u l i c  behavior. I n  a d d i t i o n ,  t h e s e  b i o r e a c t o r s  t y p i c a l l y  e x h i b i t  

improved r e s i s t a n c e  t o  environmental  stress and improved process  s t a b i l i t y  

r e l a t i v e  t o  suspended-growth processes .  These f e a t u r e s  are d i r e c t l y  

r e l a t e d  t o  t h e  immobilized f i l m s  of microorganisms. The "washout" 
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phenomenon t h a t  p lagues  suspended-growth systems does no t  occur because 

t h e  microorganisms are immobilized. Biofilms tend t o  be more r e s i s t a n t  

t o  v a r i a t i o n s  i n  s u b s t r a t e  concen t r a t ions ,  t o x i c  chemicals,  heavy metals, 

etc. It is  be l i eved  t h a t  t h e  o u t e r  s u r f a c e s  of t h e  f i l m s  absorb  t h e  

€ n s u l t ,  t h u s  p r o t e c t i n g  t h e  i n n e r  r eg ions  of t h e  f i l m s ,  which can then  

qu ick ly  r e e s t a b l i s h  normal b i o a c t i v i t y  once the stress c o n d i t i o n  has  

passed. 

Recogni t ion  of t h e s e  p o t e n t i a l  advantages and r ecen t  process  development 

work have led t o  i nc reased  u t i l i z a t i o n  of f lu id ized-bed  b i o r e a c t o r s  f o r  

a v a r i e t y  of wastewater t rea tment  a p p l i c a t i o n s .  

h a s  e s t a b l i s h e d  t h e  t e c h n i c a l  f e a s i b i l i t y  f o r  use  of f lu id ized-bed  

b i o r e a c t o r s  and has sugges ted  that the c o s t s  may be s i g n i f i c a n t l y  less 

t h a n  f o r  a c t i v a t e d  s ludge  t r ea tmen t .  

Seve ra l  exper imenta l  s t u d i e s  have supported t h e s e  hypotheses.8,9 

Previous work a t  O R N L ~ ~  

T h i s  report covers  work performed i n  M 1985, which inc luded  

t r ea t ab i l i t y  of a c t u a l  c o a l  g a s i f i c a t i o n  wastewaters, dependence of 

r e a c t i o n  rate on d i s s o l v e d  oxygen, s i g n i f i c a n t  c h a r a c t e r i s t i c s  o f  t h e  

b i o f i l m s ,  and dynamic modeling of k i n e t i c  phenomena t h a t  govern b ioreac-  

t o r  performance. A f i n a l  s e c t i o n  is  devoted t o  a summary of t h e  tech- 

n i c a l  and economic f a c t o r s  t h a t  a f f e c t  t h e  c u r r e n t  s t a t u s  of t h e  

f lu id ized-bed  b i o r e a c t o r  process  f o r  t rea tment  of c o a l  g a s i f i c a t i o n  

wastewaters. 

2. TREATABILITY STUDIES 

2 1 FLUIDIZED-BED BIOREACTOR 

Ear l ie r  r e p o r t s  have desc r ibed  t h e  l abora to ry - sca l e ,  f lu id ized-bed  

b i o r e a c t o r  used f o r  t r e a t a b i l i t y  s t u d i e s  w i t h  actual  wastewaters.10-12 
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A s  seen  i n  t h e  schematic  r e p r e s e n t a t i o n  i n  Fig.  1, t h e  b i o r e a c t o r  has  an 

-5-cm ID and 150-cin he ight .  The mixed-culture microbia l  films are 

a t t a c h e d  t o  t h e  a n t h r a c i t e  c o a l  p a r t i c l e s .  A flow rate  of 0.4 t o  

1.0 L/min i s  s u f f i c i e n t  t o  f l u i d i z e  t h e  bed of b i o p a r t i c l e s  without  

undue car ryover  OE s o l i d s .  A n  ea r l i e r  r e p o r t  d e s c r i b e s  s t a r t u p  and 

o p e r a t i o n  procedures.12 

2.2 WASTEWATER CHARACTERISTICS 

Wastewater from t h e  fixed-bed g a s i E i e r  a t  t h e  Morgantown Energy 

Technology Center  (METC) v7as shipped t o  ORNL i n  210-L drums by common 

car r ie r -  The p a r t i c u l a r  wastewater t r e a t e d  i n  t h e s e  s t u d i e s  was obta ined  

from t h e  r e c i r c u l a t i n g  decanter  dur ing  air-blown g a s i f i c a t i o n  of a 

B l a c k s v i l l e  (bituminous) coa l ,  T e s t  Run No. 102, and s t o r e d  a t  4°C with  

no f u r t h e r  t rea tment .  P r i o r  t o  b io t rea tment ,  t h e  wastewater w a s  passed 

through a c a r t r i d g e  f i l t e r  t o  remove o i l  and w a s  s t r i p p e d  t o  remove 

ammonia and s u l f i d e s .  A d e s c r i p t i o n  of t h e  s t r i p p e r ,  cons t ruc ted  a t  

ORNL, h a s  been repor ted  earlier.1° 

C h a r a c t e r i s t i c s  of t h e  wastewater have been descr ibed  previously10 

and are  included i n  Table 1 f o r  convenience. After s t r i p p i n g  with n i t r o -  

gen, t h e  c o n c e n t r a t i o n  of ammonia w a s  reduced t o  <ZOO0 mg/L, and t h e  

c o n c e n t r a t i o n  of s u l f i d e s  w a s  reduced t o  <1 mg/L. These levels  are 

s a t i s f a c t o r y  f o r  h io t rea tment  with no apparent  i n h i b i t o r y  e f f e c t s -  

Supplementary minera l  sa l ts  and micronut r ien ts  were added t o  t h e  waste- 

water p r i o r  t o  i t s  i n t r o d u c t i o n  t o  t h e  b i o r e a c t o r .  

2 3 ANALYTICAL TECHN1QOE:S 

Samples of i n f l u e n t  and e f f l u e n t  wastewater were r o u t i n e l y  analyzed 

f o r  phenols u s i n g  t h e  4-aminoantipyreue (4-AAP) c o l o r i m e t r i c  assay  method. l 3  
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ORNL D W G  83-888R 

FIXED-FILM, FLUIDIZED-BED BIOREACTOR 

GAS 

FLUIDIZED BED 

30-60 MESH (5 
ANTHRACITE COAL 
PART I C L E S W IT H F I X E 0 

CULTURE 

INSIDE DIAMETER: 5 cm 

HEIGHT: 150 cm 

EFFLUENT 

WASTEWATER = I 
FEED 

ti 
F i g .  1. A fixed-film, fluidized-bed bioreactor. 
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Table  1. Composition of METC r e c i r c u l a t i n g  
d ecan ter w a s  t e w a  t e  ra 

Parameter Concentrat ion (mg/L) 

C OD 

T OC 

Ammonia 

Sul. f i d e s  

Phenol ics  

50,000 

6,500 

15,000 

200-400 

6,000 (4-AAP) 
8,000 (HPLC) 

aTaken from C. W. Strandherg,  R. PI. Worden, 
J. D. H e w i t t ,  and T. L. Donaldson, Fixed-Film, 
Fluidized-Bed Bioreac tors  f o r  Biooxidat ion of Coal 
Conversion Wastewaters: Progress  Report f o r  t h e  
Per iod  October 1, 1983-September 30, 1984, 
ORNL/TM-9395, Martin M a r i e t t a  Energy Systems, Inc . ,  
Oak Ridge Natl. Lab., March 1985. 

Under c e r t a i n  c o n d i t i o n s ,  t h i s  method approximates t h e  t o t a l  c o n c e n t r a t i o n  

of t h e  major wastewater phenol ics .  

been i d e n t i f i e d  by high-pressure l i q u i d  chromatography (IIPLC) . I4  

Phenol, - o-creso l ,  and m,e-cresol have 

However, 

d u r i n g  o p e r a t i o n  wi th  high-strength feed  and high r e c y c l e ,  s u b s t a n t i a l  

4-AAP-reacting components accumulated which d id  n o t  appear t o  be phenols.  

There€ore,  t h e  major phenol ics  were a l s o  q u a n t i t a t e d  by g a s  chromatography. 

A 2-mm-LB, 1.8in-long g l a s s  column packed w i t h  250 t o  175 (60-80 mesh) 

Tenax GC ( A l l t e c h  ASSOC., D e e r f i e l d ,  S l l . ) ,  operated i so thermal ly  a t  190°C, 

was used t o  s e p a r a t e  t h e  phenols. 

