
CHAPTER IV

COM PARISON OF THE POTENTIAL EFFECTIVENESS OF SELECTED
M ICROBIAL ASSEM BLAGES IN ANAEROBIC PROCESS OF 

W ASTEW ATER CONTAINING HIGH SULFATE AND HEAVY METAL

4.1 Introduction

Anaerobic process and the resulting formation o f methane (CH4) arise from 
the C O - operative action o f  many micro-organisms. Anaerobic digestion has been 
considered as a highly integrated process because o f the close collaboration existing 
between all the members o f bacterial population. Synergy can occur between species. 
A mixed culture is much more efficient in degrading waste than each strain alone. 
There were many studies concerning the mutualism in anaerobic bacteria, the 
relationship between different bacterial groups and the characteristics o f many 
bacterial strains. However, the รณdy o f  the outcome o f the bacterial work will show 
the potential o f  the mixed bacterial groups from various sources. Improvement o f the 
process can be obtained by a better knowledge o f the performance o f  the mixed 
bacterial populations. The performance o f  the mixed bacterial populations was 
investigated in this รณdy.

4.2 Purposes o f this Chapter

This รณdy investigated possible sources o f microorganisms that show rmrtual 
interactions between sulfate reducing bacteria (SRB) and methane producing bacteria 
(MPB). The goal o f this investigation was to compare the biological treatment 
potential o f  microorganism assemblages selected from various areas that currently 
have significant levels o f both sulfate and heavy metals and to identify the microbial 
assemblage that shows the best performance in terms o f COD removal, sulfate 
reduction, and tolerance o f heavy metals, along with simultaneous CH4 production.

The research focus in this study is to (i) investigate the bacterial assemblages 
that show m^ual interaction between SRB and MPB, and (ii) investigate the effect o f  
heavy metals on anaerobic bacteria involved in metal remediation processes.
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4.3 Materials and Methods

Experiment follows the step specified in Figures 3.1 and 3.4. Mixed-microbial 
assemblages which were obtained from five different locations, i.e., the mixed liquor 
in a septic tank, sediment samples from a coastal area, sludge from the digester o f  a 
brewery wastewater treatment plant, acidic sulfate soil samples and a mixed- 
microbial culture from landfill leachate were used as seed. Detailed procedure for 
the start-up, operation and the experimental method are provided in Chapter 3 
(Section 3.1). In the study o f the specific rate o f  waste utilization, biogas and biomass 
production, and SO42' reduction, the experiments were conducted in a batch mode 
inoculated with a parent acclimated culture that was developed in a semi-continuous- 
flow reactor. During the bioreaction time, the evolution o f  COD, MLVSS, total gas 
and CH4 was followed. The outcome o f the bacterial work that showed the potential 
o f the mixed bacterial groups from various sources were examined. The 
microorganism comparison studies were divided into four main parts.

• Seed characterization and bacterial morphology.
• Measurement o f the specific rate o f waste utilization, biogas and 

biomass production.
• Measurement o f the specific rate o f sulfate reduction under

sulfate reducing condition
• Evaluation o f the effect o f sulfate and heavy metal in bioreactors.

The major types o f  bacteria and the SRB in the selected mixed culture were 
isolated and then identified by the 16S rRNA technic.

4.4 Results and discussion

Different mixed-microbial cultures from various sources did not show the 
same characteristics, morphology or behavior. The morphology o f acclimated bacteria 
was shown (Figure 4.1). The waste utilization, biomass production, the amount o f  
total biogas and CH4 generation, the sulfate reduction and the effect o f  heavy metal in 
reactors by various seed sources were measured. The kinetics o f the potential 
capability o f  mixed cultures were ascertained. The specific rates o f  five assemblages 
from different locations in terms o f waste utilization, biomass and biogas production
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were compared. The ability o f  these assemblages in the reduction o f  SO42' 
was รณdied.

4.4.1 Seed Characterization and Bacterial Morphology
The characteristics o f the seed sludge from soil, sediment and liquor form, 

were summarized in Table 4.1.
Bacteria from different sources had different morphology (Figures 4.1(A)- 

(E)). Investigations on the species composition o f  the bacteria have shown that all 
consist mainly o f  Gram-negative species. Small amounts o f Gram-positive species 
have been found. Because o f  the multiplicity o f  species in the mixed-bacteria, the 
system can adapt well to seasonal changes in temperamres, the influence o f toxic 
substances, pH values deviating from neutral, salt concentrations, and change in the 
composition o f  the wastewater. The dominant morphology o f  bacteria from the 
mixed liquor in a septic tank and that from the digester o f the brewery wastewater 
treatment plant were cocci. However that o f bacteria from the coastal sediment at 
Pattaya (Chonburi) and a mixed-microbial culmre from the leachate at Nongkham 
landfill site (Bangkok) were bacilli shaped. While bacteria found in acidic sulfate soil 
at Ongkarak (Nakomayok) were a conglomeration o f undefined-shape. Thus, these 
results suggest that the mixed-bacterial assemblages may play a different significant 
role in the degradation o f  organic waste, the production o f biomass and biogas, and 
the reduction o f sulfate.

4.4.2 M easurement o f the Specific Rate o f W aste Utilization, Biomass and
Biogas Production and the Assessment o f COD Removal Efficiencies.

Regarding to the waste evolution, COD decreases continuously with 
bioreaction time. Figure 4.2 (Table D -l) shows the time course o f COD from those 
different sources o f bacteria. The waste removal is affected by the mixed-bacteria 
from different sources. Overall reductions in the range 38-63% are obtained.



Table 4.1 Composition o f  the seed samples in form o f soil and sediment.

Seed Samples
Form of Soil 
and Sediment

%
Moisture

(mg/kg 
Weight))

NO,' 
(mg / kg
WeigL,

Organic Matter 
(% Dry Weight)

Alkalinity 
(mg / kg 

Dry 
Weight
CaCO,)

Cl'
(mg / kg 
Weight)

TDS
(mg / kg
Weight ) pH 1:1

ORP
(mV)

Conductivity
1:1

(แ ร /cm)
Coastal

Sediment 10.98 1217 8.36 0.24 69.00 44283 2505 8.39 -55.1 4720Acidic Sulfate 
Soil 23.58 1297 3.31 0.82 ND 1643 1398 2.58 2 2 0 2149
ND : Not detectable

Table 4.1 -continued- Composition o f the seed samples in form o f liquor.

