
CHAPTER V I

THE MAXIMUM CONCENTRATION OF HEAVY M ETALS IN 
W ASTEW ATER THAT W ILL NOT CAUSE SYNERGISTIC INHIBITION TO 

ANAEROBIC W ASTEW ATER TREATMENT

6.1 Introduction

Prevention o f biological inhibition or toxicity in an anaerobic treatment system 
is a complex phenomenon that is slowly being understood. In this study, the optimum 
reactor conditions for simultaneous control o f sulfate (SO42') and heavy metals in 
complex wastewater streams were provided to enhance the system performance. A 
mixed-bacterial culture from a brewery wastewater treatment plant with a high 
potential for effectiveness was used in the study in order to facilitate the use o f  
sulfate reducing bacteria (SRB) that utilize SO42' as an electron acceptor for cell 
growth, resulting in the reduction o f SO42" to sulfide (ร2') and the transformation o f  
organic substances to methane(CH4 ), with concurrent lowering o f  sulfide and 
reduction o f the toxic risk from heavy metals through metal precipitation as metal 
sulfides. To control the level o f SO42" reduction, in order to encourage the mutualistic 
condition between the SRB and the methane producing bacteria (MPB) and to support 
the high specific methanogenic activity o f  the MPB, the optimum COD:S ratio o f 9 
was provided in the reactors. The effects o f Cd, Cu, and Zn when present as a single 
metal and as a mixture o f combined metals on CH4 production, COD removal, and 
VFA degradation and accumulation were investigated.

The extent to which metals are concentrated in wastewater can directly affect 
the system. This รณdy illustrates the effects o f heavy metal(s) on anaerobic processes. 
Previous รณdies have focused on a single metal system. However, the reactors 
present a more complex s ta t io n  and it is more usual in practical s ta t io n s  to find a 
m ixtoe o f heavy metals. For the design o f a treatment system and for the operation o f  
an anaerobic reactor, it is usefol to determine heavy metal levels in soluble forms in 
the influents that could be expected to cause inhibition.
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6.2 Purpose o f this Chapter

This study investigated the toxic effect o f the soluble metal(s), which was 
mitigated by metal sulfide precipitation in order to reduce metal bioavailability. The 
effects o f  a single metal and that o f  combined metals on the bioactivities as monitored 
by CH4 production, COD removal, SO42' reduction, and VFA accumulation in the 
system were examined. The synergistic and/or antagonistic effects o f combined 
metals were studied in order to understand how to prevent biological inhibition. 
Inhibition by combined metals was studied at the given pH value and COD:ร ratio 
and they were included in the model. An activity factor for bacteria was the key 
variable to quantify the extent o f  inhibition in reactors. The criterion model for the 
bioreactor utilized for metal removal and wastewater treatment was developed. Then 
the model was validated.

Such heavy metal concentration in wastewater that would adversely affect the 
anaerobic biological treatment were studied in the form o f the soluble added metals 
before the metal sulfide precipitation and the soluble metal that left in the effluent 
after treatment.

6.3 Materials and Methods

Procedure for the assessment o f inhibitory effects o f heavy metals toward 
anaerobic microorganisms as well as the experimental method are provided in 
Chapter 3 (Section 3.3). The laboratory scale batch apparatuร for this study was 
shown in Figure 3.6.

A series o f completely-mixed batch experiments was carried out in reaction 
bottles with 100 ml working volumes. These bottles, equipped with a separate gas 
collection system, were placed in a shaking water-bath with temperature controlled at 
3 5 ± 1 °c .

The seed sludges obtained from a mesophilic brewery wastewater treatment 
plant were acclimated in 6 -liter completely mixed reactors for more than 2  months at 
room temperature (30±2°C). The glucose substrates used in the acclimation and 
during the batch test also contained sufficient inorganics, with their components 
applied from Leighton and Forster (1997) (Section 3.2 Table 3.2). The hydraulic
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The reaction bottles were initially purged with N 2 and then seeded with 80 ml 
acclimated steady-state seed sludge. Proper amounts o f 32,000 mg COD/1 glucose 
synthetic waste and distilled water were added into the gassed bottles to make the 
initial COD around 3,000 mg/1 in order to mimic industrial wastewater. The real 
value o f  COD from synthetic waste commingling with filtrated seed sludge was 
analyzed and recorded as influent COD. The initial biomass concentration was 
around 10,000 mg/1. The initial loading factor (COD/MLVSS) in each bottle was 
similarly controlled. The proper amount o f  the ฬน2 ร0 4  solution was added in order to 
give rise to the optimum COD:S ratio o f 9 in the reactors. Cd, Cu, and Zn as aqueous 
nitrate forms were added to the reactors in single metal soluble forms and in a 
combined metal form. The concentration range o f  each heavy metal was determined 
from the solubility o f that heavy metal under the expected hydroxide concentrations in 
the wastewater at the operating pH (7.0 ±  0.5). Various ranges o f metal concentrations 
used in the test were selected based on the differing levels o f inhibition shown by 
different metals, which affect the critical process variables. The concentrations o f Cd, 
Cu and Zn used in this study were ranged between 0-20, 0-2 and 0-30 mg/1, 
respectively.

Optimum conditions were provided in this operation. Operational parameters 
o f initial pH 7 and temperature o f 35° c  were adjusted in order to facilitate anaerobic 
reaction. After a preliminary operation o f  5 minutes for minimizing the effects o f  
environmental changes and gas phase difference, the experiment started. The 
contents were sampled every 6  to 12 hours with a syringe to determine MLVSS, SO42', 
and heavy metal. Before sampling mixed liquor, for the purpose o f measuring CH4 

production, the total gas production was recorded (at room temperature) and collected 
at times 1, 3 , 6 , 12, 24, 48, 72, 96, and 120 hours. The mixed liquors were drawn 
with a syringe at times 1, 72, and 120 hours and filtered for MLVSS determination 
and supernatants were taken for SO42', metal and COD analysis. Samples for COD 
analysis had been acidified and shaken for 2 hours to remove sulfide. The initial and 
final CODs were analyzed. The final pH o f the effluent was measured.

retention time (HRT) for the fill-and-draw operation type seed sludge reactors was
20 days.
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T he CH 4 content w as then determ ined b y  a Shim adzu G C -14B  gas 

chrom atograph equipped w ith  a therm al conductiv ity  detector (TC D ). Sulfate was 
analyzed according to the procedure o f  Standard M ethods (A PH A , 1992).

A ssays w ere run for a 120 hour period. Inhibition w as quantified  by  
determ ining the doses o f  added m etal(s) and soluble m etal(s) left in  the effluent that 
inhibit m ethanogenesis in term s o f  CH4 production  and CO D  rem oval (or both) during 
the anaerobic reaction  over a fixed period o f  tim e. The param eters used  in  m easuring 
the effects o f  m etal(s) w ere CH4 production  and the effluent CO D . The gas volum es 
w ere calculated  to the standard tem perature (0° C) and pressure  (760 m m  H g) (STP) 
and recorded  at this condition. A n activ ity  factor (A V ) w as used  to ind icate  the  extent 
o f  inhibition. The ro le o f  heavy  m etal(s) on SO 42' reduction  and V FA  accum ulation  
w as also m onitored.

T he data obtained from  the experim ents w ere analyzed. A  criterion  m odel for 
preventing  system  inhibition  w as developed. T hen  another set o f  experim ents w as 
perform ed to verify  the m odel.

