
C H A P T E R  III

METHODOLOGY

Cadmium (Cd), copper (Cu) and zinc (Zn) that are the three out of five heavy 
metals which frequently appear in biological sludges and industrial wastewater were 
used as the toxicants in the experiments. Bacterial assemblages from various 
locations were tested. The selected mixed-bacteria which had high ability to 
tolerate the conditions of sulfate (SO42’) reduction and high heavy metal concentration 
functioned as seed under the most appropriate anaerobic condition. The SO42' 
concentration was tested in order to avoid substrate competition and suppress MPB 
growth. At this step, the test was performed by various proportions of C 0D :S042‘ in 
order to find an optimum reactor conditions for simultaneous control o f ร 0 42 

and heavy metals in complex wastewater streams. Then the toxicity test was 
conducted. Influence of sc>42'and heavy metal(s) on the methanization of wastewater 
was observed. The potential interaction of metal(s) commingling with sc>42'were 
investigated. The predictive model to prevent system suffering from these toxicants 
was proposed.

The methodology o f this research was divided into 3 main parts.
3.1 Microbial selection
3.2 An optimum reactor conditions for simultaneous control o f SO42' and 

heavy metals in complex wastewater streams.
3.3 Assessment o f inhibitory effects of heavy metals to anaerobic 

microorganisms.
The flow diagrams are shown in Figure 3.1, 3.4, 3.5, 3.7 and 3.8. The details 

o f each part are:

3.1 Phase 1 Microbial Selection

Bacterial assemblages (or communities) from five different locations, through 
natural selection, that they all may have a high ability to tolerate heavy metals to some 
degree were the mixed-bacterial culture to be รณdied in this chapter (Rationale was 
given in Section 2.2.4).
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Figure 3.1 Flow diagram of the overall experimental studies.
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The mixed liquor in a septic tank, sediment samples taken from a coastal area 

(Pattaya, Chonburi), sludge from the digester of a brewery wastewater 
treatment plant, acidic sulfate soil samples with due regard to temporal and spatial 
heterogeneities which was collected from the sites at Ongkarak (Nakomayok) where 
there is not any anthropogenic effect and a mixed-microbial culture from leachate 
(Nongkham landfill site, Bangkok) were selected to study.

3.1.1 Materials and Methods
In this study, a controlled environment was needed to ensure that 

the microorganisms had a proper medium in which to grow and that there 
could be comparability among reactors. Environmental conditions including pH, 
temperature regulation, nutrient and trace-element addition, initial loading factor 
(waste concentration/biomass in terms of mixed liquor volatile suspended solids or 
COD/MLVSS), anaerobic conditions, and proper mixing control were carefully 
controlled.

3.1.2. Bioreactors
For comparison of waste utilization, biomass and biogas production, five 

reactors were constructed from 6-liter capacity PET bottles. Each was equipped with 
two outlet ports, one for liquid sample withdrawal and the other for gas venting. The 
reactor was connected to a gas collection system, which was based on water 
displacement by the exiting gases (Figure 3.2). The five reactors were operated in 
batch mode.

For the studies on ร(ว42' reduction and the effect of heavy metal, the reactor 
was equipped with an outlet port for liquid sample withdrawal (Figure 3.3). The 
exiting gases vented through a rubber cap that was perforated and adjacent to a tube 
containing water. The ten reactors were operated in batch mode.

3.1.3 Feed Solution
A glucose composition consisting of 20,000 mgCOD/1 and sufficient 

inorganics was used as the synthetic waste to maximize consistency for bacterial cell 
growth. The components followed those of Leighton and Forster (1997).
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3.1.4 Start Up
The seed sludges obtained from the five natural locations (previously 

described) were initially characterized. Physical and chemical characteristics were 
measured including pH, conductivity, oxidation reduction potential (ORP), TDS, c r  
level, alkalinity, NO3' and SO42' concentrations, and organic matter or COD.

The biomass inoculum for each type of sample was started up in 2-liter PET 
bottles that were maintained at ambient temperature (around 31±1°C). They were 
shaken from time to time. The synthetic glucose-based substrate was gradually 
increased in concentration over a range from 2,000-10,000 mg/1 for about 2 months. 
The biogas produced was observed in order to monitor the performance of the 
bacterial growth. Final mixed liquor volatile suspended solids (MLVSS) were 
determined in order to start the operation at the same content for each reactor.