Seed Samples in 
the Form of Liquid (mg4/ 1)

NO,' 
(mg ท) COD 

(mg /l)
Alkalinity 

(mg /I
CaCO,)

(mg /l)
TDS 

(mg ท) pH ORP
(mV)

Conductivity 
(แร / cm)

Septic Liquor 145 0.913 607 453 764 640 8.36 -41.6 1282Brewery Wastewater 
Treatment Plant 7.76 0.319 64256 1318 246 1 2 2 0 7.93 -16.7 2440

Leachate 852 7.340 800 3492 86725 6755 8.26 -36.1 13500

Gi
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Figure 4.1 The morphology o f acclimated seed sludge. (A), (B), (C), (D) and (E) 
are the sources o f seed sludge from septic tank, coastal area (500 m from 
the shore), brewery wastewater treatment plant, acidic sulfate soil, and 
leachate, respectively.
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T he C O D  rem oval results show ed that the perform ances o f  the  acclim ated 

bacteria  selected from  various areas w ere different in digesting  the organic w aste. 
T he average percentage o f  C O D  rem oval b y  the bacterial m ixed-cultures from  the 
septic tank, coastal area, brew ery  w astew ater treatm ent plant, acidic sulfate soil, and 
leachate w as 50, 63, 57, 38, and 42, respectively  (F igure 4.3 T able  D -l) .

Tim e(h)

Septic liquor 

-  Acidic s ifa te  soil -

-  Coastal sediment

- Leachate

-  Brewery WWTP

Figure 4.2 T he tim e course o f  C O D  from  Figure 4.3 The average percentage o f  
the  reactors that contained bacteria  from  CO D  rem oval from  the reactors that 
various seed sources. contained bacteria  from  various seed

sources.

R egarding to the biom ass, (Table D-2), its evolution  follow s the typical 
grow th-cycle phases for batch  cultivation: after an acclim ation period  (lag  phase), the 
population  o f  b iom ass w as w ell adjusted  to its new  environm ent. Then, the 
m icroorganism s m ultip lied  rap id ly  and an  im portant increase in  b iom ass concentration 
w as observed (exponential grow th phase), until a m axim um  size o f  population  w as 
reached (stationary  phase). F inally , a decline in the b iom ass took p lace (death phase 
o f  m icroorganism s). F igure 4 .4  show s the evolution o f  the b iom ass during bioreaction  
tim e in an experim ent taken  as an exam ple inoculated  w ith  m ixed-bacteria  from  septic 
liquor, w ith  sim ilar trends being  observed for bacteria  from  different sources (Figure 
not show n and data in  T able  D-2).

H ow ever, in this study the processes w ere com prised  o f  in terrelated, m ixed 
bio logical populations, (in  particu lar acidogens and m ethanogens) resu lting  in  the 
system  hav ing  its ow n grow th curve based  upon overall com bination  o f  the  grow th o f  
the individual bacterial types. T he position  and shape o f  a particu lar grow th curve in 
the  system , on a tim e scale, depended on the  food or m etabolites (V FA ’ ร) available in 
the  controlled environm ent.
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Figure 4.4 Evolution  o f  b iom ass concentration  in the anaerobic b iodegradation  o f  
g lucose from  m ixed-bacteria  from  a septic tank.

4.4.2.1 W aste Utilization
T he value o f  the specific w aste u tilization  rate, K, for the  k inetic  equations 

depends p rim arily  on  the specific w astew ater o f  interest, because the species o f  
organic w aste vary  for d ifferent w astew aters and, in particular, for industrial 
w astew aters and m unicipal w astew aters contain ing significant am ounts o f  industrial 
w astes. H ow ever, in th is study only  g lucose w as used as substrate, thus, the overall 
ra te  constant, K , varied  for different groups o f  m icrobial species in an acclim ated 
bacteria.

In th is รณdy the specific w aste  u tilization  rate, K, w as determ ined. T he CO D  
and M LV SS concentrations at various reaction  tim es w ere show n in T able D-3.

From  an industrial point o f  view , the m ost in teresting  period  in the  grow th 
cycle o f  a batch  cultivation is the exponential grow th phase, w hen  the population  o f  
b iom ass is perfectly  acclim ated to the substrate. In th is period, the  rate  o f  
production  o f  b iom ass (X) is w ell described b y  the kinetic  equation.

T he rate  o f  w aste u tilization  by  m icrobes can be represented  b y  the 
M ichaelis-M enten equation  or by  the  specific rate  o f  w aste u tilization  equation. I f  a 
batch  reactor is inoculated  and values o f  cell m ass and w aste concentrations versus 
tim e o f  reaction  are obtained, the  data m ay  be  analyzed b y  either o f  the tw o 
approaches (C hapter 2 Section 2 .1 .1 .3) to give the k inetic  constants required  for 
design. T he inoculum  m ust com e from  an acclim ated parent culture developed in 
continuous-flow  reacto r in  order for m eaningful data  to be obtained.



5 7

T he specific ra te  o f  w aste  u tilization  equation  is based on tw o lim iting  cases o f  
the M ichaelis-M enten  equation. In the first case, the w aste concentration  is relatively  
large and the M ichaelis-M enten  equation  is reduced  to a pseudo-zero  o rder reaction. 
In the second case, th e  w aste concentration  is relatively  sm all and the M ichaelis- 
M enten equation  is reduced to a pseudo-first-order reaction. I f  the specific rate o f  
w aste u tilization  is a pseudo-zero  order reaction , the  rate  equation is

W here
-d s /d t  =  specific  rate o f  w aste  utilization , m ass/(m ass m icrobes)(tim e)

Xds/dt = ra te  o f  w aste u tilization , m ass/(volum e)(tim e)
K  = specific  w aste u tilization  rate, t im e '1

T he negative sign  indicates that the  substrate  is decreasing w ith  respect to 
tim e. R earranging equa tion (4 .1) for in tegration  gives

K  =  ra te  constant, specific w aste u tilization  rate, t im e '1 
X  =  average cell m ass concentration  during  the b iochem ical reaction-that is, 

X  = (Xo+Xt)/2, w here Xo and xt are the cell m ass concentrations at the 
respective tim es t  =  0 and t  =  t, m ass/volum e

Integration  o f  equation  (4.2) yields

-ds/dt = K  
X

(4.1)

(4.2)

W here

St-S o  = - K i t (4.3)

St = So -  K l  t (4.4)

E quation  (4.4) is o f  the  form  y  =  m X  + b; thus p lo tting  St on  the y-axis versus X  t on 
the x-axis on  arithm etical paper w ill resu lt in  a straight line i f  the reaction  i f  the 
reaction  is pseudo-zero  order, and the slope w ill be  equal -K .



