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Doc to r o f Ph i lo sophy 
D E V E L O P M E N T O F A M E C H A N I S T I C M O D E L T O A S S E S S T H E 

D I S T R I B U T I O N O F H E A V Y M E T A L S I N M U N I C I P A L W A S T E W A T E R 
T R E A T M E N T 
by N o h a G a b e r 

This resea rch advances the unders tand ing of the fa te o f t w o h e a v y meta l s , coppe r and 

zinc, in munic ipa l was tewa te r t rea tment sys tems and is thus va luab le to in tegra ted 

was t ewa te r m a n a g e m e n t . T h e pr incipal a im of this p ro jec t w a s to deve lop a mode l l i ng 

tool to de te rmine the fa te o f heavy meta ls in munic ipa l w a s t e w a t e r t rea tment plants . 

Th is w a s accompl i shed us ing a strategy, wh ich consis ted o f five s tages. T h e first stage, 

the l i terature rev iew, revealed that meta l interact ions in was t ewa te r t rea tment p rocesses 

are complex , wi th m a n y fac tors and m e c h a n i s m s in f luenc ing heavy me ta l r emova l . 

H o w e v e r , cer tain fac tors appear to be of s ignif icant impor tance wi th r ega rd to the 

d e v e l o p m e n t o f a meta l s predic t ive model . O f these fac tors , the fa te o f s u s p e n d e d 

sol ids in the t rea tment p lan t was f o u n d to closely in f luence meta l r e m o v a l . H e n c e , in 

the second stage, a m o d e l was deve loped to de te rmine the par t i t ion ing of the suspended 

sol ids b e t w e e n the s ludge and l iquid phases in the d i f fe ren t w a s t e w a t e r t r ea tment 

processes . 

T h e third s tage focused on the d e v e l o p m e n t o f a m o d e l for the h e a v y meta ls . 

Mode l l i ng of the m e c h a n i s m s of h e a v y meta l r e m o v a l can be u n d e r t a k e n us ing a 

var ie ty o f me thods , such as equi l ib r ium chemica l mode l l ing , u se o f adsorp t ion 

isotherms, empir ica l as wel l as mechan is t i c mode l l i ng m e t h o d s . T h e use and general 

appl icabi l i ty of these techniques to ach ieve the ob jec t ives o f the current research were 

crit ically assessed. T h e m o s t sui table approach for the p u r p o s e o f this research was 

f o u n d to be a combina t ion of the approaches . T h e adsorp t ion i so therm approach to 

mode l l ing descr ibes the phys ico -chemica l m e c h a n i s m s that are recognised as be ing 

impor tan t in the r emova l of heavy meta ls , whi le the mechan is t i c approach a l lows these 

m e c h a n i s m s to be mode l l ed for a range of in f luenc ing factors . 

In the four th stage, ba tch exper iments were carr ied out to de te rmine bo th the solubi l i ty 

and adsorpt ion of two heavy metals , copper and zinc, unde r va r ious condi t ions . T h e 

m e t h o d o l o g y for obtaining mode l coef f ic ien ts and correla t ions wi th impor t an t 

paramete rs , such as p H and the solids concentra t ion, w a s deve loped . T h e resul ts o f 

these exper iments provide an in-depth unders tand ing of the p a r a m e t e r s i n f luenc ing 

me ta l r emova l and h o w they interact wi th each other. T h e ob jec t ive o f the fifth and 

final s tage w a s the ver i f icat ion of the mode l and m o d e l coef f i c ien t s . It w a s 

accompl i shed by carrying out field studies at t w o w a s t e w a t e r t r ea tmen t p lan t s in the 

S o u t h a m p t o n area. The Sol ids M a s s Ba lance and H e a v y M e t a l s m o d e l s are 

p r o g r a m m e d under the Visual Bas ic Edi tor of M i c r o s o f t Exce l 97 to p rov ide a user-

f r i end ly in ter face to aid in the predic t ion of e f f luen t and s ludge concen t ra t ions of 

meta ls . 
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CHAPTER ONE 

INTRODUCTION 

As we enter a new millennium, an historical threshold on heavy metals is being 
crossed - acute effects due to localized pollution problems are giving way to chronic 
toxicity endpoints associated with globalization of metal pollution.. .(among) the 
major scientific achievements pertaining to heavy metals in the environment this 
century was the development of computer models, which resulted in improved 

I prediction of the fate and effects of metals in the environment" 

11th Annual International Conference on 

Heavy Metals in the Environment (2000) 



1.1 Sources and Significance of Heavy Metals in Wastewater 

F r o m the poin t of v i ew of a chemis t , there is no prec ise def in i t ion for the te rm "heavy 

meta l s" . It is o f t en used as a general t e rm for pol lu t ing meta l ions, w h i c h are persis tent 

and potent ia l ly toxic in the env i ronment (Sc ienceNet 2001) . For env i ronmenta l 

pract i t ioners , the mos t c o m m o n l y encounte red def in i t ion of heavy meta l s s tates that 

"heavy meta l s const i tute those wi th speci f ic gravi t ies o f app rox ima te ly 5g/cm^ or 

g rea te r" ( R u d d 1987a). This def in i t ion inc ludes e lements such as arsenic , c a d m i u m , 

copper , lead, mercu ry and zinc. 

Inputs of heavy meta l s in the env i ronment as a w h o l e can be d iv ided into t w o m a i n 

sources: natura l and an thropogenic (man-made) . These are d i scharged to the air, water 

and soil th rough a combina t ion of d i f fuse and poin t sources . A munic ipa l was t ewa te r 

t rea tment sys tem usual ly has inputs f r o m both domes t ic and industr ia l d i scharges , both 

of w h i c h are poin t sources . U r b a n run-of f also contr ibutes to the quant i ty o f h e a v y 

meta l s enter ing the sys tem. The quant i ty of heavy meta l s that enter the w a s t e w a t e r 

t rea tment ne twork depends on a combina t ion of fac tors . T h e s e can inc lude the locat ion 

of the was tewa te r t rea tment plant , the type of s ewerage sys t em se rved and the p resence 

or absence of domes t ic and industr ial d i scharges (S tephenson 1987a) . It has been 

found that current ly emiss ions f r o m industr ial po in t sources accoun t fo r the m a j o r 

sources o f pol lu t ion to u rban was tewate r s ( IC Consu l t an t s 2001) . 

D u e to their potent ia l for long- te rm accumula t ion , the p re sence of heavy meta l s in 

was tewate r e f f luents g ives rise to concern in t e rms of: 

1. The i r poss ib le toxic or inhibi tory e f fec t on the e f f i c i ency of b iological 

was tewate r and s ludge t rea tment processes ; 

2. Thei r toxicity to the aquat ic env i ronment and poss ib ly to h u m a n heal th ; 

3. The hazards they pose to the env i ronmenta l m e d i a a f f ec t ed b y s ludge 

disposal . 