3.1.5 Operation
The control conditions in the operation were: initial COD (20,000 mg/1), 

MLVSS (670 mg/1), initial pH (7), temperature (31±1°C), and working volume 
(5.5 liters).

For the comparison รณdies o f the rate of waste utilization, biomass and biogas 
production, the five batch reactors (as shown in Figure 3.4) containing different kinds 
of mixed-microbial cultees (started at the same content o f MLVSS) were fed with the 
glucose-based solution. The loading factor (COD/MLVSS) in each reactor was 30. 
The batch reactions were operated for 2 months. Biogas was measured every 3 to 6 
hours. At selected times, liquid samples (5 ml) were withdrawn and analyzed for 
MLVSS, COD, and VFA’ร. COD removal efficiencies of all 5 reactors which 
contained no toxicants were reported.

For the comparison รณdies of SO42’ reduction and the effect of the presence of 
a heavy metal, a series o f 10 reactors (as shown in Figure 3.5) was divided into two 
groups (A and B). They were fed with the glucose-based solution. Cu was the model 
metal used in this step. It was the most consistent heavy metal found in wastewaters 
(USEPA, 1981) and it had been recorded of high toxicity (Chiu-Yue Lin, 1992).

X ร
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Figure 3.2 Bioreactor for the studies of waste utilization, biomass and biogas production.

Initial sc>42‘ in the form of ammonium salt at the concentration of 1,000 mg ร(ว4271 
was added to all reactors of Groups A and B. The C0 D:S042' ratio was 20:1 or the 
COD:S ratio was 60:1 in order that glucose not be limited. The SO42' content in the 
solution was recorded. In addition, an initial Cu concentration of 10 mg/1 was added 
to five reactors of Group B. The batches were operated for two months. At selected 
times, liquid samples (5 ml) were withdrawn and analyzed for S042’, MLVSS, and 
COD. For Group A, SO42' reduction rates were measured over time. The specific 
rates of SO42' reduction were determined. The values derived from each reactor were 
reported and shown. For Group B, The system recovery from Cu commingling with 
SO42' was observed.

Figure 3.3 Bioreactor for the studies of sulfate reduction and the effect of heavy metal.
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COD removal efficiencies o f Group A that contained only SO42" and those of 

group B that contained both so,}2' and Cu were determined in order to investigate 
ร042'reduction and the effect of heavy metal in the sulfide detoxification and the 
metal remediation processes.

To compare the bacterial assemblages that show mutualistic interaction 
between SRB and MPB and to investigate the effect of heavy metals on anaerobic 
bacteria involved in metal remediation processes, COD removal efficiencies with 
mixtures that contain no toxicants, were compared with the two sets of samples, one 
that contained only SO42', and the other that contained both SO42" and heavy metal. 
The results show the values that were obtained from all seed types.

Seed acclimation, start up, experiment set up, operation and gas collection 
were shown in Figure B l- B7.

The most appropriate bacterial assemblages which have the ability to grow by 
fermentation or by syntrophic association with methanogens and showed a positive 
effect of heavy metals on anaerobic reaction due to sulfide detoxification of the metal 
were isolated and identified. This mixed-bacterial culture was selected for further 
study in Phases 2 and 3.

Figures 3.4 and 3.5 show the flow diagram of the experimental study 
in Phases 1.

3.1.6 Isolation and Identification of Bacterial Culture

The selected mixed-bacteria were then isolated to identify the major type and 
species. Isolation o f bacteria was performed by following that o f Mori, et al. (2000). 
Identification of bacteria was performed by following that o f Ohkuma and Kudo 
(1996). The 16S rRNA technic was carried out for Gene Analysis of the isolates 
(Appendix C).

The results from this section are presented in Chapter IV.
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Phase 1 Microbial selection in the part of the รณdy of the kinetic rate coefficient.

Figure 3.4 Flow diagram of the experimental study in Phase 1.
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Phase 1- continued- Microbial selection in the part of sulfate reduction and system recovery 
by metal.