58
I f  the specific  rate  o f  w aste u tilization  is a pseudo-first o rder reaction , the  rate 
equation is

-dS /dt = KS (4.5)
X

W here
K  is the rate  constant, o r specific w aste u tilization  rate, volum e/ 

(m ass m icrobes)(tim e). R earranging for in tegration  gives
St t
i  dS
So ร

Integration  resu lts in
St

=  - K Ï j  dt
0

(4.6)

Ln ร ]
So

= - K X  t (4.7)

E quation  (4.7) m ay  be sim plified  to

Ln s t = Ln So - K Ï  t (4.8)

E quation  (4.8) is o f  the  form  y  =  m x+b; thus p lo tting  s t on  the  y-ax is versus
X  t on  the  x-ax is on sem ilog paper ( or p lo tting  Ln St on  Y -ax is versus X  t on 
arithm etrical paper) w ill results in a straight line i f  the  reaction  is psudo-first order, 
and the line slope w ill equal -K .

Since in general w astew aters there  are num erous w aste present, the  rate 
constant, K, for the k inetic  equations and the constants for the  M ichaelis-M enten 
equation  represent overall average values.

T he param eter used  for w aste in the previous k inetic  equations m ust be  in 
term s o f  b iodegradable m aterial since the w aste represents the  food substance or 
substrates fo r the m icrobes. It could be the 5-day B O D , the b iodegradab le  fraction  o f  
the C O D , the b iodegradable fraction o f  the T O C , o r the b iodegradab le  fraction  o f  
any  o ther organic param eter used. In this study, the  b iodegradable  C O D  w as used.

For th is evaluation, the term s Ln St, Ln So, and K T t  w ere calculated  by  
fitting  the experim ental data (ร, t, and พ )  to a polynom ic expression  by  least-square 
regression analysis, deriv ing  this expression w ith  respect to the tim e and m ultip ly ing 
by  b iom ass concentration  ( X )  at any tim e. A ccord ing  to the  procedure, the 
experim ental data  w ere in T able D-3 and F igures 4 .5(A )-(E ) that show  the p lo t for
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experim ents. It can b e  seen that, po in ts lie  satisfactorily  around a straight line, w hich 
confirm s that the selected m odel is adequate to correlate the anaerobic b iodegradation  
o f  this w aste to m ixed-bacteria  from  all o f  the sources taken in this study.

H ence, the w aste u tilization  rate  is w ell described b y  a pseudo-first order 
k inetic  equation  (ร ๐ » Si). T he slope K, w as determ ined. T he num erical w aste 
u tilization  ra te  (K) obtained from  m ixed  bacteria  from  five d ifferent sources w ere 
com pared.
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(E)Figure 4.5 Graphical determination o f the specific waste utilization rate, K, 
o f mixed-bacteria from various sources. (A), (B), (C), (D) and (E) show the
numerical values o f acclimated seed sludge from septic liquor, coastal sediment, 
brewery wastewater treatment plant, acidic sulfate soil, and leachate, 
respectively.
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E ach m ixed-m icrobial assem blage has its ow n  particu lar ra te  o f  w aste 

utilization . A fter least-square regression  analysis, the slopes are determ ined, w hich 
provide values o f  2 x l0 '7(septic liquor), 4 x l0 ‘7(coastal sedim ent), 3 x l0 ' 7 (brew ery 
w astew ater treatm ent plant), 9x10 ‘8 (acidic sulfate  soil), and 2x1 O' 7 (leachate) 
(liter/m g-hour). T here is a variation  in the  rate  constant o f  bacteria  from  different 
sources. T he large value for K  suggests that bacteria  have m ore easily  w aste 
bioutilized . The varia tion  in  K  is even for a certain  type o f  bacteria. T he low er K 
values are from  bacteria  re la tively  d ifficu lt to  w aste  bioutilized . The resu lts show  that 
bacteria  from  the coastal sedim ent fo llow ed b y  bacteria  from  the brew ery  w astew ater 
treatm ent p lan t are the  top and the second top  m ost bacteria  that are easily 
biodegraded.

T he num erical values o f  the  specific w aste  u tilization  ra te  that w as determ ined 
from  differen t m ixed-bacteria  from  various sources w ere sum m arized in  T able  4.2.

4 .4 .2 .2  B iom ass P ro d u c tio n

A nother k inetic  param eter is related  to  b iom ass evolution  during grow th phase 
o f  a b a tch  cultivation: the cellu lar y ie ld  coeffic ien t Y x/ร. T his param eter defined as 
the  ratio  o f  b iom ass produced  and w aste u tilized , and can b e  expressed b y  the 
equation:

Yx/s = dX
dS

Yx/s = A X
AS

T he cell grow th, substrate u tilization  and effects o f  endogenous m etabolism  
are considered. In a b a tch  culture, i f  substrate for grow th w as p resent in  on ly  lim ited 
am ounts, it w ould  be depleted  first and grow th w ould  cease. A  portion  o f  the  substrate 
is converted  to new  cells and a portion  is ox id ized  to organic end products. B ecause 
the  quan tity  o f  new  cells produced has been observed  to be reproducib le for a given 
substrate, th e  fo llow ing relationship  has been developed  betw een  the ra te  o f  substrate 
u tilization  and the rate  o f  grow th.