Ammonia and s u l f i d e  concent ra t ions  were es t imated  us ing  CHEMets  w a t e r  

anal-ysis  tes t  k i t s  (CHEMetrics, Inc. ,  Warrenton, Va.). The chemical 

oxygen demand was determined us ing  t h e  Hach procedure.15 

s o l i d s  (TSS)  and v o l a t i l e  suspended s o l i d s  (VSS) w e r e  measured according t o  

Standard Methods f o r  t h e  Examination of Water __I_.- and _I Wastewater.16 -.-I.. 

T o t a l  suspended 
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2.4 TREATMENT OF HIGH-STRENGTH WASTEWATER 

The p r i n c i p a l  o b j e c t i v e  w a s  t o  demonstrate  t h a t  r e l a t i v e l y  high- 

s t r e n g t h  wastewater could be t r e a t e d  d i r e c t l y  wi th  mfnirnal d i l u t i o n  t o  

s i m u l a t e  t h e  front-end p o r t i o n  of a la rge-sca le  process.  It h a s  a l r e a d y  

been e s t a b l i s h e d  t h a t  t h e  f luidized-bed b i o r e a c t o r  works w e l l  wi th  d i l u t e  

wastewaters and can produce e f f l u e n t  w a t e r  wi th  (1 mg/L of phenols.10-12 

The b i o r e a c t o r  w a s  opera ted  with s u b s t a n t i a l  r e c y c l e  o f  e f f l u e n t  

water i n  o r d e r  t o  main ta in  t h e  f l u i d i z e d  c o n d i t i o n  i n  t h e  bed. This  

procedure a l lows  g r e a t  conserva t ion  of a c t u a l  wastewater € o r  l a b o r a t o r y  

experiments;  t o  o p e r a t e  on a once-through b a s i s  wi th  h igh-s t rength  

wastewater would r e q u i r e  a n  i n o r d i n a t e  q u a n t i t y  of wastewater feed. 

S t r i p p e d  wastewater, supplemented wi th  mineral  s a l t s  , I 2  and process  water 

d i l u e n t  were blended i n - l i n e  and f e d  t o  t h e  b i o r e a c t o r .  Actual  feed 

rates of blended waters were t y p i c a l l y  10 t o  50 mL/min, compared with t h e  

-740 mL/min used t o  f l u i d i z e  t h e  bed. 

To acclimate t h e  c i i l t u re ,  i n i t i a l l y  only ( 5 %  wastewater ( a f t e r  blend- 

i n g )  w a s  used, g r a d u a l l y  i n c r e a s i n g  t h e  concent ra t ion  over  a per iod  of 

several  weeks. Once a c o n c e n t r a t i o n  of 50% wastewater w a s  reached, wi th  

e q u a l  f low rates  of wastewater and process  water d i l u e n t ,  t h e  f l o w  rates 

o f  b o t h  were i n c r e a s e d  i n  o r d e r  t o  decrease  t h e  r e c y c l e  r a t i o  and i n c r e a s e  

t h e  c o n c e n t r a t i o n s  of o r g a n i c s  i n  the b i o r e a c t o r .  

The b i o r e a c t o r  w a s  s u c c e s s f u l l y  opera ted  f o r  -1 week wi th  t h e  pheno- 

l i c s  c o n c e n t r a t i o n  i n  t h e  500 t o  900 mg/L range and 50% s t r e n g t h  actual 

wastewater. Although no problems were encountered under t h e s e  c o n d i t i o n s ,  

t h e  o p e r a t i o n  t i m e  w a s  l i m i t e d  by OUT supply of w a s t e w a t e r .  The r e s u l t s  

of t h i s  run are  presented  i n  Table  2. 



Table  2.  Performance  of b i o r e a c t o r  a t  h i g h  p h e n o l i c s  c o n c e n t r a t i o n a  

Phe no l i c s  COD Organic  carbon O r g a n i c  

D a t e  s t r e n g t h  P h e n o l i c s 3  r a t ec  removal  COD r a t e 0  removal  c a r b o n  r a t e C  removal  
Feed d e g r a d a t i o n  Phe no 1 i cs d e g r a d a t i o n  COD O r g a n i c  d e g r a d a t i o n  c a r b o n  

( % I  (ma/L> f m g / ( L  hed-min)  1 (X I  (mg/L) Img/(L b e d o m i n ) ]  ( % I  (mg/L) [mg/(L bed 'min)]  ( X )  

1 1 / 3 0  57 498 11 7 8  3792 27 54 1 no0 Y 57 

1211 N D d  370 rjnd NDd 4519 Ni7d rrnd 104i i  N D ~  NDd 

1213 45 8 38 8 5 8  5713  1 17 2 1  1360 5 31 

1214 5 1  955 8 57 5646 1 4  29 1420  6 3 5  03 

1215 49 7 29 8 6 6  5 192 1 5  32 1330 6 36  

1216 a m  47 8 08 7 60 5257 1 2  29 1290 5 3 6  

pm 47 748 7 6 3  5 133 12 30 1300 5 35  

a g e d  volume, 1.23 L; f e e d  f l o w  r a t e ,  0.037 t o  0.008 L/min; l i q u i d  r e c y c l e ,  9.74 L/min; t e m p e r a t u r e ,  27 t o  2 R ° C ;  0 2  f l o w  

6 4najyzed  by gas  chromatography.  

C D e g r a d a t i o n  rates o b t a i n e d  from o v e r a l l  material  h a l a n c e  on b i o r e a c t o r  sys tem;  t h e  change i n  c o n c e n t r a t i o n  a c r o s s  t h e  

d N D  = n o t  de te rmined .  

r a t e ,  -100 c m j j m i n .  

bed i4 small r e l a t i v e  t o  t h e  c o n c e n t r a t i o n  and c a n n o t  be d i r e c t l y  d e t e r m i n e d  a c c u r a t e l y .  



The degrada t ion  rates of t h e  phenol ics  w e r e  s imi l a r  t o  those  obta ined  

p rev ious ly  a t  much lower ((100 m g / L )  concen t r a t ions  of phenol ics  us ing  

d i l u t e  w a s t e w a t e r  and lower feed  rates. However, t h e  COD degrada t ion  

rates and t o t a l  COD removal were s u b s t a n t i a l l y  less than what w a s  observed 

a t  t h e  lower phenol ics  concent ra t ions .  The reason for t h i s  phenomenon has  

no t  been determined. 

Using a smaller, bench-scale b i o r e a c t o r ,  shown schemat i ca l ly  i n  

Fig. 2 ,  t h e  t r e a t a b i l i t y  of a c t u a l  wastewaters w a s  a l s o  s t u d i e d  b r i e f l y  i n  

conjunct ion  wi th  work t o  determine t h e  k i n e t i c  dependence of r e a c t i o n  rate 

on t h e  c o n c e n t r a t i o n  of d i s so lved  oxygen- The small, f luidized-bed 

b i o r e a c t o r  (-100 mL) w a s  connected i n  series wi th  a w e l l - s t i r r e d  r e s e r v o i r  

(-300 mL) i n  which t h e  oxygen was sparged i n t o  t h e  l i q u i d .  In  t h i s  manner, 

t h e  concen t r a t ion  of d i s so lved  oxygen could be c o n t r o l l e d  by a d j u s t i n g  t h e  

gas  flow rate  and/or  t h e  gas  composition. Wastewater w a s  c i r c u l a t e d  

through t h e  b i o r e a c t o r  and r e tu rned  t o  t h e  r e s e r v o i r  a t  a f l o w  r a t e  suf-  

f i c i e n t  t o  f l u i d i z e  t h e  bed, -150 t o  200 mL/min. Blended wastewater feed 

w a s  supp l i ed  t o  t h i s  r e c y c l e  system a t  a slow rate ,  1 t o  10 mL/min, and 

e f f l u e n t  w a s  removed a t  an equa l  rate. In p r i n c i p l e ,  t h e  consumption 

of oxygen i n  t h i s  small f l u i d i z e d  bed w a s  s m a l l ,  so t h a t  t h e  concen t r a t ion  

changed very l i t t l e  a c r o s s  t h e  bed, and r e a c t i o n  cond i t ions  were reason- 

ab ly  uniform a t  t h e  d i s so lved  oxygen concen t r a t ion  maintained i n  t h e  

r e s e r v o i r .  In p r a c t i c e ,  however, i t  w a s  found t h a t  under some cond i t ions ,  

t h e r e  w a s  s u b s t a n t i a l  consumption of oxygen i n  t h e  bed. It w a s  a l s o  

s e e n  t h a t  degrada t ion  of phenols occurred  in a r e a s  such as t h e  r e s e r v o i r  

and connect ing tub ing  due t o  t h e  a c t i o n  by microorganisms i n  suspension 

and ex t raneous  f i l m s .  Correc t ions  were made f o r  t h e s e  phenomena, as 

d i scussed  i n  t h e  fo l lowing  s e c t i o n .  
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RECYCLE 
7 

- FRESH FEED 

- TEMPERATURE 
CONTROL 

pH CONTROL r r O X Y G E N  

EFFLUENT 

STIRRED TANK 

Fig.  2. 
mixed r e s e r v o i r .  