6.4 R esu lts  a n d  D iscussion

T he results show ed a uniform  drop in  CH 4 p roduction  as w ell as in  the  CO D  
rem oval efficiency, p rovid ing  inform ation that could  be  used  to determ ine the  portion  
o f  rem ediation  that could be attributed to bio logical activity. To quan tify  how  m uch 
the b io logical activ ity  w as reduced, the am ount o f  CH 4 p roduction  and C O D  rem oval 
w ere observed  in  the sam e period and are show n as the  activ ity  factor (A V ) in  the unit 
o f  % o f  control. T he production  activ ity  (A V ) w as defined as the fraction  o f  CH 4 

production  in 1 2 0  hours w ith  m etal p resent com pared w ith  a no-m etal control.
A V  (% ) =  (C H 4 production  m  / CH 4 production  c) X  100

C H 4 p roduction  m  = am ount o f  C H 4 production  in 120 hours w ith  m etal dosed.
C H 4 production  c = am ount o f  C H 4 production  in 120 hours w ithout m etal (control)

S im ilarly  w ith  CO D , the C O D  rem oval activ ity  (A V ) w as defined as the 
fraction o f  CO D  rem oval in  120 hours w ith  m etal p resent com pared w ith  
a no-m etal control.

A V  (% ) =  (CO D  rem oval m  / C O D  rem oval c) X  100



CO D  rem oval m  = am ount o f  C O D  rem oval in  120 hours w ith  m etal dosed.
CO D  rem oval c = am ount o f  C O D  rem oval in 120 hours w ithout m etal (control).

T he tox icity  o f  the m etal(s) w as depicted  by  the reduction  o f  m ethanogenic 
activ ity  and the reduction  o f  the C O D  rem oval, as com pared to the  controls. V F A ’s 
w ere m onitored  to elucidate the step that w as affected b y  the p resence o f  heavy  m etal. 
T he inh ib itory  effects o f  heavy  m etal(s) on the m icroorganism s w ere assessed. The 
system  perform ance in  the rem oval o f  C O D , SO 42' and heavy  m etal w as reported.

T he results w ere d ivided into 6  m ain  parts.

6.4.1 In h ib itio n  o f M e th a n e  P ro d u c tio n  b y  M e ta l

T here is no universal defin ition  o f  the toxicity  o f  heavy  m etals because toxic 
effects m ay  vary  according to the organism s affected and the particu lar situations. In 
this study, th e  in h ib itio n  level is defined as a 20%  decrease in C H 4 production  
observed. Thus, in th is case, the production  activ ity  (A V ) for m ethane production  is 
80% . T h e  tox ic  level is defined as a 50%  decrease in C H 4 production . Thus, the 
production  activ ity  (% A V ) as the fraction  o f  CH 4, is reduced to 50% .

6.4.1.1 In h ib itio n  o f  M e th a n e  P ro d u c tio n  by  a S ing le  M e ta l

Cd, C u and Zn resulted  in a decrease in  the percentage o f  CH4 production  
and/or a delay  in production. F igure 6.1 (T able H - l)  depicts the percentage o f  CH4 

production  in an experim ent taken as an exam ple. N evertheless, d ifferences in 
inhibition  o f  individual m etals and their concentrations w ere observed.
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F ig u re  6.1 T he percentage o f  m ethane profile  w hen system  contains a  sing le  m eta l.

The figure reveals that m etal could affect either the C H 4 content or cause a 
delay  in C H 4 production, or both. Cd at 20 mg/1 caused both  a delay  and an inhibition
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in producing  CH4. C u at 2 mg/1 caused both  a slight delay  and inhibition  in CH4 

production. Zn at 20 mg/1 caused a delay  in C H 4 production  but the CH4 content was 
still as h igh as that o f  the control. W hile  Zn at 30 mg/1 caused inh ib ition  in the CH4 

production. T he h ighest CH4 content w hich w as obtained after dosing  Zn at 30 mg/1 
w as only  1 0  per cent.

(A) (B) (C)
F ig u re  6.2 R elationship  betw een  m ethane production  activ ities (A V ) and

a sing le  m e ta l dosed (A) C d , (B) Cu, and (C) Zn

M ethane production  activ ity  decreased w ith  increasing m etal concentration, 
bu t the experim ents show ed differences in the inhibition  by  individual m etals as a 
function  o f  its concentration. F igure 6.2 reveals the role o f  initial Cd, Cu, and Zn 
concentration  on the m ethanogenic activ ity  norm alized w ith  respect to the control in 
assays w ith  g lucose synthetic waste. R esults illustrate that heavy  m etals, in  general, 
inhibit the b ioactivity . T he 20%  inhibition  concentrations o f  Cd, C u and Zn w ith 
regard to C H 4 p roduction  w ere 2, 1.7 and 3 mg/1, respectively  (F igure 6.2 and T able 
FI-2). 't'he relative tox icity  in term s o f  c 1 14 production  w as 1 ' 11 ^  f  d ^  Zn. It is o f  
in terest that the p resence o f  Zn at concentrations low er than  5 mg/1 inhibits CH 4 

production  activities but Zn at h igher concentrations betw een 5-20 mg/1, increases 
activities. H ow ever, w hen the Zn concentration  w as h igher than 20 mg/1, the 
activities sign ifican tly  decreased. T he reason o f  this varying effect on  the degree o f  
inhibition  by  Zn concentrations is not w ell understood and should be studied. L in and 
C hen (1999) found that at m etal concentration  o f  1 mg/1, for several m etals except 
lead, C H 4 production  activ ity  w as reduced b y  10-20% . M oreover, they  found that the 
relative toxicities w ere d ifferent for the sam e m etals depending on the sludge affinity.

Lin ( 1992) reported  results sim ilar to those o f  this รณdy (the relative toxicity  
w as C u>C d>Zn) w hen that researcher studied  the effect o f  heavy  m etals on the



106
degradation  o f  vo latile  fatty  acids. L in and C hen (1999) studied  the  m etal tox icity  by  
considering b iogranules from  a U A SB  reacto r and reported  the re la tive  tox icity  as 
C u>C d>Zn and C u>Z n>C d for sludge at hydraulic  residence tim e, H R T, 1 and 2 
day, respectively . T hey  found that the  effects o f  the  m etal depended on the H R T and 
on sludge affinity. V arious degrees o f  sludge affin ity  w ith  the m etals w as considered 
to be one o f  the reasons w hy the relative toxicities w ere d ifferent for sam e m etals. 
T he sludge affin ity  depends on sludge sorption, the  m echanism  o f  w hich  was 
believed to be chem isorption  b y  w eakly  acidic organic functional groups (G ould and 
G enetelli, 1984).

6.4.1.2 In h ib itio n  o f  M e th a n e  P ro d u c tio n  b y  C o m b in e d  M eta ls
C om bined m etals caused m ore inhibition  to the system  than a single m etal. 

F igure 6.3 (T able H -3) reveals the effect o f  com bined m etals from  an experim ent 
taken as an exam ple o f  the com bined m etal effect on the percentage o f  C H 4 

production. M ethane production  activities w ere reduced substantially  w hen com bined 
m etals w ere added in  the system .

F ig u re  6.3 T he percentage o f  m ethane profile  w hen system  contains c o m b in e d  m eta ls.
C om bined m etals at som e concentrations caused synergistic  inh ib ition  on CH 4 

production  activities (F igures 6.4 to 6 .6  and T able H-4). For exam ple, F igure 6.4(A ), 
Z n  (20 mg/1) caused 11 %  inhibition, w hile  Cd (5 mg/1) caused 58 % inhibition. W hen 
Z n (20 mg/1) w as com bined w ith  C d (5 mg/1), the percentage o f  inh ib ition  w as 98.

F igure 6.5(B ), Zn (10 mg/1) caused 35 %  inhibition, w hile C u (2 mg/1) caused 
31 %  inhibition. W hen Z n (10 mg/1) w as com bined w ith  C u (2 mg/1), the percentage 
o f  inhibition  w as 99.
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production  (A), Z n  at various concentrations + Cd (5 mg/1); and (B), Zn 
at various concentrations + C d (10 mg/1).