= -Y rsu (4.9)
rg =  d x /d t  = rate o f  bacterial grow th, m ass/unit vo lum e . tim e
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Y = m axim um  yield coefficient, m g/m g (defined as the ratio  o f  the m ass o f  

cells form ed to m ass o f  substrate consum ed, m easured during any  finite period  o f  
logarithm ic grow th)

rsu = d s /d t = substrate utilization  rate, m ass/unit volum e . tim e
In bacterial system s used foe w astew ater treatm ent, the d istribution  o f  cell 

ages is such that not all the cells in the system  are in  the  log  grow th phase. 
C onsequently , the expression for the rate  grow th m ust be corrected to account for the 
energy required cell m aintenance. O ther factors, such as death  and predation , m ust 
also be considered. U sually, these factors are lum ped together, and it is assum ed 
that the decrease in cell m ass caused by  them  is proportional to the concentration  o f  
organism s present. This decrease is often identified in the  literature as the 
endogenous decay. The endogenous decay term  can be form ulated as follow s:

rd (endogenous decay) = -k(]X (4.10)
w here

kd =  endogenous decay coefficient, tim e ' 1

X  =  concentration  o f  cells, m ass/unit volum e
W hen E quation  (4.10) is com bined w ith  Equation (4.9)

r-g = -Y rsu -k d X  (4.11)
r-g -  net rate o f  bacterial grow th, m ass/unit vo lum e . tim e
d x /d t  =  -Y (dS/dt) - kdX (4.12)
(X -X o)/A t =  -Y (S -S o /A t) - kdX (4.13)

D ivided b y  (X -X o)
1/At =  Y (-S+ So)/ (X -X o)A t - kd X  /(X -X o) (4.14)
1/At = Y  (So -S)/(X -X o)A t - kd (X )/(X -X o)

A ssum ing that X o is m uch less than X. Thus,
1 /A t = Y  (S o-S )/(X -X o)A t - kd (4.15)

A ccording to equation  (4.15), a p lo t o f  1/At values versus (So-S)/(X -X o)A t 
values in the experim ents m ust lead to a straight line w hose slope and in tercept w ill be 
w ill be  Y  (or Yx/s) and kd, respectively.

C om putation  tab le  to determ ine the coefficients Yx/s and kd w as set in Table 
D-4 and the p lo t w as as show n in F igures 4.6 (A-E).
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F ig u re  4 .6  G raphical determ ination  o f  the cellu lar yield  coefficient, Yx/S, o f  m ixed- 

bacteria  from  various sources. (A), (B), (C), (D) and (E) show  the 
num erical values o f  acclim ated seed sludge from  septic liquor, coastal 
sedim ent, b rew ery  w astew ater treatm ent plant, acidic sulfate soil, and 
leachate, respectively.

Figures 4.6 (A )-(E) show  the p lo t o f  data obtained from  the experim ents. 
Points lie satisfactorily  around a straight line w ith  positive slope, Yx/S, and an 
intercept, kd, confirm s the valid ity  o f  E quation  (4.15). A fter least-square regression 
analysis, a slope o f  0.036 (septic liquor), 0.3689 (coastal sedim ent), 0.0192 (brew ery 
W W T P), 0.7672 (acidic sulfate  soil), and not detected  (leachate) (expressed in the 
un it o f  m g  cell created /m g substrate u tilized) are obtained. T hese values are close to
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w ith  o thers proposed  in  the literature for the overall com bined anaerobic 
b iodegradation , i.e. 0 .05-0 .10, o f  d ifferent w astew aters (T chobanogous et ah, 2003).

A n in tercept o f  0.0372 (septic  liquor), -0 .0377 (coastal sedim ent), 0.0444 
(brew ery W W T P), -0 .0396 (acidic sulfate soil), and not detected  (leachate) 
(expressed in  the  un it o f  d a y 1) are obtained. T he values proposed  in the  literature 
are -0.03 to  - 0 .04 day ' 1 (Tchobanogous et ah, 2003).

A s for the reacto r that contained m ixed  bacterial culture from  leachate 
(F igure 4 .6  (E)), there  w ere no t enough data to determ ine the  cellu lar yield 
coefficien t (Yx/s) and the  endogenous decay  coefficien t (kd). T his culture need m ore 
tim e in  acclim ation.

T he cellu lar yield  coefficient, Yx/s, from  the reacto r that contained 
m ixed-bacteria  from  acid ic sulfate soil is the  h ighest value. T he h igh  value for Yx/s 
suggests a very  h igh  am ount for b iom ass production. Yx/s is the  rate  at w hich  cell 
g row th w ill take p lace w hen  com pletely  contro lled  b y  the ra te  o f  substrate  flux tow ard 
the  cell. B acteria  from  acid ic sulfate soil p roduce the  least y ield  in the  form  o f  b iogas
(4 .4 .2 .3), hence m ost o f  the w aste u tilized  w ould  becom e the yield  in the form  o f  
b iom ass. M ixed  culture consists o f  d ifferent bacterial types that perfo rm ed  different 
function. T his Yx/s expresses the overall value o f  m ixed-bacteria  w hose  ro le  is 
d ifferent, i.e. acid production , C H 4  production  and S O 4 2' reduction , and so on. Thus, 
the cellu lar yield  coefficient is no t th e  on ly  param eter w hich consent the  bacterial 
m utualism  to function  in  the  w ay that show  the advantage o f  the  anaerobic process in 
C H 4  production , C O D  utilization , and S O 4 2' reduction.

B iom ass yield  coefficient m in im ization  is a m ajor requirem ent in processes for 
the  b io treatm ent o f  sew age and industrial w astew ater. H igh b iom ass from  substrate 
(w aste) yield  coefficients result in excessive p roduction  o f  a m ajo r b y  product, i.e., 
sludge (G eoffrey , 1997). In this study, bacteria  from  a brew ery  w astew ater treatm ent 
p lan t yield  the low est value com pared w ith  all cultures from  five sources.

F eitkenhauer et al. (2001) studied the grow th k inetics o f  the therm ophilic  
B acillus thermoleovorans sp. A2 on phenol as sole carbon and found that the  yield 
coefficient, Yx/s, o f  0.8-1 gram  cell d ry  w eight/ gram  phenol. T hey  reported  the  cell 
yields, Yx/s, o f  m esophilic  bacteria  w ere in the range 0.4 - 0.52 gram  cell d ry  w eight/ 
gram  phenol. In th is present study, the experim ents revealed  the h igher values o f
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the cellular yield coefficients. This is because the  experim ents and determ ination  
w ere based on glucose rem oval as a m odel substrate and the m icroorganism s w ere the 
m ixed-m icrobial assem blage w hich perform ed m utualistic  function in w aste 
utilization.