A bench-scale b i o r e a c t o r  system w i t h  f l u i d i z e d  bed and 
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Experiments were conducted wi th  2,  5 ,  and 13% s t r e n g t h  wastewater. 

S e v e r a l  days of a d a p t a t i o n  were r equ i r ed  f o r  t h e  mic rob ia l  c u l t u r e  each 

t i m e  t h e  wastewater s t r e n g t h  w a s  i nc reased .  I n  each  case, a s t eady  s t a t e  

w a s  e s t a b l i s h e d  a t  a p a r t i c u l a r  concen t r a t ion  of d i s s o l v e d  oxygen, and t h e  

performance of t h e  b i o r e a c t o r  system w a s  c a l c u l a t e d  from t h e  i n l e t  and 

o u t l e t  c o n c e n t r a t i o n s  of phenols and t h e  flow rate. The oxygen con- 

c e n t r a t i o n  w a s  then  changed, a new s t eady  s t a t e  w a s  ob ta ined  a f t e r  -2 h,  

and t h e  procedure was repea ted .  The c o n t r i b u t i o n  of t h e  microorganisms 

i n  suspens ion  t o  the r e a c t i o n  ra te  w a s  eva lua ted  p e r i o d i c a l l y  by bypassing 

the f l u i d i z e d  bed, d i s c o n t i n u i n g  t h e  f r e s h  feed  f o r  a few minutes,  and 

moni tor ing  t h e  dec rease  i n  phenol ics  w i th  t i m e  i n  a ba tch  mode. 

It was found t h a t  t h e  c o n t r i b u t i o n  of t h e  microorganisms i n  suspen- 

s i o n  w a s  t y p i c a l l y  h a l f  of t h e  t o t a l  r e a c t i o n  rate. When t h i s  c o r r e c t i o n  

was made, t h e  deg rada t ion  rate i n  t h e  f l u i d i z e d  bed was t y p i c a l l y  

20 mg/(L bedemin) a t  t h e  h ighe r  oxygen concen t r a t ions .  (The e f f e c t  of 

oxygen c o n c e n t r a t i o n  i s  d i scussed  later.)  These deg rada t ion  rates are a 

f a c t o r  of 2 g r e a t e r  than  t h e  rates u s u a l l y  observed i n  t h e  labora tory-  

scale b i o r e a c t o r  i n  which t h e  oxygen is sparged i n t o  t h e  bottom of t h e  

column. The improved performance i s  no doubt l a r g e l y  due t o  t h e  a b i l i t y  

t o  ma in ta in  h i g h e r  oxygen concen t r a t ions  i n  t h e  smaller b i o r e a c t o r  and 

s u g g e s t s  p o t e n t i a l  f o r  b e t t e r  performance of l a r g e r  b i o r e a c t o r s  a t  h ighe r  

oxygen concen t r a t ions .  

These r e s u l t s ,  showing t h a t  t h e  deg rada t ion  ra te  f o r  phenols i s  

g r e a t e r  i n  small b i o r e a c t o r s  w i th  good oxygen t r a n s f e r  t han  i n  l a r g e r  

b i o r e a c t o r s ,  have a l s o  been observed p rev lous ly  wi th  s y n t h e t i c  w a s t e -  

waters. In  s e v e r a l  c a s e s ,  t h e  deg rada t ion  rates have been as high as 
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100 mg/(L bed-min) under c o n t r o l l e d  condi t ions  and ( a p p a r e n t l y )  f a v o r a b l e  

b i o f i l m  c o n d i t i o n s  (d iscussed  la ter) .  

3. REACTION KINETICS:  DEPENDENCE ON DISSOLVED OXYGEN 

Considerable  evidence has  accumulated t o  suggest  t h a t  t h e  performance 

of  t h e  f luidized-bed b i o r e a c t o r  i s  s t r o n g l y  dependent on t h e  c o n c e n t r a t i o n  

o f  d i s s o l v e d  oxygen i n  t h e  f l u i d i z e d  bed. This i s  q u i t e  reasonable ,  s i n c e  

t h e  s o l u b i l i t y  of oxygen is  r e l a t i v e l y  l o w  compared wi th  t h e  concent ra t ion  

o f  o r g a n i c s ,  and, t h u s ,  t h e  d r i v i n g  f o r c e  f o r  d i f f u s i o n  of oxygen from t h e  

bulk l i q u i d  phase t o  t h e  b i o f i l m  s u r f a c e  and through t h e  b i o f i l m  i s  a l so  

r e l a t i v e l y  low. The dependence of t h e  o v e r a l l  r e a c t i o n  k i n e t i c s  on d is -  

so lved  oxygen w i l l  be a combination of mass t r a n s f e r  from t h e  bulk l i q u i d  

t o  t h e  b i o f i l m  and t h e  i n t r i n s i c  r e a c t i o n  k i n e t i c s .  Experimental  arid 

modeling s t u d i e s  have been conducted t o  address  t h e s e  phenomena. 

3.1 EXPERIMENTAL STUDIES 

Both s y n t h e t i c  and a c t u a l  wastewaters have been used i n  s m a l l ,  bench- 

scale,  f luidized-bed b i o r e a c t o r s  s i m i l a r  t o  t h e  prev ious ly  descr ibed  

system ( s e e  Fig. 2 )  t o  determine t h e  dependence of t h e  phenol degrada t ion  

r a t e  on t h e  concent ra t ion  of d i s s o l v e d  oxygen. 

A s y n t h e t i c  wastewater conta in ing  100 mg/L of monohydric phenol w a s  

used t o  determine t h e  r e a c t i o n  ra te  over  a range of oxygen concent ra t ions  

from 15 t o  84% of s a t u r a t i o n  ("7 t o  34 mg/L).  With this syn the t i - c  

wastewater,  t h e  degrada t ion  rate w a s  a f u n c t i o n  of t h e  d isso lved  oxygen 

c o n c e n t r a t i o n ,  as seen  i n  Table 3. These d a t a  were obta ined  i n  a per iod 

of  -1 d w i t h  one bed of b i o p a r t i c l e s .  Changes i n  t h e  b i o p a r t i c l e  proper- 

t i e s  over  t h i s  per iod  are  be l ieved  t o  be minimal, and t h e  changes i n  
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Table  3. E f f e c t  of oxygen concen t r a t ion  on 
phenol  degrada t ion  rate (-7% biomass; 3 0 ° C )  

Oxygen s a t u r a t i o n  Degradation ra te  
(23 [mg/(L b e d w i n )  I 

8 4  28 

6 4  26 

4 8  24 

2 5  19 

15 15 

degrada t ion  ra te  are be l ieved  t o  be d i r e c t l y  r e l a t e d  t o  the  oxygen con- 

c e n t r a t i o n .  The change i n  oxygen concen t r a t ion  a c r o s s  the  bed w a s  -5 mg/L 

i n  t h e s e  experiments.  E f f e c t s  of suspended microorganisms and ex t raneous  

f i lms  w e r e  n e g l i g i b l e  because of e x t r a  precaut ions  ( s e e  Sect. 5.1). 

Experiments conducted a t  o t h e r  times wi th  o t h e r  b i o p a r t i c l e s  gave d i f -  

f e r e n t  numerical  r e s u l t s  but  exh ib i t ed  t h e  same t r end  with respect t o  

oxygen concent ra t ion .  In  a d d i t i o n ,  s e v e r a l  d i f f e r e n t  b io f i lm  cond i t ions  

w e r e  i n v e s t i g a t e d  and w i l l  be d iscussed  later.  