Figure 3.5 Flow diagram of the experimental study in Phase 1
(under sulfate reducing condition).



T a b l e  3 . 1  T h e  v a r i a b l e  a n d  p a r a m e t e r s  f o r  t h e  s t u d i e s  i n  P h a s e l .

Variables Parameters

Control
Variables

Initial COD and M LVSS (loading factor), initial pH=7, 
tem peram re (room condition), tim e o f  operation (for approx. 
3 months, batch m ode operation

Independent
Variables 5 sources o f  m ixed-bacterial culture
Dependent
Variables M LVSS, COD, CÜ4 , V F A ’s and pH

Table 3.1-continued- T he variables and param eters for the  studies in  Phasel. 

(under su lfate reducing  condition)

Variables Parameters studied for Group A reactors

Control
Initial COD and M LVSS (loading factor), initial pH=7, 
tem peram re (room condition), tim e o f  operation (for approx. 
3 months, batch mode operation

Group A
Independent
Variables

5 sources o f  m ixed-bacterial culture and SO42' 2,100 mg/1

Dependent
Variables COD, M LVSS, S 0 42' and pH

Table 3.1-continued The variables and param eters for the  รณdies in  Phasel. 

(under su lfate reducing  condition)

Variables Parameters studied for Group B reactors

Control
Initial COD and M LVSS (loading factor), initial pH=7, 
tem peram re (room condition), tim e o f  operation (for approx. 
3 m onths and batch mode

Group B
Independent
Variables

5 sources o f  mixed-bacterial culture, SO42' 2,100 mg/1 and 
Cu 10 me/1

Dependent
Variables S 0 42- , COD, M LVSS, and pH
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3.2 Phase 2 An Optimum Reactor Conditions for Simultaneous Control of Sulfate 

and Heavy Metals in Complex Wastewater Streams

E xperim ents w ere perform ed in reaction  bottles w ith  100 m l w orking volum e 
b y  a batch  test. T hese bottles, equipped w ith  a separate gas co llection  system , w ere 
p laced in a shaking w ater-bath  w ith  tem perature controlled at 35±1 ° c  (F igure 3.6). A  
series o f  b a tch  reactors w ere operated. T he optim um  perform ing  organism s obtained 
from  Phase 1 w ere used  in  this test. T hey w ere acclim ated in 6  liter w ell m ixing 
reactors for m ore than  2 m onths at room  tem perature (31±1 °C). T he g lucose synthetic 
w aste  used in the acclim ation and the batch  test also contained sufficient inorganics 
and their com ponents applied  from  L eighton and Forster (1997) (T able 3.2). The 
hydraulic  reten tion  tim e (H R T) for the fill-and-draw  operation  type seed sludge 
digesters w as 20 days. T he synthetic w aste concentration  w as 32,000 mg/1 as CO D  
and the initial concentration  in  the seed sludge w as around 650 m g COD/1. S O 4 2' w as 
added in  the  form  o f  aqueous N a2 S0 4.

The reaction  bottles w ere in itia lly  purged w ith  N 2 and then seeded w ith  80 m l 
acclim ated steady-state  seed sludge. Proper am ounts o f  32,000 mgCOD/1 synthetic 
w aste and distilled  w ater w ere added into the gassed reaction  bottles to m ake the 
initial C O D  around 3,000 mg/1 in  order to m im ic industrial w astew ater. T he real value
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o f  C O D  from  synthetic w aste com m ingling  w ith  filtrated seed sludge w as m easured 
and recorded  as influent CO D . T he initial b iom ass concentration w as contro lled  to be 
around 10,000 mg/1. T he in itial load ing  factor (C O D /M L V SS) in each bottle  was 
equally  controlled. T he p roper am ount o f  the  ฬท2 ร(ว4 solution had been added, giving 
rise  to 0-2,500 m g S0 4 27 1 .