From  this experim ent, the Yx/s could  not be  determ ined from  bacteria  originate 
from  leachate. It can be explained that the rate  o f  production  o f  b iom ass is w ell 
described b y  the kinetic  equation w hen the population  o f  b iom ass is perfectly  
acclim ated to the substrate. B acteria from  leachate need m ore tim e to acclim ate to 
reduce the lag tim e. This reflected the  tim e consum ed in the start-up for system  
operation.

A nother param eter that w as in terested  is the endogenous decay  coefficient, kd- 
This value is also o f  im portance. M ixed-bacterial culture from  a brew ery  w astew ater 
treatm ent p lan t show s the h igh ly  to lerated  perform ance in the system  tow ard the 
low est num erical value obtained.

V ery  few  studies concerning the grow th o f  m icroorganism s take any account 
o f  m icrobial death  (G eoffrey, 1997). M icroorganism s are no t im m ortal (M ason et ah, 
1986). T he fundam ental p roblem  that is encountered  in  d ifferentiating  betw een  living 
and dead m icroorganism s is that for a m icrobe to be identified as live in  conventional 
test procedures, it is also necessary  for the m icrobe to b e  viable. H ow ever, in 
investigation  w here efforts have been  m ade to identify  dead m icrobes as a com ponent 
state in grow ing cultures, num bers have been  show n to be  vanish ingly  sm all, 
p rom pting  the hypothesis that death occurs as a resu lt o f  lysis, such that under typical 
grow th conditions death and lysis are co incident events.

T he num erical values o f  cellu lar yield  coefficient (Yx/s) and endogenous decay 
coefficient (kd) that w ere obtained from  different m ixed-bacteria  from  various sources 
w ere sum m arized in T able 4.2.

4 .4 .2 .3  B iogas P ro d u c tio n

R egarding to b iogas evolution, total gas occurred  after 2 days o f  operation. F igure
4.7 (T able D-5) show s the tim e course o f  the total gas production  from  bacteria  from  
fives different sources. The ra te  o f  total gas production  was determ ined and show n in 
F igure 4.8 (T able D-5). T he percentage o f  C H 4 w as gradually  increased after
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24 hours o f  operation. T he percentage o f  C H 4 p rofile  and the am ount o f  C H 4 w ere 
show n in F igures 4.9 and 4 .10 (Tables D -6  and D-7), respectively . A s for leachate, 
it w as noticed  that the tim e consum ed to start p roducing C H 4 gas (the lag  tim e) was 
m ore than 2 0  tim es h igher than that o f  the bacteria  from  any o ther sources 
(F igure 4 .10 ). This reflected  the  tim e that w as consum ed in  the start-up for the w hole 
system  operation, not o f  particu lar m icroorganism s. This culture need m ore tim e 
in  acclim ation.

S e p t ic  l i q u c r■ Brev\ery WWTP
■ L e a c h a te

- C o a s ta l  s e d im e n t 
A c id ic  s u l f a te  s o il T im e ( h )

F ig u re  4.7  T he tim e course o f  total gas p roduction  at STP.

i  200'
?  0 R
H  0  48 96 144 192 240  288 336 384  432  480  528 576

Septic liquor 
■ é—  B re v ity  W W T P  
----- L eachate

- C bastal sediment 
A c id e  sulfate soil T im e (h )

F ig u re  4 . 8  T he total gas production  rate. The phases separation, acidogenic 
and m ethanogenic phase, w ere shown.
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F ig u re  4.9 The m ethane production  profile.

F ig u re  4 .10 T he tim e course o f  m ethane production.

N o te : T he total gas that w as recorded at room  tem perature (31 .5°C) w as converted to 
the  am ount o f  to tal gas at STP (A ppendix  A).

T he CH 4 production  pro file  in F igure 4.9 clearly  d ifferentiate  acidogenic and 
m ethanogenic phases. D uring an experim ent, the evolution o f  the w aste  concentration 
and b iom ass w ere also follow ed. T hen the specific CH 4 production  rate  w ere 
determ ined.

T he M ichaelis-M enten equation  also gives the relationship  betw een the ra te  o f  
ferm entation  product production , dP/dt. The ra te  o f  product p roduction  m ay also be 
expressed as the specific rate  o f  product production , (dP/dt)/X , w here X  is the cell m ass 
concentration  (A ib a e ta l . ,  1965).

dP /d t = Kp
X

(4.16)
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Where
Kp is the specific C H 4  production rate, volume/(mass microbes)(time). 

Rearranging for integration gives

[  dP = K p  J X d t (4.17)
p = o o

( X  is used in the determination.)
Integration results in

P = K p ï t  (4.18)
Equation (4.18) is simplified and is of the form y = rax; thus plotting p on 

the y-axis versus J t  on the x-axis results in a straight line and the line slope equals 
Kp, which is the specific C H 4  production rate. Computation table to determine the 
coefficients Kp was set in Table D-8 and the plot was shown in Figures 4.11 (A)-(E).

The experimentally determined data pairs (P, X  t) were used to plot for 
determining the specific C H 4  production rate, Kp. After least-square regression 
analysis, a slope of 0.0033 (septic liquor), 0.0059 (coastal sediment), 0.0072 (brewery 
WWTP), 0.00008 (acidic sulfate soil), and 0.0097 (leachate) (expressed in the unit of 
ml at STP/(mg/l of biomass)-hour ) are obtained.