Experiments were a l s o  performed with a c t u a l  wastewater from t h e  METC 

i n  t h i s  small, bench-scale b i o r e a c t o r  as descr ibed  i n  S e c t .  2 . 4 .  Waste- 

water a t  2 ,  5,  and 13% s t r e n g t h  was used over a range of oxygen concentra- 

t i o n s .  The dependence of t h e  o v e r a l l  r e a c t i o n  r a t e  ( f l u i d i z e d  bed p lus  

suspended microorganisms and extraneous f i l m s )  on t h e  oxygen concen t r a t ion  

i s  shown i n  Fig. 3. Above 10 mg/L o f  d i s so lved  oxygen, t h e  degrada t ion  

r a t e  is  e f f e c t i v e l y  independent of oxygen concen t r a t ion ,  whereas below 

10 mg/L, t h e  ra te  i s  a s t r o n g  func t ion  of oxygen Concentrat ion.  
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Fig. 3. Dependence of global degradation rate on concentration of 
dissolved oxygen for 2% strength actual wastewater in two  experiments 
with a bench-scale bioreactor ( see  Fig. 2). 
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The oxygen concen t r a t ion  shown on t h e  a b s c i s s a  i s  t h e  va lue  measured 

i n  t h e  w e l l - s t i r r e d  r e s e r v o i r  and, t h u s ,  the  va lue  a t  t h e  i n l e t  t o  t h e  

f l u i d i z e d  bed. The concen t r a t ion  of oxygen i n  t h e  e f f l u e n t  from t h e  bed 

w a s  s u b s t a n t i a l l y  lower and approached zero, i n  some cases. This  con- 

d i t i o n  makes i t  d i f f i c u l t  t o  eva lua te  t h e  l o c a l  i n s t an taneous  oxygen con- 

c e n t r a t i o n  t h a t  must be maintained t o  avoid a decrease  i n  t h e  r e a c t i o n  

rate. This va lue  i s  s u r e l y  less than  t h e  10 mg/L seen i n  Fig. 3 but  

g r e a t e r  t han  zero,  Fu r the r  work remains t o  be done wi th  smaller bed 

volumes t o  reduce t h e  oxygen consumption and main ta in  more uniform con- 

d i t i o n s  i n  t h e  bed. 

It was noted  earlier t h a t  t h e  degrada t ion  rate i n  t h e  Eluidized bed 

i s  approximately h a l f  of t h e  o v e r a l l  observed degrada t ion  r a t e ,  wi th  t h e  

o t h e r  h a l f  of t h e  degrada t ion  due t o  suspended microorganisms and o t h e r  

f i l m s ,  Thus, f o r  t h e  d a t a  shown i n  Fig.  3 ,  t h e  maximum degrada t ion  ra te  

i n  t h e  bed i s  -20 mg/(L bed*min), 

g e n e r a l l y  obta ined  in t h e  l a r g e r  b i o r e a c t o r ,  sugges t ing  p o t e n t i a l  f o r  

improved performance wi th  b e t t e r  a v a i l a b i l i t y  05 oxygen. 

This  ra te  is  g r e a t e r  t han  the rates 

3.2 m D E L I N G  STUDIES 

The d i s so lved  oxygen i n  t h e  l i q u i d  phase must d i f f u s e  t o  the  b i o f i l m  

s u r f a c e  (and i n t o  t h e  b io f i lm)  i n  o r d e r  t o  p a r t i c i p a t e  i n  t h e  b ioox ida t ion  

of t h e  organics .  The o rgan ic s  must do l i kewise ;  however, s i n c e  the  solu- 

b i l i t y  of oxygen l i m i t s  t h e  concen t r a t ion  t o  va lues  s i g n i f i c a n t l y  less 

t h a n  t h e  concen t r a t ion  of o rgan ic s ,  i t  i s  reasonable  t o  hypothes ize  t h a t  

t h e  r a t e - l i m i t i n g  step is  d i f f u s i o n  of oxygen. Mass t r a n s f e r  coef- 

f i c i e n t s  f o r  d i f f u s i o n  of s o l u t e s  from t h e  bulk phase t o  t h e  s u r f a c e  of 

s p h e r i c a l  p a r t i c l e s  may be es t imated  from t h e  fo l lowing  c o r r e l a t i o n :  l7 
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Sh = 2.0 .f 0.31 ( G r ) 0 * 3 3  . (1) 

I n  t h i s  equat ion ,  Sh i s  t h e  Sherwood number (which c o n t a i n s  t h e  mass 

t r a n s f e r  c o e f f i c i e n t ,  k~), Sc i s  t h e  Schmidt number, and Cr i s  t h e  

Grashof nimber. Terminal s e t t l i n g  v e l o c i t i e s  were measured experinen- 

t a l l y  as 3 f u n c t i o n  of b t o p a r t i c l e  s i z e ;  t h e  te rmina l  s e t t l i n g  v e l o c i t y  

i s  a reasonable  approximation t o  t h e  r e l a t i v e  v e l o c i t y  of t h e  p a r t i c l e  

and l i q u i d  i n  t h e  f l u i d i z e d  bed. D i f f u s i v i t i e s  were es t imated  us ing  t h e  

Wi Ike-Chang c o r r e l a t i o n .  For condi t ions  t y p i c a l  of t h o s e  i n  t h c  

f l u i d i z e d  bed, t h e  computed mass t r a n s f e r  c o e f f i c i e n t s  (kL) are shown i n  

Table  4 .  

a Table 4 .  Calculated i n t e r p h a s e  m a s s  t r a n s f e r  c o e f f i c i e n t s  

Co n d i  t i  on Solu te  kL(min- I)  

Thick b iof  i l m s  
0.2-crn p a r t i c l e  d iam,  
-15% biomass ( d r y  wt) 

Pheno 1 
Oxygen 

2.8 
5.0 

Thin b i o f i h s  Phenol 2 2  
0.07-cm p a r t i c l e  diam, Oxygen 38 
<1% biomass ( d r y  w t >  

-.-. -__- 
a300C; kL based on volume of s e t t l e d  bed of p a r t i c l e s .  

Apparent r e a c t i o n  rates can now be es t imated  f o r  t h e  l i m i t i n g  con- 

d i t i o n  of r a p i d  i n t r i n s i c  r e a c t i o n  such t h a t  t h e  concent ra t ions  of phenol 

and oxygen a t  the b i o f i l m  are maintained a t  zero. Thus, m a s s  t r a n s f e r  i s  

t h e  s o l e  r a t e - l i m i t i n g  s t e p .  The r e s u l t s  are shown i n  Table 5 f o r  t h e  

assumption t h a t  oxygen i s  t h e  r a t e - l i m i t i n g  s p e c i e s  due t o  i t s  much 

smaller concent ra t ion  d r i v i n g  f o r c e  ( 4 0  iug/L vs 100 mg/L>. TWO d i f f e r e n t  



17 

Tab le  5. Maximum phenol degrada t ion  rates' 

Phenol degrada t ion  
Oxygen rate [mg/ (L bed omin) ] 

s at ur a t ion  
( % I  Thick b io f i lms  Thin biof i l m s  

100 

50 

2 5  

10 

153 

77 

38 

15 

1170 

585 

292 

117 

a Assuming i n t e r p h a s e  t r a n s f e r  of oxygen 

b S e e  Table 4. 
( l i qu id - to -b io f i lm)  t o  be t h e  s o l e  r e s i s t a n c e .  

b i o f i l m  cond i t ions  a r e  considered and w i l l  be d iscussed  more completely 

later. It can be seen  t h a t  f o r  t h i c k  f i l m s  ( s e e  Table 4 ) ,  t h e  p red ic t ed  

rates are  comparable t o  experimental  obse rva t ions  (e.g. ,  Table 3 ) .  For 

t h i n  f i l m s ,  t h e  p red ic t ed  rates exceed experimental  obse rva t ions  con- 

s i d e r a b l y ;  very  l i k e l y ,  o t h e r  phenomena are r a t e - l i m i t i n g  under t h e s e  

c o n d i t i o n s ,  such as t h e  i n t r i n s l c  r e a c t i o n  k i n e t i c s .  However, t hese  

modeling r e s u l t s  do suppor t  t h e  hypothes is  t h a t  mass t r a n s f e r  of oxygen 

(and perhaps phenol) from the  bulk l i q u i d  phase t o  t h e  h io f i lm  is  a 

s i g n i f i c a n t  r a t e - l i m i t i n g  s t e p .  

4 .  CHARACTERIZATION OF BIOFILMS 

The microorganisms immobilized in t h e  form o f  biofi l rns  on the  s u r f a c e  

of t h e  a n t h r a c i t e  c o a l  p a r t i c l e s  (30-60 mesh) a r e  ca ta lys t s  f o r  t h e  

b ioox ida t ion  of d i s so lved  organics .  Unlike ino rgan ic  c a t a l y s t s ,  t h e s e  

b i o c a t a l y s t s  are dynamic; they a r e  c o n t i n u a l l y  growing, decaying,  and 

undergoing o t h e r  changes. More than  one species of microorganism is 
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p r e s e n t ,  and a v a r i e t y  of i n t e r s p e c i e s  r e l a t i o n s h i p s  act t o  main ta in  t h e  

o v e r a l l  i n t e g r i t y  of t h e  h iof i lms .  

m i c r o b i a l  s p e c i e s  are similar t o  those  found i n  suspended growth systems 

( a c t i v a t e d  s ludge)  used t o  t r e a t  similar wastewaters. 