Z n (m gt)
----- ♦ ---- Zn -  C u l — -m— Z n +CW

(A)
F ig u re  6.5 E ffect o f  co m b in ed  m e ta ls  on the pattern  o f  inh ib ition  o f  m ethane 

production  (A), Z n  at various concentrations +  C u (1 mg/1); (B), Zn at 
various concentrations + C u (2 mg/1).

(B)

I
ร'
%

5 10 15 20  25 30
CU (mg'!)

(A)

I

10 15 2 0  25  30
G d (m gl)

------4 ------C d —  e u  2  -------C d + Q i2
_  _ -  _  _  ____

(B)
F ig u re  6 . 6  E ffect o f  co m b in e d  m e ta ls  on  the pattern  o f  inh ib ition  o f  m ethane 

production  (A), C d at various concentrations + C u (1 mg/1); (B), C d at 
various concentrations + C u (2 mg/1).
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Figure 6 .6 (A), C d (10m g/l) caused 52 % inhibition, w hile  Cu (lm g/1) caused 

3%  inhibition. W hen C d (10 mg/1) w as com bined w ith  C u (1 mg/1), the percentage o f  
inh ib ition  w as 95.

Interestingly, w hile  com binations o f  m etals w ere m ore tox ic  than  som e single 
m etals, on the o ther hand  com binations o f  m etals at som e sm aller concentrations 
reduced the inh ib ition  effect on CH4 production  activities. For exam ple, as show n 
in  F igure 6.5 (A) toxicity  o f  Z n  (5 mg/1) w as m itigated  b y  addition  o f  C u (1 mg/1). 
A nother exam ple involved Cd. F igure 6 .6  (A) and (B) show  that tox icity  o f  
C d (5m g/l) w as reduced in inhibition  i f  the cadm ium  w as com m ingled w ith  
C u (1 -  2 mg/1). H ow ever, the phenom ena w ere not found w hen Z n w as com bined 
w ith  C d (F igure 6.4 (A) and (B)). This suggested that C u and Zn at sm all 
concentrations m ay  support the activ ity  factor in  term s o f  CH4 production. W hen 
inh ib ition  is being  caused by  an excess o f  a specific m etal, the inhibition  can 
som etim es be  antagonized b y  the addition  o f  one or m ore o f  the  o ther m etals. The 
รณdies on the type and degree o f  the  antagonistic  effects is no t w ell understood 
and should be รณdied forther.

6.4.2 In h ib itio n  o f  th e  C O D  R e m o v a l b y  M eta l
S im ilar to the  CH4 production  activity, the  inhibition  level for C O D  rem oval is 

defined as a 20%  decrease in C O D  rem oval. Thus, in this case, inhibition  is defined 
as occurring  w hen the A V  is 80%  o r less, as m easured b y  C O D  rem oval.

6.4.2.1 In h ib itio n  o f  th e  C O D  R em o v a l by  a  S ing le  M e ta l

Cd(mÿ)

(A)

ไ:100 
I  BO
J  60

I *o 20o 0
> 0 0.5 1 1.5 2 2.5

Qi(mgl)

(B)

Zh(ngl)

(C)

F ig u re  6.7 R elationship  betw een  C O D  rem oval activities (A V ) and a sing le  m e ta l 
dosed (A) Cd, (B) Cu, and (C) Zn.
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C O D  rem oval activ ity  decreased w ith  increasing  m etal concentration  bu t w ith  

d ifferences in  the  degree o f  inh ib ition  b y  any  individual m etal and its concentration. 
F igure  6.7 (T able H -5) reveals the  ro le  o f  in itia l Cd, Cu, and Zn concentration  on the 
C O D  rem oval activ ity  norm alized  w ith  respect to the control in assays w ith  glucose 
synthetic  w aste. A  single m etal show ed the potential to inhibit organic w aste 
b iodegradation . T he 20%  inhib iting  concentra tion  o f  C d and Zn on C O D  rem oval 
w as 6  and 10 mg/1, respectively  (F igures 6.7 (A) and (C)). C u in  the  range o f  this 
study  show ed som e degree o f  inh ib ition  bu t d id  not exceed 20% . CO D  rem oval 
activ ities w ere reduced continually  as m etal concentration  increased w hen C d w as > 6  

mg/1 and Zn w as >10 mg/1. C ontrary  to the  pattern  o f  C H 4 inh ib ition  in  F igure 6.2 (C), 
Zn w as not observed  to stim ulate the  activ ity  in  term s o f  C O D  rem oval. This im plied 
that Z n  played a ro le  in  inh ib iting  the b ioactiv ities o f  SRB (w hich use  C O D  in the 
S 0 42' reduction  reaction) that w as m ore than  played in  inhibiting  M PB . M PB and 
SRB exhibited  h igh  resistance tow ard  Zn. T he re la tive  tox ic ity  o f  the  heavy  m etals in 
term s o f  C O D  rem oval w as C d>Zn.

Ô.4.2.2 In h ib itio n  o f  th e  C O D  R em o v a l b y  C o m b in e d  M eta ls

C om bined m etals caused synergistic  inh ib ition  o f  C O D  rem oval activities 
(F igures 6 .8  - 6 .10 and T able H -6 ). For exam ple, as show n in F igure 6 .8  (A), Zn 
(5 mg/1) caused 3.2%  inhibition  in  term s o f  C O D , w hile  C d (5 mg/1) caused 13.4% 
inhibition. W hen Z n (5 mg/1) w as com bined w ith  C d (5 mg/1), the  percentage o f  
inh ib ition  w as 100. A s show n in F igure 6.9 (B), Zn (5 mg/1) caused 3.2%  inhibition  
in  term s o f  C O D  rem oval, w hile  C u (2 mg/1) caused 1.7 %  inhibition. W hen Zn 
(5 mg/1) w as com bined w ith  C u (2 mg/1), the  percentage o f  inhibition  w as 20.

M itigation  o f  the tox icity  o f  com bined m etals in  term s o f  C O D  rem oval 
activ ity  w as no t observed. H ow ever, it can b e  noticed  that the trend o f  the  synergistic 
inh ib ition  occurred only  w hen the com bined m etals w ere at h igh  concentrations.
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(A) (B)
F ig u re  6 .8  E ffect o f  co m b in ed  m eta ls  on  the  pattern  o f  inhibition  o f  C O D  rem oval: 

(A), Zn at various concentrations +  Cd (5 mg/1); (B), Zn at various 
concentrations +C d (10 mg/1).

Zn (mgT) _____
-----Z n — ■ ------ Z h - Q i l  — O i l — ♦  Zn — ■ -----Z h+Q J2 -  Q i2

(A) (B)
F ig u re  6.9 E ffect o f  co m b in ed  m eta ls  on the pattern  o f  inh ib ition  o f  C O D  rem oval: 

(A ), Z n  at various concentrations + C u (1 mg/1); (B), Z n  at various 
concentrations + C u (2m g/l).

F ig u re  6.10 E ffect o f  co m b in ed  m eta ls  on the pattern  o f  inh ib ition  o f  CO D  rem oval: 
(A), Cd at various concentrations +  C u (1 mg/1); (B), Cd at various 
concentrations +  C u (2 mg/1).
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C om bination  o f  the three m etals w as studied (F igure 6.11 and Table H-7). 
T here w as no activ ity  in  any o f  the reactors in  the  range o f  the test even at the low est 
com bined m etal concentrations o f  th is test (Z n5+ C d5+ C ul, w hich  gave rise to the 
m etal loading 20.4 m eq/kg  M L V SS). H ence, the in triguing th ing to be determ ined is 
to find the m etal loading at w hich  the synergistic inh ib ition  first becom es apparent.