We can represent product production as a conversion of a number of waste, 
dP/dS. Described formalism is useful as a first step in biotechnological รณdies aimed 
at planning and optimization of microbial growth. It gives estimate how much waste 
should be supplied to reactor to obtain required amount of target product, where dP is 
the increase in product production consequent on utilization of the amount ds of 
waste, and dP and ds are respective infinitely small increments. It should be noticed 
that rigorous definition of Yp /S  as derivative dP/dS stems from the fact that Y p /S  can 
vary in time, the negative sign being introduced because of p and ร vary in opposite 
senses. It expresses explicitly the waste utilization for product: how much mass units 
of particular waste should be consumed to produce one unit volume of CH4. 
Computation table to determine the coefficients Y p /S  was set in Table D-9 and the plot 
was shown in Figures 4.12 (A)-(E).
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(A) (B)

xt (rrg'l-h)

(C) (D)

(E)

Figure 4.11 Graphical determination of the specific methane production rate , Kp, of 
mixed-bacteria from various sources. (A), (B), (C), (D) and (E) show the 
numerical values of acclimated seed sludge from septic liquor, coastal 
sediment, brewery wastewater treatment plant, acidic sulfate soil, and 
leachate, respectively.
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Figure 4.12 Graphical determination of the methane production yield coefficient,Y p / S ,  

of mixed-bacteria from various sources. Accumulated methane and COD 
removed were used in the determination. (A), (B), (C), (D) and (E) show 
the value of acclimated seed sludge from septic liquor, coastal sediment, 
brewery wastewater treatment plant, acidic sulfate soil, and leachate, 
respectively.
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A plot of the cumulative volume of CH4 against the ร utilized ,(S0-St), is a 

straight line of slope coinciding with the CH4 production yield coefficient (Yp/s). The 
CH4 production yield coefficient, Yp/s, defined as the ratio of CH4 produced in the 
experiment to the waste utilized. From this study, a slope o f 317 (septic liquor), 226 
(coastal sediment), 324 (brewery WWTP), 65 (acidic sulfate soil), and 315 (leachate) 
expressed in ml (at STP) per gram of biodegradable waste utilized. Estimates of CH4 

production yield coefficient, Yp/s, were comparable for all types of bacteria, which 
exhibited a different yield. These data suggest that, bacteria from a brewery 
wastewater treatment plant exhibited the highest value of CH4 production yield 
coefficient, Yp/ร. This seems to be support the results from the specific CH4 

production rate, Kp (Figure 4.11(C)). The highest possible proportion of CH4 was 
produced from a gram of biodegradable waste. This shows the highest performance 
of this mixed-bacterial culture to degrade environmental pollutant and yield the 
highest amount of CH4. The theoretical amount o f CH4 of 350 ml at STP per a gram 
of glucose utilized is reported (Tchobanoglous and Burton, 1991). Table 4.2 
summarized the numerical values of CH4 production yield coefficient, Yp/s, obtained 
from this ร ณ dy.

4.4.2.4 VFA Degradation
Figures 4.13 (A), (B), (C), and (D) showed the time course o f VFA’s in the 

system which contained mixed-bacterial cultores from different sources. Data were 
recorded in Table D-10. In acidogenesis, glucose was degraded and served as electron 
donor. The principal products of fermentation were butyric, propionic and acetic acid. 
The butyric and propionic acid would be fermented further to produce H2, CO2, and 
acetic acid. The time for acetic acid formation was around 2 days (Figure 4.14 and 
Table D -ll). Butyric and propionic acid were the metabolites at much lower rates. 
The increase of butyric and propionic acid was due to glucose fermentation. The 
decrease of acetic acid (Figure 4.14) was related to the tendency of CH4 formation 
(Figure 4.10). The sludges did not show the same behavior. The bacteria originating 
from the septic liquor, the coastal sediment and the brewery wastewater treatment 
plant reduced a large part of the initial COD (Figure 4.3) without acetate accumulation 
(Figures 4.13 and 4.14) and produced a high amount of CH4 (Figure 4.10), while the
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sludge from acidic sulfate soil showed a poor C H 4  production and high acetate 
accumulation (Figure 4.13 (D)).

(A) (B)

Figure 4.13 The time course of VFA degradation from reactors that 
contained mixed-bacteria from various sources. (A) septic liquor, 
(B) coastal sediment, (C) brewery wastewater treatment plant, and 
(D) acidic sulfate soil.

Among five different assemblages, the bacteria from the acidic sulfate soil had 
the lowest COD removal efficiency and C F I 4  production (Figures 4.3 and 4.10). The 
VFA’ร, especially acetic acid, were found to be accumulated in the reactor (Figure 
4.13(D)). When accumulation of VFA’s was taken place, this preparation appeared to 
inhibit more in the growth of methanogens because the corresponding C H 4  production 
decreased. On the other hand, the bacteria of the coastal sediment and the brewery 
wastewater treatment plant performed satisfactorily in terms of conversion of initial 
COD to acetic. Acetic acid produced from the coastal sediment assemblages and the 
brewery wastewater treatment plant assemblages was readily used as substrate, while
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the content of propionic and butyric acid remained low. The present investigation 
confirms the importance of the sludges consisting of different populations that are 
able to degrade more effectively the volatile fatty acids produced in the 
acidogenic phase of anaerobic digestion. The number and type of bacterial 
populations enriched in the process is very important for rapid and complete 
conversion of intermediate acid products derived from anaerobic metabolism.

Figure 4.14 The time course of acetic acid in reactors that contained 
mixed-bacteria from various sources.

As observed in Figure 4.14, the acetic acid, a major substrate for 
methanogenesis, decreased continuously with the degradation time in accordance with 
the progression of CH4 production (Figure 4.10). This result strongly suggested that 
acetate in the solution was also mostly used as a substrate for methanogenesis. The 
decrease in acetic acid concentration and the increase in propionic as well as butyric 
concentration occurred after 2 days.
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4.4.3 M easurement of the Specific Rate of Sulfate Reduction Under Sulfate 
Reducing Condition and the Evaluation of the Effect of Sulfate Reduction 
and Heavy Metal in Bioreactors

For the comparison studies of the specific sulfate reduction rate and the effect 
of the presence of heavy metal, the two groups of reactors 5 A and B, were fed with 
the glucose-based solution. Sulfate at the concentration of 2,100 mg sc>4271 was 
measured to all 10 reactors of Groups A and B. In addition, an initial Cu (the model 
metal used) at the concentration of 10 mg/1 was added to five reactors of group B. 
(Section 3.1.5). For group B, The system recovery from Cu commingling with S 042' 
was observed.

The occurrence of sulfate reduction in anaerobic bioreactors is in most cases 
unwanted. Sulfate reduction can be used to remove sulfate and heavy metals from 
wastewaters, but in these cases sulfate reduction has to be favored.

This part of the รณdy addressed the role that sulfate reducing bacteria (SRB) 
played in the removal of Cu. In these processes, H2S produced by the SRB was used 
to precipitate CuS. In the biosulfide process, the biological sulfate reduction occurred 
in the reactors from all of the five different sources of bacteria. Visual observation of 
the solids indicated a very fine black suspended precipitate appearing in all of the 
reactors that then had dense packing and good settling.