Ear l ier  s t u d i e s l l  have shown t h a t  t h e  

I n  l i g h t  of t h e s e  c h a r a c t e r i s t i c s ,  i t  i s  not s u r p r i s i n g  t h a t  t h e  

observed a c t i v i t y  of t h e  b i o c a t a l y s t  p a r t i c l e s  v a r i e s  w i t h  t i m e  i n  response 

t o  complex c o n d i t i o n s  and i n t e r a c t i o n s  t h a t  are poorly understood and o f t e n  

unrecognized. Much more research  i s  needed i n  t h i s  g e n e r a l  area t o  t a k e  

maximal advantage of t h e  c a p a b i l i t i e s  of b iof i lms .  W e  have made s e v e r a l  

o b s e r v a t i o n s  t h a t  have improved our understanding of t h e  a c t i v i t y  of 

b iof i lms  i n  fluidized-bed b i o r e a c t o r s .  

4.1 BIOFILM THICKNESS 

Experiments were performed with a s y n t h e t i c  wastewater conta in ing  

100 mg/L of monohydric phenol, us ing  t h e  bench-scale h i o r e a c t o r  descr ibed  

e a r l i e r  ( F i g .  2 ) .  The b i o c a t a l y s t  p a r t i c l e s  were obtained from a somrwhat 

l a r g e r  f luidized-bed b i o r e a c t o r  maintained on s y n t h e t i c  wastewater f o r  

t h e  express  purpose of providing an a c t i v e  bed of b i o c a t a l y s t  p a r t i c l e s  

f o r  such use. Degradation a c t i v i t y  w a s  measured i n  t h e  s m a l l ,  w e l l -  

c o n t r o l l e d  b i o r e a c t o r  a s  a f u n c t i o n  of t h e  q u a n t i t y  of b i o f i l m  on t h e  

c o a l  p a r t i c l e s .  In a g e n e r a l  s ense ,  t h e  e x t e n t  of b i o f i l m  loading  on t h e  

c o a l  could be c o n t r o l l e d  by t h e  opera t ing  condi t ions  i n  t h e  source 

b i o r e a c t o r .  "lie b i o f i l m  loading was determined by measuring t h e  dry  

weight of a sample of bed material both before  and a f t e r  removing t h e  

biomass w i t h  NaOH. This  procedure allowed de termina t ion  of t h e  mass den- 

s i t y  of t h e  b i o f i l m  as w e l l  a s  t h e  q u a n t i t y  of b i o f i l m  per  c o a l  p a r t i c l e .  
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Table  6 i l l u s t r a t e s  t h e  a c t i v i t y  of t h e  f l u i d i z e d  bed as a func t ion  

of t h e  b i o f i l m  loading.  Thin f i l m s  produce a more a c t i v e  bed than do 

t h i c k  f i lms .  

t i v e n e s s  f a c t o r  argument, analogous t o  t h e  a c t i v i t y  of porous ino rgan ic  

c a t a l y s t  p a r t i c l e s .  The b i o f i l m  can he considered t o  be "porous" i n  t h e  

sense  t h a t  r e a c t a n t s  can p e n e t r a t e  i n t o  t h e  i n t e r i o r  and undergo reac- 

t i on .  As t h e  b iof i lms  become t h i c k e r ,  d i f f u s i o n  l i m i t s  t he  c o n t r i b u t i o n  

of  t h e  i n n e r  r eg ions  of t h e  f i l m s ,  while t h e  o v e r a l l  p a r t i c l e  dimensions 

inc rease .  The a c t i v e  b io f i lm  i n c r e a s e s  approximately wi th  the  square  of 

t h e  p a r t i c l e  r a d i u s  ( f .e . ,  i nc reased  s u r f a c e  a r e a ) ,  whereas t h e  bed 

This  can be expla ined  by a r e l a t i v e l y  s t r a igh t fo rward  e f f e c -  

volume i n c r e a s e s  wi th  the  cube of t h e  rad ius .  As seen i n  Table 6 ,  t h e  

o v e r a l l  r e s u l t  is  a dec rease  i n  t h e  volumetr ic  r e a c t i o n  rate. 

Table  6.  E f f e c t  of biomass concen t r a t ion  on maximum 
phenol  degrada t ion  ra te  (-85% oxygen s a t u r a t i o n ;  3 O O C )  

Biomass concen t r a t ion  
( X  dry  w t )  

Degradation rate 
[mg/(L bed w i n )  J 

1 5  25 

7 35 

1 100 

This  behavior  has  been desc r ibed  previous ly  i n  modeling work.1° 

The b i o f i l m  th i ckness  f o r  maximum bed a c t i v i t y  w a s  es t imated  t o  be 5 t o  

10 x lom4 cm. The 1% b i o f i l m  cond i t ion  i n  Table 6 t r a n s l a t e s  t o  a f i l m  

th i ckness  of 20-40 x cm, which i s  i n  t h e  same range as predic ted .  

Note t h a t  t h e  bed a c t i v i t y  wi th  1% biomass w a s  as high as 

100 mg/(L bedomin). This r e s u l t  s e rves  t o  i l l u s t r a t e  t h a t  improved 
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performance may w e l l  be p o s s i b l e  i f  e f f e c t i v e  means can be found t o  

c o n t r o l  and main ta in  t h e  b i o f i l m s  i n  t h e  d e s i r e d  form. However, i t  should 

be remembered t h a t  t h e  r e s u l t s  i n  Table 6 were obtained wi th  d i l u t e  

s y n t h e t i c  wastewater. 

4.2 DENSITY OF BIOFILMS 

An i n t e r e s t i n g  observa t ion  w a s  made dur ing  a t tempts  t o  c o r r e l a t e  t h e  

a c t i v i t y  of t h e  b i o p a r t i c l e s  with t h e  b iof i lm loading.  The dry  weight of 

t h e  biof-llmq was found t o  c o r r e l a t e  w e l l  wi th  t h e  degrada t ion  r a t e  i n  t h e  
D 

bed. As shown i n  Fig.  4 ,  a d i r e c t  r e l a t i o n s h i p  e x i s t s  between t h e  con- 

c e n t r a t i o n  of biomass i n  t h e  f i l m  and t h e  amount of a c t i v i t y .  This  obser- 

v a t i o n  s u p p o r t s  t h e  i n t u i t i v e  concept t h a t  t h e  b i o f i l m  i s  heterogeneous,  

w i t h  a c t i v e  and i n a c t i v e  por t ions .  The i n a c t i v e  p o r t i o n s  may inc lude  t h e  

e x t r a c e l l u l a r  polysaccharides  t h a t  hold t h e  b i o f i l m  toge ther .  The i n t e r -  

c e p t  i n  Fig. 4 ,  showing no a c t i v i t y  f o r  a concent ra t ion  of (0.007 g/cm3, 

i s  a l s o  c o n s i s t e n t  w i t h  t h i s  i n t e r p r e t a t i o n .  

These r e s u l t s  suggest  an oppor tuni ty  t o  improve t h e  performance of 

t h e  b i o c a t a l y s t  p a r t i c l e s  by maintaining dense f i lms .  A t  t h e  present  

t i m e ,  t h e  methodology f o r  accomplishing t h i s  has not been e s t a b l i s h e d .  

The f i l m  d e n s i t y  does appear t o  depend on t h e  l o c a l  environmental  con- 

d i t i o n s  - t h a t  i s ,  t h e  o p e r a t i n g  condi t ions  i n  t h e  b i o r e a c t o r .  Changes 

i n  f i l i u  d e n s i t y  appeared t o  c o r r e l a t e  wi th  changes i n  feed ba tches  as w e l l  

a s  a n  apparent  t i m e  t r a j e c t o r y  t h a t  could no t  be i d e n t i f i e d  with anything 

i n  p a r t i c u l a r .  More s tudy i s  needed t o  l e a r n  how t o  t ake  advantage of 

t h e s e  phenomena. 
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5. DYNAMIC BEHAVIOR OF BIOFILMS 

T t  i s  important  t o  cons ider  how biof i lms  behave under t rans-?n t ,  

uns teady-s ta te  condi t ions .  In  a l a r g e ,  commercial-scale b i o 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  are  r a r e l y  t r u l y  cons tan t  f o r  a s i g n i f i c a n t  per iod  

o f  t i m e ;  r a t h e r ,  c o n d i t i o n s  o s c i l l a t e  around some average s t a t e .  The 

behavior  o f  t h e  b iof i lms  and t h e  r e a c t i o n  k i n e t i c s  under t h e s e  c o n s t a n t l y  

changing c o n d i t i o n s  are important  t o  process  c o n t r o l  s t r a t e g i e s  t o  main- 

t a i n  a s t a b l e  process .  