0.5 1 2  2 5  3Qi(n#T)
-------- Q j

-  Cd5
Z n  5

-Zn5+C d5+ Q i

Qi(rrgl)
-----cu

-  QUO
Z n 10 

-Z n lO + G d lO + O i 1.5

Q i(rn g d )

-  Oi 
— Q120

Zn20-Zh20+Cd20+ai2
(A) (B) (C)

F ig u re  6.11 E ffect o f  th re e  co m b in ed  m e ta ls  on  the  pattern  o f  inh ib ition  o f
C O D  rem oval (A), C u at various concentrations +  Cd (5m g/l)+Z n (5m g/l)

(B ) , C u at various concentrations +  Cd (10m g/l)+Z n(10m g/l)
(C ) , C u at various concentrations + C d (20m g/l)+Z n (20m g/l).

6.4.3 C r i te r io n  M o d e l o f  In h ib itio n  a n d  V a lid a tio n

6.4.3.1 A  C r i te r io n  fo r  D iagnosis o f  In h ib itio n

It is im portant to determ ine a universal w ay  to define tox icity  for th is type o f  
application  and for this reason the fo llow ing tw o levels are proposed:

In h ib itio n  level, w hen  a decrease in  gas production  and C O D  rem oval 
efficiency  first becom e apparent (e.g. 2 0 % decrease).
T ox ic  level, w hen gas production  and C O D  rem oval effic iency  bo th  are 
reduced to 50% .
T he m ethod o f  pred icting  the  effect o f  com bined m etals on  an anaerobic 

system  w as developed under the  assum ption  that 1 ) the neutralizing  agents (e.g. 
sulfide or organic com ponents o f  sludge solids) are likely  to react sto ichiom etrically  
w ith  all the  heavy  m etals and therefore  the concentrations o f  the m etals (Cd, C u and 
Zn) are expressed using  an added equivalent w eight basis (m illiequivalents-m eq/1)
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and 2 ) the ability  o f  the  w astew ater b iodegradation  process to tolerate  heavy  m etals 
is d irectly  proportional to the M LV SS concentration.

T able 6.1 expresses the results in term s o f  CH4 production  and C O D  rem oval 
activity o f  reactors that contained a single m etal o f  d ifferent types and concentrations 
w hile T able 6.2 expresses the results o f  com bined m etals. T he observed results in 
term s o f  synergy w as also described. Based on the  above assum ptions, the criterion  
m odel w as proposed using  the data obtained from  the tests. T he use o f  a criterion 
factor, K  (in m eq/kg M LV SS), w hich  is defined as the ratio o f  the  sum  o f  heavy 
m etal concentrations (in  meq/1) div ided b y  the M LV SS content o f  the  b iodegrading  
w astew ater, พ  (kg/1), w as proposed. The concentration o f  heavy  m etal(s) was 
expressed in  meq/1. M LV SS w as expressed in  kg/1, and the m etal loading (K) w as 
expressed in the unit o f  m eq/kgM L V SS. The relationship betw een the activ ity  factors 
in term s o f  CH4 production  (% A V ) and the m etal loadings (K) w as p lo tted  in  order to 
establish  a correlation  and the plo ts are show n in  Figures 6 .1 2 -6 .1 4 . T he relationship 
betw een the activ ity  factors in term s o f  CO D  rem oval (% A V ) and the m etal loadings 
(K) w as also p lotted in  order to establish  a correlation and is show n in  Figures 
6 .1 5 -6 .1 7 .

In m ost cases, the  com bined m etals caused synergistic inhibition. It was 
noticed that w hen the added com bined m etals w ere less than 15 m eq/kgM L V SS 
the CH 4 production  efficiency (F igure 6.13) and the CO D  rem oval efficiency 
(F igure 6.16) w ere reduced  less than 20 per cent (%  A V  = 80). M oreover, synergistic 
inhibition  w as not observed.

In this study another im portant point w as also an approach to ju s tify  the 
soluble com bined m etals (after m etal sulfide precip itation) that w ere b io logically  
toxic (Figures 6.14 and 6.17). In these bo th  figures, so luble m etal per M LV SS 
(soluble m etal loading) is p lo tted  w ith  the activ ity  factor (% A V ). T he curves (F igures 
6.14 and 6.17) generated are sim ilar to those o f  the  added m etal loading (F igures 6.13 
and 6.16). From  these curves, it can be  concluded that the soluble com bined m etals in 
the system  should not exceed 0.5 m eq /kg  M LV SS to avoid affecting  organism .



Table 6.1 Compilation o f  data from reactors that contained a single heavy metal at various types and concentrations
and the observed results in terms o f  methane production and COD removal activities.

Heavy
Metals
(mgd)

Heavy
Metals
(meq/1)

MLVSS
(kg/1)

Metal Loading 
(meq/kg MLVSS)

AVCHL, 
(% of 

control) Influent
COD(mg/l)
Effluent Removed

AVCOD 
(% of 

control)
0 0.01004 0.00 42.25 100 3200 517 2683 100

Cd 5 0.0890 0.01374 6.47 - - 3200 876 2324 86.62
Cd 10 0.1779 0.01422 12.51 - - 3200 1394 1806 67.31
Cd 15 0.2669 0.01614 16.54 23.53 55.69 3200 1354 1846 68.80
Cd 20 0.3558 0.01373 25.92 16.13 38.17 3200 1633 1567 58.40
Cu 0.5 0.0157 0.01274 1.23 38.01 89.97 3200 517 2683 100
Cu 1 0.0314 0.01492 2.11 38.21 90.44 3200 562 2638 98.32

Cu 1.5 0.0472 0.01466 3.22 38.71 91.63 3200 562 2638 98.32
Cu 2 0.0629 0.01394 4.51 - - 3200 562 2638 98.32
Zn 5 0.1529 0.01374 11.13 23.82 56.39 3200 602 2598 96.83

Zn 10 0.3058 0.01256 24.35 27.61 65.36 3200 1061 2139 79.72
Zn 20 0.6116 0.01338 45.71 - - 3200 1422 1778 66.27
Zn 30 0.9174 0.01178 77.88 0.77 1.82 3200 3129 71 2.65



Table 6.2 Compilation o f  data from reactors that contained combined heavy metals at various types and concentrations and the
observed results in terms o f methane production and COD removal activities.

Combined Metals 
(mg/1)

Initial
Metals
(meq/1)

MLVSS
(kg/1)

Metal
Loading

Æ ร,

Soluble
Metal

Loading
118 ร ัร ,

CHd
(ml(S;STP)

AV CH4 
(% of 

control) Influent
COD(mg/l)

Effluent Removed
AVCOD 

(% of 
control)

Observed
Result

Control 0 0.0127 oTo oTo 9.194 100 3200 422 2778 100
Zn 5 + Cd 5 0.2419 0.0130 18.7 0.756 0.137 1.49 3200 3200 0 0.00 ร
Zn 10 + Cd 5 0.3948 0.0137 28.8 0.764 0.125 1.36 3200 2951 249 8.96 ร
Zn 20 + Cd 5 0.7006 0.0127 55.2 1.300 0.155 1.69 3200 3200 0 0.00 ร
Zn 5 + Cd 10 0.3308 0.0094 35.3 1.898 0.067 0.73 3200 3200 0 0.00 ร
Zn 10 + Cd 10 0.4837 0.0129 37.5 2.028 0.069 0.75 3200 3200 0 0.00 ร
Zn 20 + Cd 10 0.7896 0.0144 54.7 1.914 0.188 2.04 3200 3200 0 0.00 ร
Zn 5 + Cu 1 0.1844 0 0119 15.5 NA 6.02 65.48 p 3200 843 2357 84.85 No
Zn 10 + Cu 1 0 3373 0.0103 32.8 1.689 0.089 0.97 3200 3200 0 0.00 ร
Zn 20 + Cu 1 0.6431 0.0125 51.4 2.600 0.163 1.77 3200 3200 0 0.00 ร
Zn 5 + Cu 2 0.2158 0.0125 17.3 0.897 3.701 40.25 3200 996 2204 79.34 No
Zn 10 + Cu 2 0.3687 0.0129 28.5 1.405 0.089 0.97 3200 3200 0 0.00 ร
Zn 20 + Cu 2 0.6745 0.0139 48.5 2.381 0.264 2.87 3200 3200 0 0.00 ร
Cd 5 + C u1 0.1204 0.0114 10.5 0.467 7.806 84.90 3200 958 2242 80.71 No
Cd 10+ Cu 1 0.2094 0.0133 15.8 0.997 0.539 5.86 3200 3200 0 0.00 ร
Cd 5+ Cu 2 0.1519 0.0131 11.6 0.789 9.407 102 3200 1456 1744 62.78 No