Figure 4.15 The time course of sulfate reduction. Group A reactors contain only
sulfate. Group B reactors contain both sulfate and Cu.



74
During an experiment, the evolution of the concentration o f S O 4 2 ' from all 

reactors was followed (Table D-12). Figures 4.15(A) and (B) show the evolution of 
S O 4 2' of the Group A and Group B reactors during bioreaction time in experiments. 
Sulfate reduction occurred in both the acidogenic and methanogenic phases since the 
beginning. Different seed types showed differences in the rate o f sulfate reduction. 
This observation showed the different performances of SRB from different sources. 
Intriguingly, it was observed (from graph) that the amount of S O 4 2'  reduction in the 
Group B reactors was higher than that of Group A. This implied the system recovery 
from Cu commingling with S O 4 2 ' for Group B reactors.

Figure 4.15(A) depicted that SO42' was reduced continuously at the beginning 
but the reduction was disrupted. แ 2ร occurred in the system may cause the system 
unfavorable by inhibiting the SRB. When the system contains a heavy metal (Figure 
4.15(B)), Cu support detoxification then it is harmless to microorganisms and their 
environment. Thus, sulfate was reduced continuously.

Here again, the specific SO42' reduction rates were assumed to base on the 
Michaelis-Menten equation. The Ln SO42' at bioreaction time was calculated and 
plotted versus time multiply by average biomass at any time, X  t (similarity to 
Equation 4.8). Computation tables were set (Tables D-13 for Group A and Table 
D-14 for Group B reactors). The specific o f SO42' reduction rate of bacteria from the 
five sources with S042'(Group A) and with SO42' commingling with Cu (Group B) 
were determined.

Bacteria from all sources can reduce S042'in anaerobic system. Figure 4.16(A) 
shows the plot to determine the specific SO42' reduction rate of reactors that contained 
SO42". Points do not lie around a straight line. On the other hand the reactors that 
contained SO42' and heavy metal (Cu=10 mg/1), points lie satisfactorily around a 
straight line confirming the validity of Equation (4.8). This deduces that Cu reacts 
with sulfide (the product from SO42' reduction) in the system and precipitate as metal 
sulfide. H2S was reduced and gave less toxic to SRB in the system. In the latter case, 
the SO42' reduction results in a straight line because the reaction conforms to a 
pseudo-first order, and the line slope equals -K .
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Figure 4.16 Graphical determination of the sulfate reduction rate of mixed-bacteria 

from various sources. G roup A reactors contained only sulfate. 
G roup B reactors contained both sulfate and Cu.
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Figure 4.16 (-Continued-) Graphical determination of the sulfate reduction rate of 
mixed-bacteria from various sources. G roup A reactors contained 
only sulfate. G roup B reactors contained both sulfate and Cu.

Cu showed the positive effect on the reduction of SO42' especially for the 
bacterial assemblages from septic liquor, a brewery wastewater treatment plant and 
acidic sulfate soil due to sulfide detoxification of the metal. The specific SO42' 
reduction rates for all types of bacteria in Group B reactors are 7x l0 '7(septic liquor), 
lxlO‘6(coastal sediment), 9x l0 '7(brewery WWTP), 9xl0‘7( acidic sulfate soil) and 
8xl0‘7(leachate), expressed in the unit of liter/mg-hour. Without Cu, the plot of 
LnSC>4 versus X  t does not result in a straight line (for bacteria from septic liquor, 
brewery WWTP and acidic sulfate soil). This implied that SRB in the system were 
inhibited. With Cu, SRB show higher performance in SO42' reduction. The numerical 
values of specific ร(ว42' reduction rate obtained from Group B reactors (reactor that 
contained sc>42'and Cu) were summarized Table 4.2.

Table 4.2 summarizes the specific values, efficiencies in terms of COD 
removal and the dominant morphology of the acclimated seed sludge from the 
different sources.

The effect of SO42" reduction and heavy metal in bioreactors was evaluated in 
terms of COD removal from the reactors. The percentage of COD removal of 
reactors without any toxicants (data from Section 4.4.2), with contained SO42' 
2,100 mg/1, and with contained both SO42' 2,100 mg/1 and Cu 10 mg/1 were 
determined and shown in Figure 4.17(Tables D-15 and D-16).



T a b le  4 .2  T he k in etic  va lu es, e f f ic ie n c ie s , and the dom inant m o rp h o lo g y  o f  acclim ated  seed  s lu d g e  from  different sources.

Bacterial Sources
(1/mg
biomass-
h)

Yx/S»
(mgbiomass

created/
mg

substrate
utilized)

kd(mass cells/ 
total mass 
cells-day) Ü ,

STc**produced at 
STP/ 

g substrate 
utilized)

%COD
Removal

Bacterial
Morphology

Specific S042' 
Reduction Rate
after providing 

heavy metal under 
S042’ reducing 

condition 
(1/mg biomass-h)

1. Septic Liquor 2x1 O'7 0.0360 +0.0372 0.0029 317 50
Chain­
forming

cocci
7x10‘7

2. Coastal Sediment 4x1 O'7 0.3689 -0.0377 0.0059 226 63 Short- rods lxl 0‘6
3. Brewery 

Wastewater 
Treatment 
Plant

3x1 O'7 0.0192 +0.0444 0.0072 324 57 Chain­
forming 

cocci and 
bicocci

9x10‘7

4. Acidic Sulfate Soil 9x1 O'8 0.7672 -0.0396 0.00008 65 38
Undefined-

shape 9x10'7

5. Leachate 2x10‘7 0.0097 315 42
Short- rods 
and bicocci 8x1 O'7

* The theoretical amount of CH4 of 350 ml at STP per gram of glucose utilized is reported (Tchobanoglous and Burton, 1991).
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An advantageous process is related to the selection of an appropriate 
mixed-bacterial culture from the sources that best avoid inhibition of bacterial activity 
by Cu and แ 2ร and facilitate metal separation (Cu removal) and system recovery.

□  without toxicants 0 with SOI2100 ng/1 □  with so t 2100 rrg/1 and Cil lOng/l

Figure 4.17 Effect of sulfate, and the combination of sulfate and Cu on 
COD removal in anaerobic process.