5.1 EXPERIMENTAL STUDIES 

S e v e r a l  dynamic experiments w e r e  performed wi th  s y n t h e t i c  wastewater,  

u s i n g  t h e  s m a l l  f l u i d i z e d  bed and mixed r e s e r v o i r  i l l u s t r a t e d  i n  Fig. 2. 

An i n i t i a l  s teady  s t a t e  w a s  e s t a b l i s h e d ,  a p u l s e  of phenol w a s  added, and 

t h e  phenol concent ra t ion  w a s  monitored cont inuously t h e r e a f t e r  by uv 

absorbance i.n a flow-through cell .  

For t h e s e  experiments ,  a uv s t e r i l i z e r  w a s  placed i n  l i n e  between t h e  

r e s e r v o i r  and t h e  f l u i d i z e d  bed. The purpose of t h e  s t e r i l i z e r  w a s  t o  

prevent  growth of microorganisms i n  t h e  bulk l i q u i d  phase and subsequent 

phenol degradat ion.  It w a s  shown experimental ly  t h a t  t h e  s t e r i l i z e r  was 

h i g h l y  e f f e c t i v e  i n  prevent ing  growth of free ce l l s .  

To o b t a i n  t h e  r e a c t i o n  ra te ,  a phenol. material balance equat ion  w a s  

used: 

dC 

Tdt 
V - = Q(Cin - Gout) - R V ~ ~  ( 2 )  

accumulation flow i n  flow ou t  degradat ion 
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In t h i s  equat ion ,  Q is t h e  l i q u i d  flow r a t e ,  C i s  t h e  phenol concen t r a t ion ,  

t is  time, R i s  t h e  phenol degrada t ion  rate, VT is  t h e  t o t a l  l i q u i d  volume 

i n  t h e  system, and VpB is  t h e  volume of t h e  f l u i d i z e d  bed. 

The ra te  of change of phenol concen t r a t ion  w a s  determined from t h e  

exper imenta l  d a t a ,  and t h e  f low t e r n  w e r e  known exper imenta l ly .  Thus, 

t h e  in s t an taneous  r e a c t i o n  rate could be ca l cu la t ed .  

Typ ica l  responses  recorded i n  t h e s e  experiments are shown i n  Figs.  5 

and 6 .  Figure  5 ,  i l l u s t r a t i n g  r e s u l t s  ob ta ined  without  pH c o n t r o l ,  shows 

o s c i l l a t i o n s  i n  t h e  r e t u r n  t o  s t eady  s ta te  fo l lowing  t h e  p u l s e  of phenol, 

The pH w a s  i n i t i a l l y  5.5 and decreased 1.2 u n i t s  w i th  t h e  i n c r e a s e  i n  

r e a c t i o n  ra te  i n  response  t o  inc reased  s u b s t r a t e ,  prestunably due t o  

product ion  of a c i d i c  products ,  i nc lud ing  C02. I n  c o n t r a s t ,  when pH w a s  

c o n t r o l l e d  a t  7.0, no o s c i l l a t i o n s  were seen,  as shown i n  Fig. 6. These 

r e s u l t s  sugges t  t h a t  pH c o n t r o l  may be a use fu l  s t r a t e g y  f o r  b i o r e a c t o r  

con t ro l .  Ymever ,  t h e  o s c i l l a t o r y  behavior  i n  the  absence of pH c o n t r o l  

has  not  been f u l l y  cha rac t e r i zed .  Experiments t o  d a t e  show a damped 

r e t u r n  t o  a s t a b l e  s t eady  state. 

F i g u r e  7 shows r e s u l t s  of a dynamic experiment a t  h ighe r  concentra- 

t i o n s  of phenol. In  t h i s  case, t h e  pu l se  of phenol appeared t o  i n h i b i t  

t h e  r e a c t i o n  rate. However, t h e  r e a c t i o n  rate does recover  t o  t h e  i n i t i a l  

value.  Modeling s t u d i e s ,  d i scussed  in Sect .  5.2, have shown t h a t  t h i s  

behavior  can be produced wi th  a s i m p l e  s u b s t r a t e  i n h i b i t i o n  model f o r  t h e  

r e a c t i o n  k i n e t i c s .  However, i t  has not  been proven t h a t  s u b s t r a t e  i n h i b i -  

t i o n  i s  t h e  c o r r e c t  o r  s o l e  cause of t h i s  behavior.  
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Pig. 5. Dynamic response of a bench-scale biarenctor (Fig.  2)  t o  a 
p u l s e  of phenol using synthetic wastewater without pH contcpoI.. 
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Fig. 6. Dynamic response of a bench-scale bioreactor (Fig. 2) to a 
pulse of phenol using synthetic wastewater with the pH controlled at 7.0. 
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Pig. 7. Dynamic response of a bench-scale bioreactor (Fig. 2) to a 

p u l s e  of phenol using synthetic wastewater with the pH controlled at 7.0. 
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5.2 WDELING STUDIES 

Steady s ta te  models f o r  b i o f i l m  k i n e t i c s  and b i o r e a c t o r  behavior  

have been presented  previously.1° These models have been extended t o  

inc lude  unsteady s t a t e  cond i t ions  f o r  b e t t e r  understanding of b i o f i l m  

phenomena and f o r  development of process  c o n t r o l  s t r a t e g i e s .  

The i n t e g r a t e d  model c o n s i s t s  of a b i o p a r t i c l e  model and a r e a c t o r  

model. The h i o p a r t i c l e  model p o s t u l a t e s  t h a t  a s p h e r i c a l ,  i n e r t  p e l l e t  

i s  coa ted  wi th  a uniform, homogeneous, b i o l o g i c a l  f i lm.  S u b s t r a t e s  

(phenol  and oxygen) d i f f u s e  i n t o  t h e  f i l m  from t h e  bulk l i q u i d  and r e a c t  

a t  a ra te ,  R ,  which i s  descr ibed  by the! fo l lowing  double-Monod r e l a t i o n -  

ship: 

Rphenol = % n a x (  ‘02 )( CP ) 9 

K o 2  + Co2  Kp + Cp + C 2 / K ~  
(3 )  

where Co2 and Cp are t h e  concen t r a t ions  of oxygen and phenol, respec- 

t i v e l y ;  KQ and Kp a r e  t h e  h a l f - s a t u r a t i o n  %nod cons t an t s ;  RI i s  an 

i n h i b i t i o n  cons t an t ;  Kmax i s  a k i n e t i c  C o e f f i c i e n t ;  I3 i s  t h e  concentra-  

t i o n  of microorganisms i n  t h e  bed, which is determined from t h e  f i l m  den- 

s i t y  and geometry; and y i s  a s t o i c h i o m e t r i c  c o e f f i c i e n t .  Di f fus ion  and 

r e a c t i o n  of phenol and oxygen wi th in  t h e  f i l m  are governed by: 
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w i t h  boundary condi t ions :  

r = o u t e r  r a d i u s  of f i lm;  C p ,  C o 2  = bulk phase concen t r a t ions  ; (7) 

aco 2 acP _. 

- 0 .  r = i n n e r  r a d i u s  of f i lm;  - - - - 
ar ar 

The i n i t i a l  cond i t ions  and concen t r a t ion  p r o f i l e s  w i t h i n  t h e  f i l m  are 

s t eady  s t a t e  va lues  p r i o r  t o  the phenol pulse .  The parameters  Dp and 

D o 2  are t h e  d i f f u s i v i t i e s  of phenol and oxygen, r e s p e c t i v e l y ,  i n  t h e  f i lm.  

These equa t ions  are used t o  c a l c u l a t e  phenol and oxygen concen t r a t ion  pro- 

f i l e s  i n  the f i l m  and provide t h e  r e a c t i o n  k i n e t i c s  t e r m  f o r  t h e  r e a c t o r  

model, which i s  the material balance i n  Eq. ( 2 ) .  An oxygen balance i s  

a l s o  needed: 

* 
where KLa(CO2 - Co2> i s  the rate of t r a n s f e r  of oxygen from t h e  gas  t o  

t h e  l i q u i d .  The equat ions  are solved numerical ly .  