Cd 10 + Cu 2 0.2408 0.0132 18.3 NA 0.314 3.42 3200 3181 19 0.68 ร
Zn 5 + Cd 5 + Cu 1 0.2733 0.0134 20.4 1.142 0.198 2.15 3200 3200 0 0.00 ร

Zn 10 + Cdl0 + Cul.5 0.5309 0.0140 37.9 1.398 0.07 0.76 3200 3200 0 0.00 ร
Zn 20 + Cd 20 + Cu2 1.0304 0.0127 81.3 1.861 0.603 6.56 3200 3200 0 0.00 ร

N A  = N ot analyzed 
ร = Synergistic inh ib ition
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rvfetal L o a d in g  (rreq /k g  M L V SS)

F ig u re  6.12 T he relationship  betw een % A V  in  term s o f  m e th a n e  p ro d u c tio n  
and the m etal loadings o f  reactors in a  sing le  m e ta l system .

15 20 40 60 80 too
Metal Loading (meq/kg MLVSS)

F ig u re  6.13 T he relationship  betw een  % A V  in term s o f  m e th a n e  p ro d u c tio n  
and the m etal loadings o f  reactors in a  co m b in e d  m e ta l system .
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F ig u re  6.14 T he relationship  betw een  % A V  in term s o f  m e th a n e  p ro d u c tio n  
and the soluble m etal loadings o f  reactors in  a  co m b in ed  m e ta l system .
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F ig u re  6.15 T he relationship  betw een  % A V  in term s o f  C O D  re m o v a l and 
the  m etal loadings o f  reactors in  a sing le  m e ta l system .

F ig u re  6.16 T he relationship  betw een  % A V  in term s o f  C O D  re m o v a l and 
the  m etal loadings o f  reactors in  a  c o m b in e d  m e ta l system .
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F ig u re  6.17 T he relationship  betw een  % A V  in  term s o f  C O D  re m o v a l and 
the soluble m etal loadings o f  reactors in  a  co m b in ed  m e ta l system .
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The conclusion that can be obtained from  data  are:
1. The concentration o f  the com bined m etals at w hich the synergistic  effect 

began w as less than the concentration  required  to produce inhibition  i f  any one o f  the 
m etals w as present alone (F igure 6.12 com pared w ith  Figure 6.13, w hile  F igure 6.15 
com pared w ith  Figure 6.16).

2. A t low  added m etal loading betw een  0-15 m eq/kg  M L V SS, the synergistic 
effect w as not observed (F igures 6.13 and 6.16). In the o ther w ord, the soluble 
m etal loading betw een 0-0.5 m eq /kg  M LV SS, the  synergistic effect w as no t observed 
(F igures 6.14 and 6.17)

6.4.3.2 T h e  P ro p o se d  M o d el

T he experim ental data (T able 6.2 and F igures 6.13 and 6.16) show  that the 
m axim um  added m etal loading that w ill not cause synergistic inh ib ition  is a value that 
is not h igher than 15 m eq/kg  M L V SS. A lso the soluble m etal loading to avoid 
b io log ically  toxic o f  not h igher than  0.5 m eq /kg  M LV SS is proposed  (F igures 6.14 
and 6.17). I f  K  is the  m etal loading, the  criterion m odel provided  is

K =  (Zn/32.7 +  C d/56.2 +  C u /3 1.8) /  พ
(N ote in each case that the  m etal concentration  is d ivided b y  the equivalent w eight o f  
the  elem ent.)

A pplication o f  this p roposed m odel could prevent system  inhibition  and 
m aintain  the  optim um  reactor conditions for sim ultaneous control o f  SO 42' and heavy  
m etals in com plex w astew ater stream s. K  is the ratio o f  the sum  o f  Zn, Cd, and C u 
(in meq/1) divided by  the M LV SS, พ  (in kg/1). T he C O D :S ratio w as 9. T he value o f  
K  in w astew ater should not exceed 15 m eq/kg  M LV SS in order to avoid inhibition. 
Zn, Cd, and Cu are the concentration  o f  the m etal in  solution in  mg/1.

In the o ther w ord, the soluble m etal loading (after safeguard  b y  m etal sulfide 
precip itation) in the w astew ater treatm ent system  should  not exceed 0.5 
m eq/kgM L V SS to avoid b io log ically  toxic.

T his m odel w as validated  b y  another set o f  experim ents. The 19 reactors 
w ere set. C om bined heavy  m etals at various m etal loadings w ere provided to 
the reactors in the range around 0-30 m eq/kg  M LV SS. T he results w ere as recorded 
in Tables H - 8  and H-9.
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6.4.3 .3  R esu lts  f ro m  th e  E x p e r im e n t S e t to  V erify  th e  P ro p o se d  M o d el

R esults from  the verified  study w ere show n in term s o f  C H 4 production  and 
C O D  rem oval. R esidual SO 42' and heavy  m etals w ere also reported. T he effect o f  
com bined m etals at the various m etal loadings (around 0-30 m eq/kgM L V SS) on 
the  CH 4 production  and C O D  rem oval activ ity  w as show n in Figures 
6.18- 6.21 (T ables H - 8  and H -9), respectively.

T he proposed  m odel satisfactorily  predicted  the  system  inhibition  and the 
synergistic inhibition  concentrations o f  m etal com binations in the reactors. T he data 
in F igures 6.18 and 6.19 (the curve o f  w hich  w as regressed linearly  and the  coefficient 
o f  relationship , R 2, w as h igher than  0.7) indicates that i f  the m etal loading (K) was 
betw een 0 (control) and 15 m eq/kg  M LV SS (soluble m etal load ing  w as less than 0.5 
m eq/kg  M L V SS), the C H 4  production  decreased by  less than  20% , w hereas w hen K  
w as h igher than 15 m eq/kg  M LV SS (soluble m etal loading w as h igher than  0.5 
m eq/kg  M L V SS), the C H 4  production  decreased by  a larger degree. The data in 
F igure 6.20 indicates that w hen K  w as betw een  0 (control) and 15 m eq/kgM L V SS, 
the  C O D  rem oval activ ity  w as nearly  constant, w hereas w hen K  w as h igher than 15 
m eq/kg  M LV SS the C O D  rem oval activ ity  w as rem arkably  decreased.

F ig u re  6.18 E ffect o f  co m b in ed  m eta ls  on  m e th a n e  p ro d u c tio n  activ ity .
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Soliüe Nfetal Loading (meqkg MLVSS)

F ig u re  6.19 E ffect o f  so lu b le  co m b in e d  m e ta ls  on m e th a n e  p ro d u c tio n  activ ity .

F ig u re  6.20 E ffect o f  co m b in ed  m e ta ls  on C O D  re m o v a l ac tiv ity .

F ig u re  6.21 Effect o f  so lu b le  co m b in ed  m e ta ls  on C O D  re m o v a l ac tiv ity .