T he real values o f  S0 4 2‘content in  the so lu tion  w ere m easured  and recorded. 
T he total w ork ing  volum e o f  all the bo ttles w as 100 m l. o p tim u m  conditions w ere 
provided  in  th is operation. O perational param eters o f  initial pH  7 and tem perature o f  
35 ° c  w ere adjusted  in  o rder to facilitate anaerobic digestion. A fter p relim inary  
operation  o f  5 m inutes for m in im izing  the effects o f  environm ental changes and gas 
phase difference, the experim ent started. T he contents w ere sam pled every  6  to 12 
hours w ith  a syringe to determ ine M LV SS and SO42'. B efore sam pling m ixed  liquor, 
for the purpose o f  m easuring  m ethane production , the to tal gas p roduction  was 
recorded  and collected. T he gas com position  w ere then  determ ined. T he in itial and 
final C O D s w ere  analyzed.

Photos o f  the  experim ents w ere show n in  A ppendix  B.
Table 3.2 G lucose synthetic w astew ater com position.

Constituent in 10 liters Weight or Concentration
Glucose 300 g

Urea 45.76 g
NaHCOj 128.16g
k h2po 4 13.856 g
k 2h po4 10.656 g
MgCl2 18.112g

FeCl2.6H20 0.1376 g
NiS04.6H20 0.1056 g
MnCl2.4H20 0.1056 g
ZnS04.7H20 0.1056 g

H3BO3 0.0224 g
C0C12.6H20 0.0112 g

HjP04 12 MoO.24 H20 0.00832 g
CuS04.5H20 0.001056 g

COD of this glucose synthetic waste 32,000 mg/1
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Phase 2 Study o f the optimum reactor condition.

Figure 3.7 Flow  diagram  o f  the experim ental study  in Phase 2.
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T he m ixed  liquors sam pled w ere filtered for M LV SS determ ination  and the 
supernatants w ere taken  for ร 0/(2’and C O D  analysis. The gas com positions w ere 
determ ined b y  using  a Shim adzu  G C -14B  gas chrom atograph equipped w ith  a therm al 
conductiv ity  detector. SÛ 42'w as m easured according to the  procedure o f  Standard 
M ethods (A PH A , 1992). Sam ples for C O D  analysis had been  acidified and shaken 
for 2 hours to rem ove sulfide. F igure 3.7 show s the flow  diagram  o f  the experim ental 
รณdy and T able  3.3 sum m arizes the variables and param eters for the รณdies 
in  Phase 2.

Table 3.3 T he variables and param eters for the  รณdies in Phase 2.

Variables Parameters

C ontrol Selected m ixed-bacteria, Initial C O D  and M LV SS, initial pH =7, 
tem pera tu re= 35°c , tim e o f  o p era tio n a l 2 0  hours and batch  m ode

Independent
V ariables SO 42' concentration  or C O D :S (13.7-3.7)
D ependent
V ariables SO 42', CH 4, c o d  , pH  and V F A ’s

A ssays w ere run  for a 120 hour period. T he in itial and final pH  o f  the m ixed  
liquors w hen the reaction  bo ttle  assay  begins and fin ishes w ere recorded  to ensure that 
pH  w ould  not cause any  inhibition. The inh ib ition  o f  m ethanogenesis and the 
com petition  betw een  SRB and M PB  w ere determ ined. Inhibition w as quantified  by  
determ ining  the  doses o f  the sc>42‘and the C O D :S ratios that caused m ajor trouble or 
unfavorab le  conditions during the anaerobic d igestion  over a fixed period o f  time. 
T he param eters used in  m easuring  the effects o f  SO 42' and C O D :S ratios w ere total 
gas, m ethane production  and the effluent CO D . T he gas volum es w ere recorded at 
standard  tem perature (0°C) and pressure (760 m m H g)(ST P). The percentage o f  
electron flow  to SRB and M PB , and the specific  m ethane activ ities (SM A s) w ere 
investigated  to observe the  com petition  betw een SRB and M PB , and the ability  to 
produce m ethane, expressed as units o f  m ethane per one gram  o f  biom ass, 
respectively .

A t th is step, the optim um  reactor conditions for control o f  SO 42" in w astew ater 
w ere investigated. T he optim um  C O D :ร w ould be  selected to set the optim um
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condition. W ith  optim um  perform ing  m icroorganism s, the  task  for assessm ent o f  
inhibitory  effects o f  heavy  m etals to anaerobic m icroorganism s could be  continued.

The results from  this section are presented  in  C hapter V.