Seve ra l  model s imula t ion  r e s u l t s  are compared wi th  exper imenta l  d a t a  

i n  Figs .  8 and 9. F igure  8 i l l u s t r a t e s  t h e  t i m e  t r a j e c t o r i e s  of t h e  

phenol concen t r a t ion  and t h e  r e a c t i o n  rate. The curves  are obviously 

q u a l i t a t i v e l y  s i m i l a r  t o  t h e  experimental  r e s u l t s  i n  Fig.  6. F igure  9 

shows a s imula t ion  using s i m i l a r  experimental  c o n d i t i o n s  t o  Fig.  7. Recall 

t h a t  t h e  d a t a  i n  Fig. 7 showed i n h i b i t i o n  of t h e  r e a c t i o n  rate.  The phenol- 

concen t r a t ion  t r a j e c t o r i e s  are i n  e x c e l l e n t  agreement wi th  t h e  experimental  

va lues .  Parameters  used i n  the s imula t ion  are shown i n  Table 7. 
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d a t a  f o r  phenol c o n c e n t r a t i o n  ( 0 )  and r e a c t i o n  r a t e  ( A ) .  
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Table  7. Typica l  parameter v a l u e s  used i n  t h e  dynamic model 

Parameter Value 

Coal par t ic le  r a d i u s  2.2 x 10-2 c m  

B io f i lm  t h i c k n e s s  8.8 x cm 

Biof i lm d e n s i t y  1.019 g/cm3 

Se t t l e d  bed volume 24 c m 3  

T o t a l  system volume 360 c m 3  

Residence t i m e  17 min 

I n f l u e n t  phenol c o n c e n t r a t i o n  65 mg/L 

I n f l u e n t  oxygen c o n c e n t r a t i o n  1.0 mg/L 

DP 

Do2 

KP 

Ko2 

KI 

50 mg/L 

40 mg/L 

0.01 s-1 

2.75 x loB6 crn2/s 

6.25 x c m 2 / s  

1.0 mg/L 

0.1 mg/L 

60 %/L 

Kmax  8.0 m g  phenol/g c e l l s n i n  

Y 1.4 g oxygen/g phenol 

This dynamic model appears  t o  do an  e x c e l l e n t  j o b  of reproducing t h e  

exper imenta l  d a t a  under cond i t ions  of pH c o n t r o l .  However, t h e  o s c i l l a -  

t i o n s  observed wi thout  pH c o n t r o l  have no t  been ob ta ined  i n  t h e  simula- 

t i o n s .  We do no t  y e t  understand t h e  cause of t h e  o s c i l l a t i o n s ,  nor have 



32 

we been able to induce oscillations in the model using inhibition func- 

tions and other pH-dependent parameters. 

6 .  PROCESS STATUS AND EVALITATION 

The fluidized-bed bioreactor is a proven technology in several 

applications and is growlng in use. Large pilot plant equipment 

constructed and tested at ORNL7 is now in use at the Portsmouth Diffusion 

Plant, operated by Goodyear Atomic, for biodenitrification of wastewaters. 

The Feed Materials Production Center at Fernald, Ohio, operated by 

National Lead of Ohio, is presently constructing a similar process, which 

is scheduled fOK startup in 1986. The Dorr-Oliver Corporation has a 

f luidized-bed bioreactor technology €or wastewater treatment. l8 319 

Similar technology has been proposed for wastewater treatment at 

shale oil p1ants.l 

Process development work has been carried out at ORNL for 3.5 years 

to assess the utility of fluidized-bed bioreactors for biooxidation of 

coal gasification wastewaters. This particular work has built on the 

prevl ous successful development of biodenitrif ication at ORNL7 and 

on earlier work on treatment of coal conversion wastewaters.2o Both 

synthetic wastewaters, formulated according to Singer et a1.21 and 

actual wastewaters from the tlolston Army Ammunition Plant and the METC 

have been treated. The focus of these studies has been on treatability of 

these wastewaters, demonstration of long-term stable operation of the 

fluidized-bed bioreactors, and reaction-rate kinetics. This work has been 

donc using laboratory-scale bioreactors having a 5-cm ID and a 150-cm 

height (Fig. l ) ,  and bench-scale equipment. 
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The t e c h n i c a l  s t a t u s  of t h e  p rocess ,  a d d i t i o n a l  development needs,  

and a n  economic e v a l u a t i o n  are summarized i n  Sec t .  6 . 1 .  

6.1 TECHNICAL STATUS 

Process  development s t u d i e s  a t  ORNL have l e d  t o  t h e  fo l lowing  obser- 

va t  ions  : 

1. The f lu id ized-bed  b i o r e a c t o r  w i l l  o p e r a t e  cont inuous ly  and remain 

s t a b l e  over  long p e r i o d s  of t i m e .  Continuous s t a b l e  ope ra t ion  h a s  

been achieved exper imenta l ly  f o r  pe r iods  of months. Prolonged 

p u l s e s  o r  s p i k e s  of o rgan ic s  may cause temporary i n h i b i t i o n  of 

b i o l o g i c a l  a c t i v i t y ,  bu t  t h e  a c t i v i t y  r e t u r n s  wi th in  1 t o  2 d. 

S i m i l a r l y ,  b i o l o g i c a l  a c t i v i t y  p i cks  up qu ick ly  a f t e r  downtimes wi th  

no carbon s u b s t r a t e  and no h y d r a u l i c  flow. 

s u p e r i o r  t o  t h e  response  of suspended growth systems. 

This quick  response is  

2. S t a r t u p  procedures are s t r a i g h t f o r w a r d .  The b i o r e a c t o r  i s  opera ted  

a t  t o t a l  r e c y c l e  f o r  s e v e r a l  days t o  one week, a t  which t i m e  s e l f -  

s u s t a i n i n g  f i l m s  are  e s t a b l i s h e d  on t h e  c o a l  p a r t i c l e s .  Inocula  

d e r i v e d  from two d i f f e r e n t  commercial p r e p a r a t i o n s  have been used 

s u c c e s s f u l l y .  

3. Monohydric and s u b s t i t u t e d  phenols i n  a c t u a l  wastewaters are e a s i l y  

degraded. The rate  depends on t h e  b i o f i l m  loading  and charac- 

terist ics ( t h i n ,  dense f i lms  are b e s t ) .  Typica l  vo lumetr ic  degrada- 

t i o n  rates are 10 mg/(L bed-min) wi th  r e a l  wastewater a t  25 t o  30OC. 

Under c o n t r o l l e d  c o n d i t i o n s  and special e f f o r t s  t o  main ta in  h igh  

c o n c e n t r a t i o n s  of d i s s o l v e d  oxygen, rates of 20 and P O 0  mg/(L bedemin) 

have been ob ta ined  w i t h  a c t u a l  and s y n t h e t i c  wastewaters, r e s p e c t i v e l y .  
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4 ,  Dissolved o r g a n i c s  i n  a d d i t i o n  t o  phenols are degraded, as evidenced 

by d e c r e a s e s  in COD and TOG. The i d e n t i t y  of t h e s e  compounds i s  n o t  

known. 

5. High-strength wastewater (50% process  condensate wastewater) can be 

t r e a t e d  s u c c e s s f u l l y  a f t e r  s t r i p p i n g  t o  remove ammonia and s u l f i d e s .  

The r e a c t i o n  ra te  appears  t o  be reduced s l i g h t l y  compared d t h  more 

d i l u t e  wastewaters; however, t h e  d i s t i n c t i o n  between t h i s  e f f e c t  and 

dependence on d i s s o l v e d  oxygen I s  n o t  y e t  resolved.  

6.  High-strength wastewater appears  t o  s l o w  t h e  growth of b iof i lms  and 

hence reduce t h e  s ludge f o r  u l t i m a t e  d isposa l .  Sludge product ion 

appears  t o  be comparable t o  t h a t  f o r  srispended growth systems, such 

as a c t i v a t e d  sludge. 

6 . 2  RESEAKCH AND DEVELOPMENT NEEDS 

S e v e r a l  p o t e n t i a l  problems have been i d e n t i f i e d  t h a t  need t o  be 

reso lved  b e f o r e  t h i s  technology i s  f u l l y  ready f o r  commercial izat ion f o r  

b io t rea tment  of c o a l  g a s i f i c a t i o n  wastewaters. I n  a d d i t i o n ,  s e v e r a l  new 

o p p o r t u n t t i e s  have a r i s e n  f o r  f u r t h e r  process  improvement t h a t  could 

f u r t h e r  i n c r e a s e  t h e  a t t r a c t i v e n e s s  and va lue  of t h i s  process .  These 

i s s u e s  are addressed i n  t h i s  s e c t i o n .  