Th i s is o f great s ignif icance for env i ronmenta l pol lu t ion control . It ha s b e e n f o u n d that 

as m u c h as 7 0 - 9 0 % of the heavy meta ls in r a w sewage is t r ans fe r red to the s e w a g e 

s ludge, as s h o w n in f igure 1.1. 
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Figure 1.1: Origin and fate of heavy metals in wastewater treatment (adapted from 
ADEME1995) 

Therefore , even though was tewa te r t rea tment m a y p reven t heavy meta l s f r o m enter ing 

wa te r bodies via the e f f luen t of the works , by r e m o v i n g t h e m f r o m the aqueous phase , 

they will still have to be d isposed of in the resul tant s ludge, if hazards re la t ing to 

phytoxic i ty and the b ioaccumula t ion of meta l s th rough the f o o d cha in are to b e 

avoided . The toxicity of a meta l or a meta l c o m p o u n d has b e e n de f ined as " i t s intr insic 

capaci ty to cause injury, including potent ial carc inogenic , m u t a g e n i c and te ra togenic 

e f f e c t s " ( R u d d 1987a). The s igni f icance of cer tain h e a v y me ta l s and the hea l th haza rds 

p o s e d b y t h e m are summar i sed in table 1.1. 



Table 1.1: Sources and significance of heavy metals (Manahan 1991) 

Element Sources Effects and significance 
Cd Industrial discharge, mining waste, 

metal plating, water pipes 
Replaces Zn biochemically, causes 

high blood pressure and kidney 

damage, destroys testicular tissue 

and red blood cells, toxic to aquatic 

biota. 
Cr Metal-plating, cooling tower water 

additive, normally found as Cr (VI) in 

polluted water 

Essential trace element (glucose 

tolerance factor), possibly 

carcinogenic as Cr (VI). 
Cu Metal-plating, industrial and domestic 

wastes, mining, mineral leaching 
Essential trace element, not very 

toxic to animals, toxic to plants and 

algae at moderate levels. 
Fe Corroded metal, industrial wastes, 

acid mine drainage, low pE water in 

contact with iron minerals 

Essential nutrient (component of 

hemoglobin), not very toxic, 

damages materials (bathroom 

fixtures and clothing). 
Pb Industry, mining, plumbing, coal and 

gasoline 
Toxicity (anaemia, kidney disease, 

nervous system), wildlife 

destruction 
Mn Mining, industrial waste, acid mine 

drainage, microbial action on 

manganese minerals at low pH. 

Relatively non-toxic to animals, 

toxic to plants at higher levels, 

stains materials (bathroom fixtures 

and clothing). 
Hg Industrial waste, mining, pesticides, 

coal 
Acute and chronic toxicity 

Mo Industrial waste, natural sources, 

cooling-tower water additive 
Possibly toxic to animals, essential 

for plants. 
Ag Natural geological sources, mining, 

electroplating, film-processing 

wastes, disinfection of water 

Causes blue-grey discoloration of 

skin, mucous membranes and eyes. 

Zn Industrial waste, metal-plating, 

plumbing 
Essential element in many metallo-

enzymes, aids wound healing, toxic 

to plants at higher levels; major 

component of sewage sludge, 

limiting land disposal of sludge. 



T h e var ious fac tors in f luenc ing the toxici ty o f heavy meta l s in solut ion as compi led by 

B r y a n 1976 (in Fors tner 1981) are s h o w n in table 1.2. 

Table 1.2: Factors influencing the toxicity of heavy metals in solution (Bryan 1976) 

• Form of a metal in water: • Inorganic or organic; 
• Soluble (ion, complex ion, chelate ion, 

molecule) or Particulate (colloidal. 
precipitated, adsorbed) 

• Presence of other metals or poisons: • Effect: joint action, no interaction, or 
antagonism; 

• More than additive, additive or less 
than additive. 

The re is l imited in fo rmat ion avai lable on the concent ra t ion of h e a v y me ta l s in the 

inf luent and e f f luen t f r o m was tewate r t rea tment plants . H o w e v e r , a s tudy carr ied out 

by IC Consul tan ts (2001) provides a rev iew of the m o s t up- to -da te data on the 

concent ra t ions of heavy meta ls in s ewage s ludge. T h e resul ts o f this su rvey are 

s u m m a r i s e d in table 1.3. 

Table 1.3: Survey of heavy metal concentrations in sewage sludge (adapted from IC 
Consultants 2001) 

Metal Country 

(mean concentrations in mg/kg DS) 

Limit in Sewage Sludge 

(mg/lcg DS) 

Denmark UK USA EU USEPA 

Cd 1.4 3.5 38.1 10 1* 39 

Cr 33 159.5 589 1000 600* 1200 

Cu 284 562 639 1000 50* 1500 

Hg 1.29 2.5 3.24 10 0.5* 17 

Ni 228 5&5 90.6 300 50* 420 

Pb 5&9 221.5 204 750 70* 300 

Zn 777.2 778 1490 2500 150* 2800 

and > 7 respectively 



1.2 Relevant Legislation 

1.2.1 EC Law 

D u e to their non-biodegradabi l i ty and toxici ty, heavy meta l s are a cause o f great 

env i ronmenta l concern . In addit ion, there is an increas ing t rend of direct or indirect 

wa te r re-use. This is because sur face waters , wh ich are used fo r the d isposal of 

was t ewa te r e f f luents , are increasingly be ing ut i l ised fo r po tab le suppl ies as natural 

g roundwa te r suppl ies are depleted (Kirk 1987). Since, heavy me ta l s are ub iqu i tous in 

was tewate rs , there has been increasing pressure fo r the d e v e l o p m e n t o f appropr ia te 

wa te r qual i ty criteria to protect potable supply and control the reuse o f e f f luen t fo r a 

var ie ty of wa te r uses (Kirk 1987). 

Several E C direct ives are addressed to industrial and munic ipa l was tewate r s . T h e 

U r b a n W a s t e w a t e r Trea tment Direct ive ( 9 1 / 2 7 I / E E C ) , wh ich w a s pa s sed into U K 

legislat ion in N o v e m b e r 1994, a ims to protect sur face in land wa te r s and coasta l wa te r s 

by regula t ing col lect ion and t rea tment of u rban was t ewa te r and d i scharge of cer tain 

b iodegradab le industr ial was tewa te r (European C o m m i s s i o n 1998). It r equ i res 

sewerage sys tems and secondary t rea tment (i.e. b io logica l t r ea tment ) fo r all areas above 

2 ,000 popula t ion equivalents . M o r e advanced t rea tment , such as nut r ient r emova l will 

be requi red in sensi t ive areas. The Direc t ive also requi red an end to d u m p i n g of 

s ewage s ludge at sea in 1998. 