3.3 Phase 3 Assessment of Inhibitory Effects of Heavy Metal(s) to Anaerobic 

Microorganisms

T oxicity  batch  b ioassays w ere conducted to evaluate the  effect o f  heavy  
m etals on  the  activities o f  sulfate reducing  bacteria  and m ethane p roducing  bacteria. 
G lucose w as utilized  as the electron donor for the  process.

Cd, C u and Zn w ere the m odel m etals. T hey are the consisten t h eavy  m etals 
found in w astew aters (U SE PA , 1981). Inhibitory concentrations w ere  determ ined  
from  the bioassays.

A ddition  o f  m etal-resistan t m icroorganism s, pH  adjustm ent, and S O 4 2' anion 
additives that reduce m etal b ioavailab ility  and prom ote m ethanogenesis are the 
approaches in  th is study.

Sulfate at an optim um  am ount (obtained from  Phase 2) w as added so that their 
availab ility  in  solution can fulfill the  requirem ent for b iom ass activity. T he S O 4 2' 

dosing  u tilized  w ould  be  a value in  the range that S O 4 2' reduction  w as contro lled  b y  the 
am ount o f  S O 4 2'. This value corresponded to the C O D :S  ratio  tha t prom otes 
m ethanogenesis and avoids the  com petition  betw een  SRB and M PB  in  m ixed  m icrobial 
assem blages. This value agree w ell w ith  the tested S O 4 2' based  on  the  m ethane yield, 
and the percentage o f  ร 0 42"and C O D  rem oval o f  selected m ixed-bacteria  grow n 
on glucose.

E xperim ents w ere also perform ed in reaction  bottles w ith  100 m l w orking 
volum e using  a batch  test (F igure 3.6). G lucose acclim ated seed sludge w as also used 
in this study. T he g lucose synthetic w aste concentration w as around 3 ,000  mg/1 as 
CO D . T he real value w ould  be recorded. SO 42' w as added in the form  o f  aqueous 
N a2 S 0 4. Sulfate  w as added to bring  the  initial concentration  to give rise  to the 
optim um  C O D :ร that obtained from  Phase 2. The reaction  w as done in a w ell m ixed 
reacto r at 35 ° c  in a w ater bath. T he g lucose synthetic w aste used  in the test contained 
sufficient inorganics w ith  a com ponent com position  that applied  from  L eighton and 
Forster (1997).
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Phase 3 Inhibitory effects o f heavy metal(s) by m icrobial toxicity batch test.

*  Com bined metals were replaced a single metal in other batch experiments.
Figure 3.8 Flow  diagram  o f  the  experim ental study in Phase 3.
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T he initial loading factor (C O D /M L V SS) in  each  bo ttle  w as controlled to an  equal level.
The initial M LV SS w as around 10,000 mg/1. The real value w ould  b e  recorded.
F igure 3.8 show  the flow  diagram  o f  the experim ental study  in Phase 3.

Cd, Cu, and Zn w ere added to the reactors in a single so luble form  and in  a 
form  o f  com bined m etals. T he total gas production  levels w ere recorded  and collected 
at tim e 1, 3 ,6 , 12, 24, 48, 72, 96, and 120 hours. T he gas com positions w ere then  
determ ined. T he m ixed liquors w ere draw n w ith  a syringe at tim e 1, 72, and 120 
hours to determ ine M LV SS, S O 4 2' and m etals. The m ixed  liquors sam pled w ere 
filtered  for M LV SS determ ination  and the supernatants w ere taken  fo r sc>42‘ and CO D  
analysis. G as com positions w ere determ ined by  GC equipped w ith  a therm al 
conductiv ity  detector. T he pH  w as recorded w hen the assays began  and w hen they  
fin ished to indicate that pH  w as not a factor causing inh ib ition  to  the  experim ent. 
T able  3.4 sum m arizes the variables and param eters for the  studies in  P hase 3.

Table 3.4 T he variables and param eters for the  studies in  Phase 3.