1. Maintenance of s u f f i c i e n t  d i s s o l v e d  oxygen i n  t h e  l i q u i d  phase t o  

a l low maximal r e a c t i o n  r a t e s  i s  a s i g n i f i c a n t  problem. The demand 

f o r  oxygen i s  high. On a mass b a s i s ,  approximately one gram of oxy- 

gen is  needed p e r  gram of phenols t o  be degraded. Thus, t h e  oxygen 

demand r a t e  i s  -10 g / ( L  bedamin), which 1s d i f f i c u l t  t o  supply when 

t h e  s o l u b i l i t y  of oxygen i s  only -40 mg/T, ( o r  less) a t  a p a r t i a l  
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p r e s s u r e  of 1 a t m .  It is probable that  oxygen w i l l  need t o  be 

s u p p l i e d  throughout t h e  f l u i d i z e d  bed, by spa rg ing  o r  o t h e r  means; 

p r e s a t u r a t i o n  of t h e  feed  w i l l  probably not  be s u f f i c i e n t .  Various 

means t o  improve oxygen t r a n s f e r  and i n c r e a s e  a v a i l a b i l i t y  can be 

proposed. However, r ea l i s t i c  study of t h e s e  means w i l l  r e q u i r e  

o p e r a t i o n  a t  a l a r g e r  scale than  t h e  b i o r e a c t o r s  used t o  da te .  

T h i s  i s s u e  i s  p a r t i c u l a r l y  important because t h e  o v e r a l l  degrada- 

t i o n  ra te  is  q u i t e  s e n s i t i v e  t o  main ta in ing  s u f f i c i e n t  oxygen. 

2. Occasional foaming and clumping of t h e  b i o p a r t i e l e s  have been 

experienced. Foaming can be c o n t r o l l e d  i n  the l a b o r a t o r y  b ioreac-  

t o r s  w i t h  t h e  use  of antifoam compounds. Clumping of t h e  bio- 

p a r t i c l e s ,  which l e a d s  t o  a l o s s  of f l u i d i z a t i o n  and seve re  

channel ing  of l i q u i d ,  w a s  c i r c u m s t a n t i a l l y  r e l a t e d  t o  bui ldup  of 

unknown chemicals i n  t h e  b io reac to r .  The problem could be so lved  

by removing t h e  agglomerated m a t e r i a l  and f l u s h i n g  t h e  f l u i d i z e d  

bed b r i e f l y  w i t h  process  w a t e r .  These phenomena need t o  be 

i n v e s t i g a t e d  i n  l a r g e r - s c a l e  equipment. 

3. Q u a n t i t i e s  and c h a r a c t e r i s t i c s  of s ludge  need t o  be examined i n  

l a r g e r  equipment. Although no p a r t i c u l a r  problems were experienced, 

t h e  l a b o r a t o r y  equipment w a s  t o o  small t o  assess t h e s e  f e a t u r e s  ade- 

q u a t e l y .  S i m i l a r l y ,  t h e  need f o r  a d d i t i o n a l  t r ea tmen t  of t h e  water 

f o r  removal of suspended s o l i d s  should be cons idered  f u r t h e r .  

S e v e r a l  o p p o r t u n i t i e s  f o r  s u b s t a n t i a l  improvements i n  t h e  f l u i d i z e d -  

bed p rocess  have become apparent .  Implementation of t h e s e  concepts w i l l  

r e q u i r e  R&D but  o f f e r  improved performance and f l e x i b i l i t y  in t h e  "next 

gene ra t ion"  of b i o r e a c t o r s .  



1. Phys ica l  c h a r a c t e r i s t i c s  of t h e  h i o f i l m s ,  probably r e l a t e d  t o  biolog- 

i ca l  c h a r a c t e r i s t i c s ,  appear  t o  be r e l a t e d  t o  b i o l o g i c a l  act- lvi ty .  

Denser b i o f i l m s ,  presumably conta in ing  more microorganisms and less 

"glue,"  are more active. It i s  n o t  known how t o  favor  and promote 

such f i lms .  Ci rcumstant ia l  evidence s u g g e s t s ,  n o t  s u r p r i s i n g l y ,  

t h a t  environmental  condi t ions  such as n u t r i e n t  l e v e l s  p lay  a r o l e .  

There 1s much t o  be learned  about b iof i lms  t o  e n a b l e  an engineer ing  

d e s i g n  approach. 

2. Genetic engineer ing  techniques now o f f e r  t h e  oppor tuni ty  t o  produce 

mlcroorganisms w i t h  metabol ic  c a p a b i l i t i e s  t o  degrade s p e c i f i c  

wastes. This  can be done under c o n t r o l l e d  c o n d i t i o n s  i n  l a b o r a t o r y  

f l a s k s .  However, use of t h e s e  new microorganisms i n  open b i o r e a c t o r  

systems f o r  t rea tment  of a c t u a l  wastewaters r e q u i r e s  t h e  completion 

of f u r t h e r  experimental  and conceptual/modeling work. 

3. New t y p e s  of b i o c a t a l y s t s  are being developed t h a t  immobilize t h e  

microorganisms w i t h i n  porous matrices such as a l g i n a t e  and car ra -  

geenan g e l s .  These support  materials o f f e r  mild immobil izat ion and 

p r o t e c t i o n  from t h e  environment f o r  t h e  microorganisms, while  sub- 

s t r a t e s  and products  can diEEuse i n  and o u t  e a s i l y .  These concepts  

may prove u s e f u l  i n  wastewater t rea tment  i n  p a r t i c u l a r  a p p l i c a t i o n s .  

6 -3  ECONOMICS 

An economic a n a l y s i s  w a s  condiictedlo i n  which t h e  f luidized-bed 

b i o r e a c t o r  process  w a s  compared with a convent ional  a c t i v a t e d  s ludge  pro- 

cess o u t l i n e d  by o t h e r  i n v e s t i g a t o r s  .2 This  comparison i n d i c a t e d  t h a t  

t h e  Eluidized-bed process  might r e q u i r e  ha l f  the c a p i t a l  Investment as 
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w e l l  as h a l f  t h e  ope ra t ing  c o s t s  of an a c t i v a t e d  s ludge  process .  

p r i n c i p a l  reason f o r  t h e s e  lower c o s t s  i s  t h e  h ighe r  r e a c t i o n  r a t e  i n  t h e  

f l u i d i z e d  bed, which r e q u i r e s  smaller r e a c t o r  volume. The conceptual  

p rocess  f lowshee t  is shown i n  Fig.  10. 

The 

The key i s s u e s  governing t h e  c o s t s  f o r  t h e  f lu id ized-bed  process  

were ( 1 )  t h e  s t r e n g t h  of t h e  wastewater t o  be t r e a t e d ,  which affects 

r e a c t o r  volume and r e c y c l e  requirements;  and ( 2 )  t h e  r e a c t i o n  rate. 

Technica l  p rog res s  du r ing  t h e  p a s t  year has  helped t o  r e so lve  uncer- 

t a i n t i e s  i n  t h e  former,  but  t h e  l a t t e r  remains unce r t a in .  

The process  des ign  c a l l e d  f o r  t rea tment  o f  50% s t r e n g t h  wastewater 

i n  t h e  f r o n t  end of t h e  b io t rea tment  process.  The t e c h n i c a l  f e a s i b i l i t y  

of t h i s  s t r a t e g y  w a s  v e r i f i e d  (see Sect .  2 .4 ) .  A t  t h i s  t ime,  it i s  

be l i eved  t h a t  t h i s  s t r a t e g y  is t h e  proper  course.  The economic ca lcu la-  

t i o n s  thus  remain t h e  same a s  repor ted  l a s t  year. 

The p rocess  des ign  was based on a phenols degrada t ion  rate of 

20 mg/(L bed*min) in t h e  major b i o r e a c t o r s  exc lus ive  of t h e  p o l i s h i n g  

b i o r e a c t o r .  E f f o r t s  t o  determine t h e  minimum requirements  f o r  d i s so lved  

oxygen and demonstrate  degrada t ion  r a t e s  of 20 mg/(L b e d - d n )  wi th  a c t u a l  

wastewater have been inconclus ive  t o  da t e .  This degrada t ion  r a t e  has  been 

achieved i n  small b i o r e a c t o r s  wi th  p l e n t y  of d i s so lved  oxygen. 

i t  i s  clear t h a t  main ta in ing  s u f f i c i e n t  oxygen i n  l a r g e r  (and commercial) 

b i o r e a c t o r s  w i l l  n o t  be a t r i v i a l  matter. Nei ther  i s  i t  obvious t h a t  

i t  w i l l  be imposs ib le  t o  do so. Therefore ,  the economic p i c t u r e  remains 

unce r t a in .  More development work with l a rge r - sca l e  equipment and innova- 

t i v e  oxygen supply methods i s  needed t o  r e so lve  t h i s  i s s u e .  

However, 
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