120
M osey  (1976) studied  the  m axim um  concentration  o f  heavy  m etals in  crude 

sew age that w ould  no t inh ib it the  anaerobic digestion  o f  sludge and reported 
inh ib ition  results and a p red ictive  equation  that are in som e w ays analogous to the 
results reported  here. H is proposed  criteria allow ed K  not to exceed 168 m eq/kg  o f  
dry  solids. T he K  value from  th is study  is m uch  low er than that o f  M osey. T here are 
differences in  the approach and objectives. T he m ain  data that M osey  used w ere 
ob tained m ostly  from  laborato ry  tests in  w hich  the  added m etals w ere in  so luble form  
and som e data  w ere gathered from  the anaerobic digester. In som e o f  these  cases, the 
m etal conten t in the  d igester w as in  the  form  o f  total m etal. A no ther reason  for the 
d ifference is that the data that he  ob tained  refers to inhibition  b y  ind iv idual m etals, 
hence these  data had  a large d iversion  in  inh ib ition  levels due to the appropriation  to a 
m ore com plex situation  for digesters. A ny  m aterial to be b io log ically  active m ust be 
in  solution. In the  p resent study, the  m etals w ere  in  the soluble form  at the  beginning. 
To m im ic  the real w orld  o f  an anaerobic reacto r that contains ร 0 42', in  w hich 
hydrogen  sulfide had  to be p roduced  and the m etal su lfide w ould  b e  precip itated , 
SO42' at an  optim um  am ount had been  added. T he m etal load ing  (K ) from  soluble 
m etals (after o r during  m etal su lfide p recip itation) that could  pass th rough  the cell 
w all and therefore adversely  affect the m icroorganism s w as reported  in  order to 
p ropose th e  criterion  m odel to m ain tain  the system  perform ance.

T he objective o f  th is p roposed  m odel is to  pred ict the  m axim um  concentration  
o f  heavy  m etals in the w astew ater that w ould  not cause synerg istic  inh ib ition  to 
anaerobic w astew ater treatm ent w hile  the  objective o f  M osey  w as to pred ict the 
m axim um  concentration  o f  heavy  m etals in  crude sew age w hich  w ould  no t inhibit the 
anaerobic d igestion  o f  sludge. D ata obtained from  this รณdy  related  to the  com bined 
m etals w hich  caused synerg istic  inhibition. From  the M osey  assessm ent, the  levels o f  
tox ic  m aterials in the sludge gradually  increased w ith in  the environm ent o f  the 
w astew ater treatm ent system  during the course o f  the w astew ater treatm ent process. 
M etals w ere taken  up b y  bacteria  in  the reaction  tank o f  a w astew ater treatm ent plant 
and they  w ere accum ulated  in  the  bacterial cell w all o r in  the cell flu ids before the 
bacteria  reached  the d igestion  system . M any  organism s w ere m etal-acclim ated. Thus, 
the am ount o f  the m etals that w as taken into consideration  had to be m uch h igher than 
in  this study. For this รณdy, m etals w ere fed and taken up by  bacteria  in  the system
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directly. There was not enough time for acclimation and the treatment process failed 
more easily. In this study, the approach was set to mimic the real world of anaerobic 
treatment for wastewater. To prevent the anaerobic treatment system to be inhibited 
from metal toxicity we proposed the formula for K of 15 meq/kg MLVSS. If the 
combined metal concentration that is directly fed is high, the metal loading to 
microorganisms can be decreased by increasing the biomass concentration.

6.4.4 Assessment of Inhibitory Effects of Heavy Metals to 

Anaerobic Microorganisms via the VFA Monitoring

VFA’s were monitored to elucidate the mechanism of inhibition. The time 
course o f butyric, propionic and acetic acid production when the system was dosed by 
a single metal of Cd (0-20 mg/1), Cu (0-2 mg/1), and Zn (0-30 mg/1) is shown in 
Figure 6.22 (A)-(C), Figure 6.23 (A)-(C) and Figure 6.24 (A)-(C), respectively 
(Table FI-10). There were differences in the VFA patterns when the system was 
dosed by an individual single metal. Cd, Cu, and Zn inhibited different processes.

Cd adversely affected acetic acid formation (Figure 6.22 (C)). This indicated 
that Cd inhibited the acetic acid forming bacteria (acetogens). Thus the activities in 
C H 4  production and COD removal were reduced (Section 6.4.1.1 and 6.4.2.1).

Cu in the range of the study (0-2 mg/1) caused a reduction of 
butyric acid formation (Figure 6.23 (A)) and it caused propionic acid accumulation 
(Figure 6.23 (B)). However acetic acid accumulation was not observed 
(Figure 6.23(C)). This could explain why Cu at low concentrations had the least 
effect on the system inhibition (Section 6.4.1.1 and 6.4.2.1). However, Cu causes an 
adverse effect on butyric acid formation, the first step of VFA formation. This could 
be attributed to a condition where the presence o f Cu at high concentration could 
greatly affect the system by inhibiting butyric acid forming bacteria.

Zn at 30 mg/1 significantly affected acetic acid accumulation (Figure 6.24(C)). 
This indicated that Zn(at high concentration) directly inhibited methane producing 
bacteria (MPB or methanogens).
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(B)
Figure 6.22 The time course of butyric, propionic and acetic acid when Cd in the

range 0-20 mg/1 was provided.

(A) (B) (C)
Figure 6.23 The time course of butyric, propionic and acetic acid when Cu in the

range 0-2 mg/1 was provided.
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Figure 6.24 The time course o f butyric, propionic and acetic acid when Zn in the 

range 0-30 mg/1 was provided.
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The time course of butyric, proprionic and acetic acid when the system was 
dosed by combined metals at different metal loadings (0-80 meq/kg MLVSS) is 
shown in Figures 6.25 (A)-(R) (Table H-l 1).

Some combined metals significantly affected VFA accumulation, such as 
shown in Figures 6.25(B), (E), (F) when Zn was combined with Cd. On the other 
hand, in another combined metal situation (Figures 6.25(H), (K), (L), (N), (O)), when 
Zn or Cd was combined with Cu at low concentration, VFA degradation increased 
compared with a no-metal control. The results elucidated that some combined metals
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(i.e. Cd+Zn) caused VFA accumulation but the others (i.e. Cd+Cu, or Zn+Cu at low 
concentration) can mitigate the VFA accumulation. This depended on the type and 
concentration of metals. This results support the results from Section 6.4.1.2 (Figures 
6.5(A), 6.6(A) and 6.6(B)).
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Figure 6.25 The time course of butyric, propionic and acetic acid when metals were 

combined at various concentrations.



124

:ร 1i
- control OdlO + Qil- 0110 + 012

- Cd5 +QÜ -QJ5+CU2

(M)

Time(h) -control
Q flo + Q ii -0110 + 012

-G35+QÜ-G35+Q12 Time(h)

(N)

-œntrol —■ —QJ5+QÜOflO+Qil —K— Q15 + OP -GÜ0+CU2
Time(h)

(O)

Figure 6.25 (-Continued-) The time course of butyric, propionic and acetic acid 
when metals were combined at various concentrations.

Data from another set of experiments (Table H-12) were gathered to observe the 
effect of combined metals on the VFA’s. When different combined metals at various 
loadings (K between 0-30 meq/kg MLVSS) were provided to the system, the VF A 
formation and its degradation were quite similar to that of the no metal-control.