T h e earlier direct ive on dangerous subs tances d i scharged to the aquat ic env i ronment 

(76 /464/EEC) , contains an annexe of List I (black) and List II (grey) subs tances for 

wh ich reduct ion p r o g r a m m e s are required. M e m b e r states are requi red to take 

appropr ia te steps to e l iminate pol lu t ion of in land sur face waters , territorial wa te r s and 

internal coastal waters by List I subs tances and to r educe pol lu t ion by the subs tances in 

List II. In order to reduce pol lut ion by List II subs tances , m e m b e r states are requi red to 

adhere to emiss ion s tandards based on wa te r qual i ty objec t ives , in a cco rdance wi th 

counci l direct ives, where they exist (Kirk 1987). Fu r the rmore , emis s ion s tandards are 

to be spec i f ied for discharges o f substances of bo th lists into sewers , w h e r e this is 

necessa ry for the implementa t ion of the direct ive (Kirk 1987). T h e subs tances that are 

inc luded in bo th lists are shown in the table 1.4. 



Table 1.4: Metals and metal compounds included in Lists I and II of the 'Dangerous 
Substances Directive' 76/464/EEC (adapted from Kirk 1987) 

List I: 

• Organo t in compounds . 

• Subs tances w h o s e carc inogenic act ivi ty is exhib i ted in or b y the in te rvent ion of 

the aquat ic envi ronment . 

• M e r c u r y and its compounds . 

• C a d m i u m and its compounds . 

List II: 

• The fo l lowing meta l lo ids and meta ls and their c o m p o u n d s : 

Zn , Cu, Ni , Cr, Pb, Se, As , Sb, M o , Ti, Sn, Ba , Be , B, U , V , Co, Tl, Te , Ag . 

• Subs tances wh ich have a deleter ious e f fec t on the taste and /or smel l o f p roduc t s 

for h u m a n consumpt ion der ived f r o m the aquat ic env i ronmen t and c o m p o u n d s 

l iable to give rise to such subs tances in water . 

1.2.2 UK Law 

Current ly the t rea tment and disposal of v /as tewater is the respons ib i l i ty o f the 10 wa te r 

and sewerage companies . T h e y also operate the regu la tory sys t em for d i scharge of 

was te to sewers under the legislat ion conta ined in the W a t e r Indus t ry Ac t 1991. U n d e r 

sect ion 118 of the Wate r Indust ry Ac t 1991, it is a c r imina l o f f e n c e to d i scharge any 

trade e f f luen t ' f r o m ' t rade p remise s ' into sewers unless a t rade e f f luen t consent is 

obta ined f r o m the sewerage under taker . A t rade e f f luen t consen t is granted subjec t to 

condi t ions, on such mat ters as the p lace of d ischarge , the nature , t empera tu re and 

compos i t ion of the d ischarge (Bell 1997). Meta l s and other haza rdous i tems are 

control led by consent limits. Genera l ly , the consent is set by r e fe rence to the rece iv ing 

capabil i t ies of the sewers and t rea tment works . A m a j o r fac tor that the opera tor m u s t 

take into account is the sewerage unde r t ake r ' s o w n potent ia l l iabil i ty for d i scharges 

f r o m the t rea tment works . The discharges f r o m was tewa te r t r ea tment p lan t s into 

sur face waters is covered by the d ischarge consents sys tem, w h i c h is opera ted b y the 

E n v i r o n m e n t A g e n c y under the Wate r Resources Ac t 1991. 

The consent l imits in both sys tems, disposal of was te to sewers and d i scharges f r o m 

was tewa te r t rea tment plants, are based on local emiss ion s tandards , wh ich are set to 



achieve local wa te r qual i ty objec t ives set by the E n v i r o n m e n t A g e n c y . T h r o u g h its 

d i scharge consent ing power , the Env i ronmen t A g e n c y wil l ensure that: 

• T rea tmen t s tandards are me t for all d i scharges f r o m s e w a g e t rea tment 

works and directed d ischarges to control led wate rs ; 

• S e w a g e s ludge is not d i scharged th rough p ipe l ines to su r face wate rs a f te r 

31 D e c e m b e r 1998 and that h a r m f u l con taminan t s a re r e d u c e d up to then. 

T h e en fo rcemen t p o w e r s and penal t ies for any b reach of the w a t e r po l lu t ion legislat ion 

are g iven to the Env i ronmen t A g e n c y under the W a t e r R e s o u r c e s Ac t 1991. 

The t rea tment and disposal o f sewage s ludges are also g o v e r n e d by s tandards and 

guide l ines to min imi se the r isks arising f r o m them. The t w o pr inc ipal d isposal routes 

for s ewage s ludges have been agricultural land and the mar ine env i ronmen t (Kirk 

1987). A c c o r d i n g to 1998 est imates , 5 0 % of s ewage was re -used on land, 15% taken to 

landfi l l , 9 % incinerated and 17% d u m p e d at sea ( H C S C 1998). W i t h the phas ing out of 

s ludge disposal to sea, as required by the U r b a n W a s t e w a t e r T r e a t m e n t Di rec t ive at the 

end of 1998, a l ternat ive routes for disposal of that 17%, w h i c h w a s b o u n d for sea 

disposal , have had to be found . Fur thermore , the a m o u n t of s ludge b e i n g p r o d u c e d is 

increas ing as a result of stricter controls on e f f luen t qual i ty . In the area o f Southern 

Water , fo r example , it was es t imated that the end of d u m p i n g at sea, toge the r wi th the 

upgrad ing of twe lve of their works , will result in a 100% increase in the a m o u n t of 

s ludge requir ing disposal ( H C S C 1998). T h e l imi ted range of op t ions that are listed in 

the H o u s e of C o m m o n s Select C o m m i t t e e repor t are: landfi l l , incinerat ion and 

" recyc l ing" (disposal to land). 

In general , the opt ion of landfi l l ing was not regarded to be an avai lable opt ion , s ince it 

was cons idered envi ronmenta l ly unsus ta inable and also due to the lack of landfi l l space 

avai lable . Incinerat ion was not f avoured because o f publ ic fears o f the emiss ions 

involved. Also , the issue of the ash disposal w o u l d h a v e to be addressed . T h e r e f o r e , 

s ludge recycl ing to land was found to be the best env i ronmen ta l op t ion ( H C S C 1998). 

T h e m a i n concerns arising f r o m this opt ion were wi th respec t to the poss ib le p re sence 

of potent ia l ly toxic e lements ( P T E ' s ) , such as heavy me ta l s and o rgan ic chemica l s , 

wi th in the s ludge. 