The system performance was different in terms of COD removal. In the cases 
without any toxicant addition, the system performance was quite high. With 2,100 mg 
S04271, the performances of all the reactors were much lower in terms of COD 
removal because biological sulfate reduction occurred, producing แ 2ร. With 2,100 
mg S04271 and 10 mg Cu/1, all reactors showed a higher performance in COD removal 
than in the case without Cu addition because CuS was precipitated, avoid inhibition of 
the bacteria in the system.

Among these reactors, the reactor with bacteria obtained from the brewery 
wastewater treatment plant showed the highest performance in the system recovery 
resulting from metal sulfide precipitation thereby avoiding system inhibition. These 
results suggested that bacteria from various sources provided different recoveries in 
terms of COD removal.

From the results obtained in this chapter, mixed-bacteria from the brewery 
wastewater treatment plant showed the highest mutualistic interaction between 
SRB and MPB. This mixed-culture provided the highest values in the 
specific CH4 production rate (Kp), CH4 production yield coefficient (Yp/s), while
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provided the lowest value in the endogenous decay rate (K<1) and the cellular yield 
coefficient (Yx/s). This mixed-culture also provided the high value in the rate of COD 
utilization and that of S O 4 2 " reduction. This mixed-culture showed the highest 
performance in recovery of the system to higher levels o f COD removal as a result of 
metal sulfide precipitation.

We, therefore, considered the mixed bacterial culture from the brewery 
wastewater treatment plant as the high performance assemblages and selected this 
culture for the study of anaerobic bioreactors in simultaneous lowering o f COD and 
sulfate with precipitation of metal sulfides, with methane production.

4.4.4 Isolation and Identification of Bacteria
The major types of bacteria and the species of SRB from the selected mixed 

culture were isolated and then identified. A lic y c l ip h i lu s  sp. R-24604, S p o ro sa rc in a  
sp. PIC-C28, and M ic ro c o c c u s  lu teus  are the three major types which were found in 
the mixed culture of bacteria in the brewery wastewater treatment plant. The 
% similarity o f these three types was 100 (210/210), 98 (474/480), and 94 (451/476), 
respectively. The accession number is AM 084015, DQ 227790, and AB 079788, 
respectively. C lo s tr id iu m  gang a h w en se  strain HY-42-06 is the SRB which was 
found in this culture. The % similarity is 99 (248/249) and the accession number is 
AY 90329. The electrophoregrams of identification were shown in Appendix c. The 
scanning electron micrograph o f acclimated seed sludge was shown in Figure F-l 
(Appendix F).

Table 4.3 The results o f bacterial identification.

Isolate
Number

Closets Sequence % Similarity
Accession
Number

1 M ic ro c o c c u s  lu teus 451/476 (94%) AB 079788
2 S p o ro s a rc in a  sp. PIC-C28 474/480 (98%) DQ 227790
3 A lic y c lip h ilu s  sp. R-24604 210/210(100%) AM 084015
4

(SRB)
C lo s tr id iu m  gangahw ense  strain HY- 
42-06

248/249 (99%) AY 903294
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4.5 Conclusion
A mixed-bacterial culture from the brewery wastewater treatment plant was 

proved to be feasible, reliable, and effective in system recovery from metal and SO42" 
as well as CH4 production and waste reduction. Bacteria from different sources 
exhibited different rate of waste degradation, CH4 production and the yield values. 
The three lists of the overall process performance data obtained from bacteria 
originated from a brewery WWTP were as followed. This bacterial process resulted in 
the highest specific CH4 production rate of 0.0072 ml/(mg/l o f biomass)-hour and the 
highest CH4 production yield coefficient of 324 ml(at STP)/gram of COD removed. 
While the endogenous decay coefficient (kd) was not found and the cellular yield 
coefficient (Yx/s) was the lowest and exhibited at 0.2246 mg biomass created/mg 
waste utilized, respectively. While SO42" reduction rate still occurred with the rate 
9x10'7 1/mg-hour. It was found that the process was relatively easy to operate and 
start-up and result in quite a large COD reduction (57%) and a short time (2 days) to 
start-up. As for the waste utilization rate, this mixed-culture showed the top second 
value of 3x1 O'7 1/mg-hour which was in the same order of magnitude followed 
bacteria from the coastal sediment (4x10'7 1/mg-hour). The present investigation 
confirms the importance of the selection of the best populations that are 1) able to 
degrade effectively the VFA’s produced in the acidogenic phase of anaerobic process 
2) metal-resistant 3) able to degrade SO42" in acidogenic phase for preventing sulfate 
reducing bacteria (SRB) and methane producing bacteria (MPB) by heavy metal 
sulfide precipitation 4) produce methane in high amount and 5) provide a short lag 
time. The conclusion was drawn and divided into 3 parts.

In the system without any toxicants: Bacterial assemblages originating from 
the septic tank, the coastal sediment and the brewery wastewater treatment plant 
reduced a large part of the initial COD without acetate accumulation and produced the 
high amount of methane, while the bacteria from the acidic sulfate soil showed a poor 
methane production. Bacteria from a brewery wastewater treatment plant gave the 
highest yield in terms of the highest specific CH4 production rate as well as CH4 

production yield coefficient. In the system with high sulfate: Bacteria from the 
coastal sediment gave the highest specific sulfate reduction rate followed by the both 
cultures originating from the brewery waste water treatment plant and from acidic 
sulfate soil. In the system containing sulfate and heavy metal: Bacteria from the
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brewery wastewater treatment plant showed the highest potency in facilitating 
recovery of system in terms of COD removal by metal sulfide precipitation thereby 
avoiding system inhibition.

Sludge from the brewery wastewater treatment plant was found to be the most 
appropriate bacterial assemblages due to its ability to show mutualistic interaction 
between SRB and MPB and useful for application in anaerobic process o f waste 
containing both high sulfate and heavy metals. The exceptional properties in kinetic 
coefficients make this culture an excellent candidate for technical application.

The major types o f this mixed-bacterial culture was Sporosarcina sp. 
PIC-C 28, Alicycliphilus sp. R-24604, and Micrococcus luteus. The sulfate 
reducing bacterial type was Clostridium ganghwense strain HY-42-06.
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