6.4.5 Assessment of Inhibitory Effects of Heavy Metals to

Anaerobic Microorganisms via Sulfate Monitoring

A single metal at high loading adversely affected the S O 4 2' reduction reaction. 
Single metals at different loadings (around 0-80 meq/kg MLVSS) were รณdied and it 
was found that the adverse effect depended on the type of metal and its concentration 
(Table FI-13). Cd at concentrations higher than 15 mg/1 (0.267meq/l) and Zn at 
30 mg/1 (0.917 meq/1) showed an adverse effect to the S O 4 2 ' reduction reaction 
(Figures 6.26(A) and (C)). This could be attributed to the fact that Cd and Zn at this 
concentration inhibited SRB. However, from this study it was found that Cd in the 
range of 0-10 mg/1 (0.178 meq/1), Zn in the range of 0-20 mg/1 (0.612 meq/1), and Cu 
in the range 0-2 mg/1 (0.063 meq/1) did not affect S O 4 2 ' reduction.
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(A) (B) (C)
Figure 6.26 The time course of sulfate when a single metal at various concentrations 

was provided (A) Cd, (B) Cu, and (C) Zn.

Combined metals adversely affect the S O 4 2 ' reduction reaction. When the 
system contained combined metals at different loadings (around 0-80 meq/kg MLVSS, 
all experiments showed that the S O 4 2 ' reduction reaction was inhibited (Figures 6.27
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Figure 6.27 The time course of sulfate when combined metals of various types and

concentrations were provided.
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(E) (F)

(G)
Figure 6.27 (-Continued-) The time course o f sulfate when combined metals of

various types and concentrations were provided.

Combined metals caused adverse effect to SRB. Their effect was higher than 
the effect caused by a single metal at the same metal loading. The decrease o f the 
S O 4 2' reduction reaction causes a decrease in the production of sulfide. Thus, soluble 
metals were accumulated affecting the system performance.

The effect of heavy metal(s) at the range of K between 0-80 meq/kg MLVSS 
on the S O 4 2 ' reduction reaction is depicted in Figures 6.28 (A) and (B) (Tables H-13 
and H-14). The higher the heavy metal loading (K), the lower the percentage of S O 4 2' 

removal. Combined metals (Figure 6.28 (B)) show a greater effect than that of the 
single metal at the same metal loading, K.



127

K fm e q 'k g M L A & j)
20 40 60 80

K(meq/kg MLVSS)

(A) (B)
Figure 6.28 Metal affecting sulfate reduction (A) a single metal (B) combined metals.

6.4.6 The Performance of the Bioreactor

The reactor performance was investigated by examining the COD, S O 4 2 ' and 
heavy metal removal efficiencies throughout the reactor operation. In addition, the 
pH of the influent and effluent was also measured.

For the รณdy of a single metal at metal loading around 0-80 meq/kg MLVSS, 
the COD removal efficiencies were reduced as the metal concentration increased, but 
differences among metals were found (Figures 6.29 (A)-(C) and Table H-15). For 
influent Cd concentrations between 0-20 mg/1, the COD removal efficiencies varied 
between 83 (control)-48 % (Figure 6.29 (A)). For influent Zn concentrations between 
0-30 mg/1, the COD removal efficiencies varied between 83 (control)-2 % (Figure 
6.29 (C)). While with influent Cu concentrations between 0-2 mg/1, the COD removal 
efficiencies varied in a narrow range between 83 (control) - 82 % (Figure 6.29 (B)).

For the รณdy of combined metals at metal loading around 0-80 meq/kg 
MLVSS, the COD removal efficiencies decreased from 86% (control) to 0%. Most 
reactors faced this problem. In only 6 out of 20 reactors could that system be 
maintained (Table H-6). Hence, it would be interesting to examine the value of metal 
loading under which the system could be maintained.

6.4.6.1 COD Removal
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Figure 6.29 The percentage of COD removal in reactors with single metal dosed 

(A) Cd 0, 5, 10, 15, and 20mg/l, (B) Cu 0, 0.5, 1, 1.5, and2 mg/1, and 
(C) Zn 0, 5, 10, 20,and 30 mg/1.

The observation on COD removal efficiencies led to another set of reactors 
with dosing of various types and concentrations of combined metals in the range of 
0-30 meq/kg MLVSS. The conditions provided were the same as that of the first two 
sets of the experiment, except that the initial COD was a bit higher. The influent 
COD and the MLVSS was around 5,300 and 10,000 mg/1, respectively. Sulfate was 
added to give rise to COD:ร of 9. COD removal was found to vary between 96 % 
(control) to 92 % during the 120 hour operation (Table H-9). The average COD in the 
effluent was 257 mg/1. The average percentage COD removal was 95%.

Anaerobic reactors containing combined metals at metal loading less than 30 
meq/kg MLVSS could maintain the high COD removal percentage at 95%. Although 
the desired removal efficiencies were achieved, the C H 4  production was not 
accomplished (Section 6.4.1.2). This may be attributed to the use of COD mostly for 
S O 4 2 ' reduction.

6.4.6.2 Sulfate Removal

During the study o f single metals at metal loading around 0-80 meq/kg 
MLVSS, the S O 4 2 ' removal efficiencies were reduced as the metal concentration 
increased (Table H-13) , but differences among metals were found. For influent Cd 
concentrations between 0-20 mg/1, the S O 4 2 ’ removal efficiencies varied between 92 
(control) to 56 %. For influent Zn concentrations between 0-30 mg/1, the S O 4 2 ' 

removal efficiencies varied between 92 (control) to 39 %. Cu within the range of the 
study did not affect the system.
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For the study o f combined metals at metal loading around 0-80 meq/kg 

MLVSS, the SO42' removal efficiencies were reduced as the metal concentration 
increased (Table H-14), the SO42" removal efficiencies decreased from 97% (control) 
to 15% . The average percentage o f S 0 42‘ removal was 46.

However from another set of experiments, when the metal loadings were less 
than 30 meq/kg MLVSS (Table H-16), the average percentage of S 0 42’ removal was 
93. There was no inhibition o f the sc>42‘ reduction reaction when this range of metals 
was provided. Results of this study also indicate that combined metals, in general, 
inhibit the bioactivities of SRB more than a single metal is observed to do. This 
phenomenon affected the anaerobic treatment system because the production of 
sulfides during the S O 4 2 reduction reaction has to be accounted in part for the higher 
tolerance o f organisms to metal toxicity. Thus, to operate the system with the aim to 
remove S042', the metal loadings on the system should be considered.

6.4.6.3 Heavy Metal Removal

For a single metal รณdy at metal loading around 0-80 meq/kg MLVSS, the 
heavy metal removal efficiencies were higher than 93 % (Table H-17).

For the รณdy of combined metals at metal loading around 0-80 meq/kg 
MLVSS, the average percentage o f heavy metal removal achieved was 95 % (Table 
H-18). However from another set of experimental results, when the metal loadings 
were less than 30 meq/kg MLVSS, as could be expected, the average percentage of 
metals removal was 96 % (Table H-19).

The percentage of heavy metal removal was not the only indicator to assess 
the performance of the system. Although the desired removal efficiencies were 
achieved, CH4 production, COD removal and S O 4 2'  removal were not accomplished 
satisfactorily when the system contained the high metal loadings (Section 6.4.1, 6.4.2 
and 6.4.Ô.4). This phenomenon can be explained by the realization that when metal(s) 
is provided at low loading (not exceeding 30 meq/kg MLVSS) the mechanism of 
metal removal was concomitant metal sulfide precipitation and adsorption by the 
organisms. However, in the case where metal(s) was provided at high loading (i.e. up 
to 80 meq/kg MLVSS), metal(s) was available to inhibit the S O 4 2 ' reduction reaction. 
Thus, the reaction leading to metal sulfide precipitation decreased. The metal
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rem oval m echanism  b y  bacterial adsorption w ould  be  dom inating. H ence, the system  
w as m ore inhibited.