D u e to the h igh heavy metal concent ra t ions wi th in s ludges , m a n y countr ies have 

deve loped legislat ion, wh ich spec i fy the m a x i m u m concent ra t ions o f meta l s in s ludge 

appl ied to agricultural land. In the U K , the E n v i r o n m e n t A g e n c y cont ro ls the pract ice 

of s ewage s ludge disposal to agricul tural land th rough the regula t ions (SI 1989/1263) , 

wh ich implemen t the E C Direc t ive on S e w a g e Sludge in Agr icu l tu re (86 /278 /EEC) . 

T h e regula t ions require that no-one, including the f a r m e r or the suppl ie r o f the s ludge, 

m a y pe rmi t the use of sewage s ludge on agricul tural land unless cer ta in that the 

requ i rements are fulf i l led. This is to safeguard , par t icular ly , agains t the addi t ion of 

excess ive levels of heavy meta ls to the soil (Env i ronmen t A g e n c y 1998). T h e 

E n v i r o n m e n t A g e n c y has a duty to m a k e sure that P T E ' s wil l not be in t roduced into the 

soil th rough us ing s ludge on land. They do this by mon i to r ing the P T E level in the soil. 

There is a lso a l imit on the rate at wh ich P T E ' s can be added in s ludge , w h i c h is set at 

an average over ten years . T h e H o u s e of C o m m o n s Select C o m m i t t e e repor t 

r e c o m m e n d s that the Env i ronmen t A g e n c y ' s current prac t ice shou ld b e rep laced by the 

m o r e wide ly accepted E U opt ion of moni to r ing P T E ' s in the s ludge as o p p o s e d to the 

soil ( H C S C 1998). 

Recent ly , leading food retailers and the water indust ry have ag reed a s t ra tegy for the 

use o f s ewage s ludge on agricultural land ( E D I E 1998). T h e s t ra tegy prohib i t s any use 

o f s ewage s ludge on land used for g r o w i n g frui t and salad crops . A ma t r ix and 

guidel ines have been deve loped by the env i ronmenta l consu l t ancy A D A S , wh ich was 

implemen ted on the 31 D e c e m b e r 1998. Other env i ronmenta l consul tanc ies have 

developed sys tems to ensure sa fe s ludge disposal . These inc lude the S T A T S (S ludge 

Trea tmen t and Track ing Sys tem) deve loped by B iwa te r T rea tmen t (Biwate r N e w s 

1999) and the B i o E D G E s ludge to land m a n a g e m e n t sys tem deve loped by B inn i e 

B lack & Vea tch (In Progress 2000) 



1.2.3 Determination of Acceptable Levels of Heavy Metals Discharged to Sewers 

T h e character is t ics of was tewate r are ex t remely complex , cons is t ing of inorganic and 

organic mater ia l , as wel l as suppor t ing a c o m p l e x microb ia l sys t em (Horan 1990). It is 

necessa ry to unders tand h o w a d ischarge interacts wi th its r ece iv ing env i ronmen t 

be fo re sui table s tandards can be imposed to limit the d i scharge of was tewate r s . A 

ba lance mus t be achieved be tween protec t ing the env i ronmen t and c o m m u n i t y served 

by the rece iv ing water course, and ensur ing that unnecessa ry bu rden is no t p laced on 

the operators o f was tewate r t rea tment facil i t ies by p lac ing an excess ive ly strict 

d ischarge limit. The was tewate r d ischarge s tandards m u s t the re fo re adequa te ly ref lect 

the dangers posed by a certain discharge. As these dangers will va ry f r o m one 

env i ronment to another , the d ischarge l imits should be spec i f ied on a s i te-speci f ic basis. 

Thus , the abil i ty o f a wa te r to receive was tes wou ld be d iv ided a m o n g those 

d ischarg ing was tes (Tarzwel l 1975). Therefore , e f f luen t l imits fo r each d i scharge are 

set to achieve wa te r qual i ty s tandards for a par t icular wate rcourse . W h i l e the w a t e r 

qual i ty s tandards are usual ly f ixed, the d ischarge l imits are kep t f lex ib le so as to mee t 

the wa te r qual i ty s tandards , if the si tuat ion changes , such as wi th the in t roduc t ion of a 

n e w plant or an increase in popula t ion . 

The f inal compos i t ion of the was tewa te r e f f luen t d i scharged to su r f ace wa te r s will 

depend ul t imate ly on the nature of the was tewa te r s i n c o m i n g to the p lan t via the 

sewers , and on the t rea tment p rocesses uti l ised in the plant . A s s u m m a r i s e d above , 

was tewate r t rea tment mus t be able to treat the i ncoming was t e to a level such that the 

amoun t d ischarged does not exceed the d ischarge l imits imposed on that plant . Dur ing 

was tewate r t reatment , heavy meta ls will be r e m o v e d f r o m the so luble state by 

precipi ta t ion and adsorpt ion onto the b iomass . The end p roduc t will be s ludges laden 

wi th heavy metals . The disposal of these s ludges will also be b o u n d by s tandards , 

wh ich seek to min imise the dangers that these s ludges pose to the rece iv ing 

env i ronment . There fore to control the amoun t of meta l s d i scha rged to the e n v i r o n m e n t 

th rough the e f f luent or the s ludge resul t ing f r o m was tewa te r t rea tment , t rade e f f luen t 

s tandards are set to limit the amoun t of heavy meta l s d i scharged f r o m a p lan t into the 

sewer sys tem. These are similar to the d ischarge l imits i m p o s e d on the w a s t e w a t e r 

t rea tment p lan t and other plants that d ischarge direct ly into a wa te rcour se . 



Arunde l (1995) notes that the U K Wate r P i c ' s are not iceably t igh tening the current 

meta l l imits in t rade e f f luent consents . H e states that a l though there are regional 

var iat ions depend ing on dilution, past h is tory and type of rece iv ing works , the general 

t rend for l imits is ever downwards . Tab le 1.5 shows typical l imits fo r meta l -con ta in ing 

t rade e f f luen ts d ischarging to the sewer in the U K . 

Table 1.5: Typical UK trade effluent consent limits (Arundel 1995) 

pH range 6-11 

Settleable solids 300 mg/1 

Total cyanide 5 mg/1 

Sulpliate 1500 mg/1 

Total sulphide 1 mg/1 

Available chlorine 50 mg/1 

Available sulphur dioxide 5 mg/1 

Free ammonia 100 mg/1 

Grease and oil 500 mg/1 

Chromium 10 mg/1 

Zinc 10 mg/1 

Nickel 3 mg/1 

Copper 5 mg/1 

Lead 10 mg/1 

Silver 1 mg/1 

Cadmium Subject to EC Directive 
76/464/EEC and Environment 
Agency approval (typically 

Total iron 
<0.1 mg/l) 

Total iron 100 mg/1 
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Factors affecting the level of discharge to sewers 

W R c (1976b) and Arunde l (1995) list the factors that in f luence the set t ing of t ight 

meta l l imits b y opera t ing and regula tory bodies : 

1. T o pro tec t the fabr ic of the sewers and sewer m a i n t e n a n c e worke r s ; 

2. T o pro tec t against loss of t rea tment works e f f i c iency , espec ia l ly b io logica l 

t rea tments ; 

3. Rest r ic ted s ludge disposal routes; and 

4. The genera l toxici ty in the aquat ic env i ronment and to pro tec t the qual i ty of wa te r 

abs t rac ted for po tab le water supply and irrigation. 