Variables Parameters

C ontrol Selected m ixed-bacterial 5 selected C O D :S ratio, in itial CO D  and 
M LV SS, in itial pH  =7, tem pera tu re= 35°c , tim e o f  operation=120 
hours and batch  m ode

Independent
V ariables

Tvnes and concentrations o f  soluble added m etal (C d. C u and Z nl 
in bo th  a single and com bined m etal form

D ependent
V ariables

COD. % C H 4. S 0 42\  so luble m etal concentration  that left in  the 
e f f lu e n t, V F A ’s and pH

A ssays w ere run for a 120 hour period. The param eters used  in  m easuring  
the  effects o f  the  m etallic  ions w ere effluent C O D  and C H 4  production . Inhibition 
w as quantified  b y  determ ining  the dose o f  the  m etals (added m etals and soluble 
m etals left in the  effluent) that caused reduction  in  C H 4  production  and reduction  in 
C O D  rem oval over a 120 hour period com pared w ith  the perform ance o f  a fed control. 
A n activ ity  factor (A V ) w as used to ind icate the ex ten t o f  inhibition. The ro le o f  
heavy  m etal on S O 4 2' reduction  w as observed.

The results from  this section  are presented  in C hapter VI.
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3.4 Analytical Methods

C O D , S O 4 2', m etal(s), M LV SS, V F A ’s, % C H 4 in  b iogas form ed during 
testing, and pH  w ere all m easured using Standard M ethods (A PH A  et al., 1992). 
E xperim ental data w ere ob tained by  perform ing  the test at least duplication. The 
rou tine quality  control w as perform ed b y  the m ethod b lank  for the equipm ent 
calibration. The calibration  check standard w as perform ed for the validation  o f  a 
standard  graph.

B iom ass (M L V SS) w as m easured after filtration  o f  sam ples th rough G F/C 
filter p aper and w as analyzed as described in Standard M ethods (A PH A  et a l ,  1992).

T otal b iogas w as m easured  b y  acid ic w ater displacem ent. C H 4  analysis was 
determ ined  b y  gas chrom atography w ith  a Shim adzu G C -14B  using  a W G -100 s s  
colum n, 1/4 O .D . X  1.8 m ., flow  rate  o f  helium  carrier 33 m l/m inute. T C D  120 m A , 
and sam ple size 1ml.

V F A ’s: A cetic, propionic, and butyric  acids w ere m easured  b y  gas 
chrom atography (G C -FID , H ew lett Packard H P 6890 plus) equipped w ith  Porapak p  
100/120, flow  rate  o f  helium  carrier 1.9 m l/m inute. O ven 60 ° c  (hold 1 m inute) 
ram p 20-120°C  (hold 2 m inutes). Split ratio 200:1, and sam ple size 2 pi.

T he C O D  w as titrated  b y  the  potassium  dichrom ate-ferrous am m onium  sulfate 
m ethod  as described in  Standard M ethods (A PH A  et a l . , 1992).

Sulfate w as determ ined b y  the tu rb id itric  m ethod as described  in Standard 
M ethods (A PH A  et a l ,  1992).

M etals w ere analyzed through atom ic absorption  spectrophotom etry  (G BC, 
A V A N T A  ).

Sulfide precip itate  w as analyzed through energy  d ispersive x -ray  spectrom etry
(ED X ).

A cclim ated bacteria  w ere collected from  the cell culture flasks for exam ination  
o f  the bacterial m orphology  b y  the G ram  stain  technique. D ifferential detection  o f  
iso la ted  genera  o f  species w as then perform ed on the  16S rR N A  technic  for gene 
analysis (O hkum a and K udo, 1996).

T able  3.5 contains the procedures utilized  in the experim ental studies.
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Table 3.5 The procedures utilized in this study.

Parameter Studied Standard Methods Procedure (APHA et al., 1992)
COD 5220 B
SO42' 4500 SO4 2 -E
Metal 3100
Solids 2540

MLVSS 2540E
Alkalinity 2320B

NO3 ' 4500 N 0 3‘ -B
Parameter Studied Method Procedure

VFA Gas Chromatography(GC-FID)
%c h 4 Gas Chromatography(GC-TCD)

Bacterial Morphology Gram strain technic
SRB Isolation Mori et al. (2000)

Bacterial Identification 16S rRNA technic
pH pH meter

Conductivity Conductivity meter
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