In this study, to investigate the am ount o f  heavy  m etals that w ill not inhibit the 
SO 42" reduction it is very im portant to realize that the  sulfate reduction  reaction  is 
necessary  in order to resu lt in sulfide precipitation. The crucial m echanism  step is 
that the m etal should be  elim inated as m etal sulfide before  bacterial adsorption 
m echanism s becom e fully  operational. The finding from  th is รณdy at m etal loadings 
less than 30 m eq/kg M LV SS w as that the SO 42' rem oval efficiency  w as 93%  (Section 
6 .4 .6 .2), the heavy  m etal efficiency w as h igher than 96 %, and the average percentage 
o f  C O D  rem oval w as 95% . H ow ever, the CH 4 p roduction  activ ity  w as reduced to 
60%  (Figure 6.18). This could be attributed  to a sifra tio n  w here the  m echanism  
involved concom itant m etal sulfide precip itation  and bacterial adsorption. R esidual 
m etals w ere not detectable in  the  effluent.

N elson  et al.(1981) reported  that the am ount, o r percentage, o f  a particu lar 
heavy  m etal p recip itated  depends on several factors; pH , concentration  o f  organic 
m aterial, and the p resence o f  o ther m etals and or pollutants. In general, sludge w ill 
concentrate  the m etal by  a factor o f  2 , 0 0 0  to 1 0 , 0 0 0  tim es over tha t o f  the surrounding 
liquid, heavy  m etal concentration  (K alinski, 1981).

T he initial and final pH  o f  the m ixed liquors in  these รณdies w ere recorded  to 
ensure that pH w ould not cause any inhibition  and to m onito r the behav io r o f  the 
reactors after p roviding the  m etal(s). F igure 6.30 depicts the pH  o f  various reactors 
that contained a single different m etal at m etal loading 0-80 m eq/kg  M LV SS (Table 
H -20). F igure 6.31 depicts the pH o f  various reactors that contained com bined m etals 
at m etal loading 0-80 m eq/kg  M LV SS (Table H -21). F igure 6.32 depicts the pH  o f  
various reactors that contained com bined m etals at m etal loading 0-30 m eq/kg 
M LV SS (T able H-22). T able H-23 show s the reactor num ber and the type and 
concentration  o f  the single and com bined m etals in each reactor.

Influent pH was adjusted to around a value o f  7. A fter dosing  a single m etal 
in the range 0-80 m eq/kg M LV SS, the pH values g radually  rose to around 7.9 (but no t 
exceeding 8 ) in the effluent (F igure 6.30). This h igher pH value w as not harm ful to 
the  system  and w as appropriate  for m etal sulfide precipitation.
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Figure 6.30 T he influent and effluent pH  in various reactors w hich  contained 
a single metal in  various types and concentrations at the m etal 
loadings 0-80 m eq/kg  M L Y S S .

D ifferent results w ere ob tained w hen dosing combined metals in the range 
0-80 m eq/kg  M LV SS to reactors (F igure 6.31). M ost o f  the effluent pH  values w ere 
decreased to around 6 .8 , w hich w ere low er than the in itial pH . From  Figure 6.31, 
reacto r num ber 1 w as the  no-m etal control, and reactor num bers 8 , 11, 14 and 16 
w ere reactors contain ing the low  m etal loading not exceeding 15 m eq/kg  M LV SS 
(T able H -21). T his show s that the h igher pH  values w ere obtained from  the reactor 
contain ing the m etal loading at less than  15 m eq/kg  M LV SS. The pH  m easurem ent 
elucidated  the  results that the com bined m etals caused V FA  accum ulation  (Figure 
6.25). The decrease in pH  values indicated  that the system  w as not appropriate for 
m etal sulfide precip itation . The pH  value w as as an indicator o f  reacto r im balance.

Figure 6.31 T he Influent and effluent pH  in  various reactors w hich  contained 
combined metals in  various types and concentrations at the m etal 
loadings 0-80 m eq/kg  M L V S S .
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H ow ever, w hen the com bined m etal loadings w ere less than 30 m eq/kg 

M L V SS, the  effluent pH  increased (F igure 6.32). The average pH  w as 7.4, w hich 
w as still appropriate for m etal sulfide precipitation.

In anaerobic reactors at a slightly  alkaline pH , m ost o f  the  sulfide is 
p recip itated  as heavy  m etal sulfides, in  w hich  state it is harm less to m icroorganism s 
and their environm ent. To support detoxification, heavy  m etals w ere induced to 
precip itate  chem ically. M etal ion  contam inants in w astew ater can be  rem oved.

Figure 6.32 T he Influent and effluent pH  in various reactors w hich  contained 
combined metals in  various types and concentrations at the  m etal 
loadings less than  30 m eq/kg  M L V S S .

6.4 Conclusions

H eavy m etals can negatively  im pact the activities o f  m ethane producing 
bacteria  (M PB ) and sulfate reducing  bacteria  (SR B ) in anaerobic sulfate reducing 
bioreactors. The relative tox icity  o f  heavy  m etals for a sludge from  a brew ery 
w astew ater treatm ent p lan t as dem onstrated  in  degradation  o f  the organics was 
C u> Cd>Zn. M ixtures o f  the com bined heavy  m etals caused either synergism  or 
antagonism , or bo th  on the bacterial activities depending on the type and 
concentration  o f  heavy  m etal. For the  system  that contained either Cd or Zn at less 
than 5 mg/1, the inhibition  could be antagonized b y  C u for w hich  the concentration 
w as not m ore than  1 mg/1. The antagonism  w as no t observed w hen Cd com bined w ith  
Zn. In m ost cases, com bined heavy  m etals caused synergistic inh ib ition  on the 
bacterial activ ity  factor. The activ ities in CH4 production  and C O D  rem oval w ere 
substantially  decreased  w hen the system  contained a m ix ture  o f  com bined m etals.



U nder this condition, the  SO 42' reduction  reaction  w as reduced. H ence, m etals w ere 
in the  soluble form  w hich  caused m ore inhibition. A  tool for the design and operation 
o f  anaerobic reactors and for treating  heavy  m etals and high SO 42' w astew aters is 
proposed as a m odel to prevent synergistic  inh ib ition  b y  the m echan ism  o f  m etal 
su lfide precip itation  before  o r during b io logical uptake. W hile  the C O D :S ratio w as 
at 9, the  m etal loading, K , w as =  (Z n/32.7+C d/56.2+C u/31.8)/W . T he value o f  K  in 
w astew ater has to b e  less than  15 m eq /kg  M L V SS. W here K  is the ratio  o f  the sum  o f  
Zn, Cd, and C u (in  meq/1) div ided b y  the  M L V SS, พ (in  kg/1). Zn, Cd, and C u are the 
concentration  o f  the  m etal in  so lu tion  in  mg/1. The m odel satisfactorily  predicted  the 
system  inhibition  and the synergistic  inh ib ition  concentrations o f  m etal in  the  reactors. 
A t th is m etal load ing  o f  15 m eq/kg  M L V SS, the relative C H 4 production  activ ity  w as 
not low er than  80%  and synergistic inh ib ition  w as not observed. T he recom m ended 
perm issib le  com bined heavy  m etals concentration  that w ill no t cause cellu lar tox icity  
is proposed. W hen considering the  soluble com bined heavy  m etal that adversely  
affect to bacteria, the soluble m etal load ing  (K) should  no t exceed 0.5 m eq/kg 
M LV SS. The average SO 42' reduction  and heavy  m etal reduction  w ere 93 and 96 
per cent, respectively . A t these conditions, V F A ’s d id  no t accum ulate in  the  reactor. 
T he final pH  w as elevated b u t d id  no t exceed 8 . T hese experim ental results 
elucidated  the perform ance o f  the  reacto r involved  in  su lfide detoxification  and heavy  
m etal rem ediation  processes. T he m etal load ing  that could  prevent a negative effect 
on the sulfate reduction  reaction  from  this study is p roposed  as a K  less than 30 
m eq/kg  M LV SS. A t this value, the average C O D  rem oval effic iency  w as 95%  
although the CH 4 production  activ ity  w as reduced  to 60% .
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