It is impor tan t to k n o w the compos i t ion of the was t ewa te r d i scharged into the sewers , 

s ince e f f luen t d ischarges m a y cause impor tant e f fec t s even if they do not conta in meta l s 

( W R c 1976a). Fo r example , it was found that the d i scharge of spent su lphi te l iquor 

reduced the concent ra t ion of f ree copper ions by complexa t ion and thus decreased their 

toxicity. Also , s t rong complex ing and chela t ing agents can re lease me ta l s f r o m 

sed iments and hence increase the rate of meta l t ransport . 

Determining the Maximum Accentahle T evel of Discharge 

In pract ice , the m a x i m u m permiss ib le concent ra t ion for a t rade e f f luen t d i scharge is 

de te rmined by looking at critical s tages in the was t ewa te r t r ea tment sy s t em in re la t ion 

to all that m a y be d a m a g i n g to it. M a x i m u m acceptab le concen t ra t ions ( M A C ) are 

ass igned to each stage, taking into account reduc t ion and di lu t ion th roughou t the 

sys tem. This is achieved by carrying-out back calculat ions , s tar t ing f r o m the e f f luen t 

level to sa t is fy a wa te r qual i ty objec t ive o f a par t icular wa te r course , or, in the case o f 

s ludge, the s tandards associated wi th the s ludge disposal route . Th is is s h o w n 

d iagrammat ica l ly in f igure 1.2. 
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Figure 1.2: Determining acceptable levels of sewer discharge concentrations 

(adaptedfrom Banks 1998 and WRc 1976b) 

M A C i n d i s c h a r g e t o s e w e r 

Dilution in sewer 

M A C i n s e w a g e en t ( j r i n g t r e a t m e n t p l a n t 

Reduction in concentration during 
sewage treatment 

MAC in discharge to 
receiving water to meet 
water quality 
standards 
(See Aqueous route 
below) 

MAC in raw sewage sludge 
(See Sludge route below) 

MAC for 
sludge 
treatment 

MAC for 

disposal 
route 
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AQUEOUS ROUTE; 

Critical Stages Critical Concentration Determined By: 
• Water usage of receiving water: 

Abstraction for potable water supply; fisheries; 

shellfisheries; recreation; irrigation. 

• Protection of the aquatic environment; 

• Water quality standards: 

UK Statutory water quality objectives and 

EC directives 

Effluent quality Treatment plant effluent consent 

• Secondary biological treatment-

Reduction in concentration through adsorption 

and biodegradation 

• Protection of the process f rom potentially 

toxic or inhibitory materials: 

a)Biomass: e.g. metals, general toxic 

organics 

b)Oxygen transfer: e.g. surface active agents, 

oil 

• Preliminary and primary treatment: 

Reduction in concentration through adsorption. 

• Protection of the process and equipment; 

a) Settlement: e.g. surface active agents, oil 

b) Equipment: e.g. grease 

• Sewer system: 

New discharge in relation to existing discharges 

Dilution 

• Protection of the fabric of the sewer; 

e.g. f rom acids, sulphates 

• Protection of the health and safety of the 

workers: 

e.g. f rom solvents, cyanide. 

SLUDGE ROUTE: 

Critical Stages Critical Concentration Determined 
By: 

Sludge Disposal • Protection of the environment and 

public health 

Environmental quality standards in relation 

to disposal route: e.g. Sludge to land 

regulations and Waste disposal regulations 

Sludge Treatment • Protection of the process: 

Protecting the biomass f rom toxic or 

inhibitory materials: e.g. metal, halogenated 

hydrocarbons, synthetic detergents 
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1.3 Aims and Objectives of the Project 

T h e p r o b l e m of heavy meta ls d ischarged to the env i ronmen t in genera l and specif ical ly 

to was tewa te r t rea tment sys tems has been out l ined above . Recen t ly , ma in ly due to the 

changes in legislat ion and increased envi ronmenta l p ro tec t ion measu res , the p resence of 

heavy meta l s in was tewate r t reatment is rece iv ing m o r e at tent ion. A s has been noted 

previous ly , the ma jo r i ty of heavy meta ls are par t i t ioned dur ing w a s t e w a t e r t rea tment 

into the s ewage s ludge or the treated eff luent . Thus , due to the eco toxico logica l hazards 

that they migh t pose and consequent ly the stricter controls gove rn ing their d i scharge 

into the envi ronment , it is becoming increasingly impor tan t to have a k n o w l e d g e of the 

heavy meta l content of the ef f luent and the s ludge pr ior to their d isposal . 

The pr incipal a im of this pro jec t is to p roduce a compu te r based s imula t ion m o d e l that 

will predic t the par t i t ioning of heavy meta ls into the solid and l iquid phases th rough the 

was t ewa te r t rea tment processes . It is ant icipated that the m o d e l wil l have the fo l l owing 

pract ical appl icat ions within the water industry; 

• A s a m a n a g e m e n t tool to t rade ef f luent of f icers , a l lowing t h e m to rap id ly assess the 

potent ial impact of a n e w discharge on bo th s ludge and e f f luen t qual i ty . 

• A s a m a n a g e m e n t tool in strategic decis ion m a k i n g as to w h e r e str icter cont ro ls m a y 

be necessary in order to achieve increas ingly s t r ingent e f f luen t or s ludge s tandards . 

• A s a mode l l ing tool to assess d i f fe rent opera t ional s t rategies on a par t icular works , 

fo r example : the impor t of a s ludge, the poin t of re turn of s ludge l iquors , the change 

in type of chemica l condi t ioning agent , the potent ia l e f fec t o f changes in water 

chemis t ry (pH, sulphate , organic l igands, etc.). 

T o achieve this a im, both laboratory-based and field-based s tudies on the r emova l o f 

meta l s f r o m wastewaters will be carried out. The object ives o f these s tudies wil l be to 

ga in insight into the factors a f fec t ing and m e c h a n i s m s e f fec t ing the r e m o v a l o f h e a v y 

metals . For the purposes of these studies, the meta ls that wil l be inves t iga ted are copper 

and zinc. T h e environmenta l s ignif icance of these two meta l s is h igh , cons ide r ing bo th 

their industr ial use and potential pol lut ion impact . W h i l e no t acute ly toxic to h u m a n s , 

copper is toxic to plants and its widespread p reva lence in the env i ronmen t , bo th due to 

domes t ic and industr ial sources is a cause for concern . Zinc , on the o ther hand , is toxic 

to h u m a n s at concentra t ions of 100-500 m g / d a y ( C h o n g and V o l e s k y , 1995). Its 
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sources are e v e n m o r e ex tens ive , r a n g i n g f r o m c o r r o s i o n o f p l u m b i n g a n d l each ing 

f r o m pa in t s a n d w a t e r - p r o o f i n g p r o d u c t s on a d o m e s t i c level to its u s e in indus t r ia l 

p r o c e s s e s s u c h as its u se in ga lvan i sa t ion a n d the p r o d u c t i o n o f p las t i cs , t y re s a n d 

p h a r m a c e u t i c a l p r o d u c t s ( IC Consu l t an t s 2001) . 

1.4 Methodology 

T h e m e t h o d o l o g y e m p l o y e d in this r e sea rch p r o j e c t f o r t he d e v e l o p m e n t o f a p r ed i c t i ve 

m o d e l f o r m e t a l s in w a s t e w a t e r t r ea tmen t f o l l o w s t he b a s i c m o d e l l i n g p r o c e s s d e s c r i b e d 

b y O l s s o n a n d N e w e l l (1999) . T h e y p r o p o s e d a m o d e l d e v e l o p m e n t p r o c e s s tha t 

c o m p r i s e s s e v e n s tages . T h i s is s h o w n in f i gu re 1.3. 

Model Verification 

Model Validation 

Problem Specification 

Model Development 

Experimental Design 

Parameter Estimation 

Data from Experiments 

Figure 1.3: Model Development Process (Olsson and Newell 1999) 
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This thesis will descr ibe the appl icat ion of this m e t h o d o l o g y to the meta ls mode l 

deve lopment . The p rob lem specif icat ion and need for this type of m o d e l w e r e out l ined 

in this chapter . Chapte r 2 provides a tho rough examina t ion of the l i terature sur rounding 

the behav iour of heavy meta ls dur ing was tewa te r t rea tment . Chap te r s 3 and 4 descr ibe 

the s tages of ident i fy ing the mos t sui table mode l l ing approach and the d e v e l o p m e n t of 

the m o d e l equat ions , wi th Chapter 3 cover ing the d e v e l o p m e n t o f a sol ids m o d e l and 

Chapte r 4 focus ing on the meta ls mode l deve lopment . Chap te r 5 detai ls the 

exper imenta l me thods used to derive the mode l coef f ic ien ts , u s ing samples f r o m a local 

was tewa te r t rea tment plant . The results f r o m these exper imen t s are also d iscussed. 

Chapte r 6 covers the sampl ing procedures used to obtain data f r o m to was t ewa te r 

t rea tment p lants in the Sou thampton area to be able to val idate the mode l . T h e resul ts 

f r o m these f ie ld studies will show the extent to wh ich the m o d e l can accura te ly predic t 

the par t i t ioning of meta l s in munic ipa l was tewate r t rea tment . Final ly , the conc lus ions 

o f the research and r ecommenda t ions for fu ture w o r k wil l be p resen ted . 
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CHAPTER TWO 

LITERATURE REVIEW 



2.1 Introduction 

The behav iour and s ignif icance of heavy meta ls in was tewa te r t rea tment has been the 

subject of considerable research. A s early as the 1930 ' s sewer b lockages caused by 

industrial d ischarges containing ch romium were be ing invest igated. Later , the fa te of 

heavy meta ls dur ing was tewate r t reatment , as well as their toxici ty to biological 

t reatment , we re studied. Subsequent ly m a n y s tudies w e r e carr ied out in order to 

ascertain the factors and mechan i sms inf luenc ing the r emova l o f heavy meta l s f r o m 

was tewate r dur ing the var ious stages of was tewate r t rea tment . Th is chap te r wil l r ev iew 

the results of the vast amoun t of l i terature concern ing the behav iou r o f heavy meta l s 

dur ing the d i f fe ren t stages of was tewater t reatment . 

2.2 Primary Sedimentation 

Studies have s h o w n that p r imary sedimenta t ion has two e f fec t s on the meta l s - l aden 

inf luent s t reams be fo re their entry into the aerat ion tank. A c c o r d i n g to Bar th et al 

(1965) , these are: 

(i) It r educes the total meta l content s ince s o m e meta l is r e m o v e d wi th the 

p r imary s ludge; 

(ii) The physica l and chemica l character is t ics of the s e w a g e al ter the f o r m of 

the meta l in t roduced. 

Since h igh concentra t ions of certain meta ls m a y be toxic to the mic ro -o rgan i sms in 

biological t reatment , p r imary sedimenta t ion reduces the poss ibi l i ty o f impa i rmen t o f 

the e f f ic iency of the biological t rea tment th rough meta ls toxici ty. It also contr ibutes to 

the overall r emova l e f f ic iency of the t rea tment works (Lester 1987). D u e to the 

phys ica l nature of the pr imary sedimenta t ion process , the remova l o f heavy meta ls 

dur ing that process is also pr imari ly a phys ica l process . It depends on the se t t lement of 

precipi ta ted metals or meta ls associated wi th sett leable part ic les . The ma jo r i t y of the 

meta ls that are r emoved are insoluble (Oliver et al 1974). Thus , the p ropor t ion of 

soluble meta l to total metal increases in the e f f luent f r o m the p r i m a r y tank. 

2.2.1 Factors affecting heavy metal removal in primary sedimentation 

The three ma in factors that have been found to a f fec t meta l r emova l in p r imary 

sed imenta t ion are the eff ic iency of suspended solids r emova l , the chemica l species of 

the meta l (Lester 1983) and the sewage matr ix characteris t ics . T h e s e three fac tors are 

in turn inf luenced by other factors. 
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Suspended Solids Removal 

Suspended solids removal is a f fec ted by operat ional factors , such as the hydraul ic 

loading, and inf luent suspended solids concentra t ion (Lester 1983). A c c o r d i n g to 

Tebbut t and Chris toulas (1975), suspended solids remova l is in f luenced to a greater 

extent by inf luent suspended solids concentra t ions than by o v e r f l o w rate. T h e results 

of Ross in et al (1983) show that the solids remova l e f f ic ienc ies w e r e s t rongly 

inf luenced by inf luent suspended solids concentra t ions , and not wi th hydrau l ic loading 

a l though var iable flow condi t ions resulted in the poores t r emova l e f f i c iency . T h e 

remova l s of Cd, Cr, Cu and Z n were adversely a f fec ted by increas ing flow and poores t 

unde r var iable flow condit ions. They suggested that the par t icula te f o r m s of heavy 

meta ls migh t be long to a class of inorganic part icles w h o s e sett labil i ty is sensi t ive to 

flow rate, whi le the p r imary s ludge was p redominan t ly organic. T h u s they conc luded 

that the distr ibution of the part iculate fo rms of heavy meta ls w a s no t related to the 

distr ibution of suspended solids and that the removal of heavy meta l s was not re la ted to 

the remova l of suspended solids. However , the results of a s tudy by K e m p t o n et al 

(1987a) carried out at a pilot plant indicate that the solids r emova l e f f i c i ency direct ly 

increased with increasing solids loading whereas increas ing hydrau l ic load ing caused 

m a r k e d reduct ions in solids removal . A close correlat ion was also f o u n d be tween the 

solids loading and the meta l r emova l e f f ic iencies of silver, c a d m i u m , copper , 

ch romium and thal l ium. Reduc t ions in meta l solubi l i ty of 5 0 % a c c o m p a n i e d increases 

in suspended solids concentra t ion of approx imate ly 50%. There fo re , the des ign and 

operat ion of the sedimenta t ion tank is critical w h e n cons ider ing the e f f i c i ency of the 

solids removal . Yet , wi th respect to the meta ls removal , the e f f i c i ency will depend 

main ly on the metal speciat ion. 

Metal Speciation 

The chemica l species of the metal m a y depend on inf luent meta l concent ra t ion , inf luent 

C O D , and hardness , alkalinity and p H of the was tewate r (Les ter 1983). T h e resul ts of a 

series o f s tudies at the Oxford Sewage Trea tment W o r k s (Les ter et al 1979 and 

Stoveland et al 1979), showed that the chemical species of the meta l , w h i c h var ied on 

each occasion, was of considerable impor tance in de te rmin ing the r e m o v a l of the metal . 

This is because the metals that are r emoved in p r imary sed imenta t ion are those that 

exist in insoluble fo rms or forms that have the capaci ty for b ind ing to set t leable solids. 

The fo rmat ion of insoluble hydroxides , carbonates and phospha t e s by the interaction of 



heavy meta ls with sewage aids the process of removal , but these react ions are 

inf luenced by m a n y factors, inc luding pH. Later however , Les ter (1987) concluded that 

the relat ive impor tance of the soluble and solid phases o f the s ewage mat r ix in 

de te rmin ing the remova l of individual meta ls r emains to be resolved. In general , it was 

found that par t iculate Cu and Ni were r emoved to a m u c h grea ter extent than dissolved 

Cu and Ni . In another s tudy only part iculate Cu remova l could be s igni f icant ly 

correlated to suspended solids removal dur ing p r imary sed imenta t ion (Eks ter and 

Jenkins 1996). 

Sewage Matrix Characteristics 

The m a j o r subf rac t ions that are present in the r aw sewage wi th wh ich heavy meta ls 

m a y be associated are sur face-bound organic l igands, insoluble salts, inorganic solids 

and soluble organic l igands (Kempton et al 1987b). A l though suspended sol ids 

f rac t ions were found to be the mos t important factors in control l ing meta l r emova l , the 

soluble organic l igands m a y also inf luence the propor t ion of meta l in the so luble fo rm . 

The presence of soluble organic l igands in the sewage migh t b ind h e a v y meta l s , thus 

re ta ining them in solut ion and prevent ing their r emova l dur ing t rea tment (S toveland et 

al 1980). This was demonst ra ted , wi th respect to copper by K e m p t o n et al (1987a) , 

w h o noted that an increase in chemica l oxygen d e m a n d ( C O D ) w a s a c c o m p a n i e d by an 

increase in filterable meta l concentra t ion. H o w e v e r , copper was the except ion , as the 

other meta ls s tudied did not appear to be marked ly a f fec ted by C O D . Thus it was 

concluded that soluble organic l igands migh t p lay a mino r role in de te rmin ing the 

propor t ion of meta l in the soluble fo rm in r aw sewage . 

2.2.2 Mechanisms of heavy metal removal in primary sedimentation 

T h e behav iour of a heavy metal dur ing p r imary sedimenta t ion depends on the meta l in 

quest ion. For some metals , such as manganese , nickel and lead, those f rac t ions that are 

in par t iculate or insoluble fo rm and those that are associa ted wi th par t icula tes are 

sett led in the pr imary sedimentat ion tank, leaving the soluble f o r m s in the p r i m a r y 

ef f luent . O n the other hand, part iculate f o rms of some meta ls , such as c a d m i u m , 

ch romium, copper and zinc, can be found in the p r imary e f f luen t (Chen et al 1974). 

For each metal , the removal is general ly domina ted by one of th ree m e c h a n i s m s ; 

1. Di rec t precipitation: e.g. lead and b ismuth ; 



2. Adsorp t ion or complexa t ion by the suspended solids: e.g. silver, cadmium, 

cobalt , copper , ch romium, manganese , nickel and thal l ium; 

3. Precipi ta t ion fo l lowed by the associat ion of the precipi ta te wi th the bulk 

solids fract ion; e.g. z inc and m o l y b d e n u m . ( K e m p t o n et al 1987b) 

The remova l o f all part iculate f ract ions does not occur to the s a m e extent . Hence , the 

unequa l associat ion of meta ls with d i f ferent part icle f rac t ions is a m a j o r fac tor 

control l ing their r emova l (Kempton 1987b). Chen et al (1974) found that a h igher 

concentra t ion of toxic e lements are associated with smal l -par t ic le-s ize f rac t ions (0.2 to 

0.8.pim) than wi th larger-part ic le-s ize-fract ions (>44 | im) . Les te r (1987) conc luded that 

toxic-e lement r emova l migh t be inf luenced by a critical size o f par t icula te mat ter , 

de te rmined by solids distr ibutions. K e m p t o n et al (1987b) found that the critical size 

var ied f r o m 35 to 125 p m , above which size very little par t icula te mat te r escaped in the 

ef f luent . T h e y sugges ted that the f l ow rate was a s ignif icant fac tor and that o ther 

variables, such as the inf luent composi t ion, were inf luent ial . Eks te r and Jenk ins (1996) 

found that, consis tent wi th the findings of K e m p t o n et al (1987 a &b) , C u and N i were 

associated wi th the smal ler part icles present in was tewater . 

K e m p t o n et al (1987b) concluded that two m a i n groups of e lements can be ident i f ied. 

The first g roup included silver, cobalt and m o l y b d e n u m , wh ich s h o w e d a s t rong 

associat ion wi th the volati le suspended solids (VSS) f ract ion, sugges t ing that their 

part i t ion into the solid phase m a y be pr imar i ly due to adsorp t ion or complexa t ion by 

organic e lements . The second group included copper , manganese , lead and zinc, which 

were pr imari ly associated with the non-volat i le suspended sol ids ( N V S S ) f ract ion. 

Pat terson et al (1983) concluded f r o m their invest igat ions that sed imenta t ion of sol ids-

b o u n d meta l is the ma jo r removal m e c h a n i s m for meta ls dur ing p r i m a r y sed imenta t ion . 

2.2.3 Efficiency of heavy metal removal in primary sedimentation 

Accord ing to Ross in et al (1983), the e f f ic iency of heavy meta l r e m o v a l dur ing p r imary 

sed imenta t ion is dependent on two factors; 

1. their exis tence as settleable part iculate fo rms in the sewage ; and 

2. the convers ion of soluble and non-set t leable fo rms wi th in the process . 

There are w i d e variat ions in the reported values of meta l r e m o v a l s (See Tab le 2.1). 

This is due to the factors that inf luence their removal as p resen ted in sect ion 2.2.2. 
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Table 2.1: Metal concentrations in raw sewage and their removal during primary 
sedimentation (adapted from Lester 1987) 

Reference Earth et al 

(1965) 

Oliver et al (1974) Data from 7 

studies 

Metal Influent metal 

concentration 

(Pg/I) 

Removal 
(%) 

Influent metal 

concentration 

(Pg/I) 

Removal 

(%) 

Average 

Removal (%) 

Cd 6 60 24 25 37 

Cr 290 55 190 36 38 

Co 2 50 ND ND ND 

Cu 310 33 220 70 45 

Hg 7 57 1.3 54 56 

Mn 6 33 ND ND ND 

Ni 330 15 ND ND 33 

Pb 230 66 390 59 58 

Zn 2400 54 1050 68 44 

Notes: N D : N o t c etected 

Resul ts f r o m several studies showed that Pb, Cu and Z n were the m o s t readi ly r emoved 

meta ls in p r imary sedimentat ion, whi le Ni was the least readi ly r emoved . Cr was also 

less readi ly r emoved than mos t metals . A l though meta ls r emova l s in p r imary 

sedimenta t ion of greater than 5 0 % have f requent ly been repor ted by several authors, a 

f ew authors have repor ted relat ively low meta l r emova l ef f ic iencies . This could be due 

to the considerable variat ions in inf luent heavy meta l loading and heavy metal 

concentrat ion to pr imary sedimentat ion, wh ich have been observed (Rober ts et al. 

1977). There seems to be some conf l ic t ing reports with regards to this point . Ol iver et 

al (1974) reported that 8-10 fold variat ions in the concentra t ion of s o m e heavy meta ls 

in the inf luent raw sewage over per iods of 6 hours did not in f luence r emova l 

ef f ic iencies , which were fairly constant throughout a longer per iod of s tudy. O n the 

other hand . B r o w n et al (1973) reported that lower pe rcen tage r emova l s o f h e a v y 

meta l s dur ing pr imary sedimentat ion were observed w h e n anaerob ic d iges ter l iquors 

concent ra ted in heavy metals were recirculated to the p r imary sed imenta t ion tanks. 

Th is implies that the influent concentra t ion m a y inf luence remova l . Resu l t s f r o m 

studies conduc ted at the N e w W o r k s Extens ion to the O x f o r d S e w a g e Trea tmen t W o r k s 

show that even under similar operat ional condi t ions at the s a m e plant , meta l r emova l 
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varies. Les ter (1983) assumes that this p h e n o m e n o n m a y be related to var iat ions in 

inf luent concentra t ion. However , he fur ther inspected the results , especial ly by 

compar ing the variat ion in inf luent concentra t ion ( C u > P b > C r > C d > Z n > N i ) and the 

variat ion in percentage removal ( N i > C u > C r > C d > P b > Z n ) . This led to the conclus ion 

that, m o s t l ikely the chemical species of the metal was var iable and of cons iderable 

impor tance in de termining the removal of the meta l on each occas ion . 

2.3 Biological Treatment 

Dur ing p r imary sedimentat ion, the only remova l of heavy me ta l s is th rough the 

set t lement of insoluble meta ls or metals adsorbed to part iculates . Lit t le r emova l o f the 

soluble f rac t ions of heavy meta ls takes p lace dur ing p r imary sed imenta t ion . Dur ing 

act ivated s ludge t reatment , a marked reduct ion in the concent ra t ions o f soluble metal 

occurs as a result of their associat ion with the sett leable b iomass f loe in the aera t ion 

tanks wi th the subsequent sett l ing out of the mater ia l in the secondary clar i f iers (Ol iver 

et al 1974 and L a w s o n et al 1984). This section will p resent the fac tors that a f fec t 

heavy meta l r emova l in the act ivated s ludge process as wel l as the m e c h a n i s m s that 

e f fec t it. 

2.3.1 Factors affecting heavy metal removal in activated sludge 

Overal l , Cu and Ni remova ls by act ivated s ludge have been associa ted wi th a variety of 

factors including the relat ive concentra t ion of d isso lved meta ls , the concent ra t ion of 

complex ing l igands, the nature of the was tewate r feed, especia l ly its ca rbon/ ni t rogen 

or B O D 5 / T K N ratio and activated s ludge growth , (Ekster and Jenkins 1996). These , 

and m a n y other factors that have been found to in f luence the remova l of heavy meta ls 

in act ivated sludge, can be divided into three ma in groups: 

1. Operat ing parameters 

2. Physical and chemical factors 

3. Biological factors 

Operating Parameters: 

These a f fec t the metal removal by inf luenc ing suspended sol ids r e m o v a l or the af f in i ty 

of the meta l fo r the solid phase. 
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Sludge Age 

Sludge age is the one operat ional pa ramete r that the opera tor of an act ivated s ludge 

plant is best able to control (Neufe ld et al 1975). In the exper imen t s conduc ted by 

S tephenson et al (1987a) , the type of b iomass , as de te rmined b y the s ludge age, was 

critical. This is because it links m a n y of the other factors (S tove land et al 1980), e.g. it 

inf luences s ludge vo lume index (SVI) , mixed l iquor suspended sol ids ( M L S S ) , e f f luen t 

C O D and e f f luent suspended solids (ESS). Increas ing s ludge age improves sett labili ty, 

wh ich leads to increased meta l removal . It has been observed that increas ing s ludge 

age ( f r o m 10 days to 12 days), the concentra t ion of extracel lular p o l y m e r s is increased 

and that the greatest degree of meta l removal coincides wi th the h ighes t concent ra t ion 

of extracel lular mater ia l (Stoveland et al 1980). 

Lab-sca le act ivated s ludge s imulat ions operat ing at d i f fe rent s ludge ages conduc ted by 

Stoveland et al (1980) p roduced the fo l lowing results: 

• R e m o v a l of Cd and Cr appear to be independent o f s ludge age; 

• R e m o v a l o f Cu and Ni would not appear to be direct ly corre la ted wi th s ludge 

age but the highest percentage r emoved for bo th me ta l s occur red at the h ighes t 

s ludge age. 

• Pb and Z n removals increased wi th increas ing s ludge age. 

In f luence of M L S S concentra t ion on meta l r emova l at d i f fe ren t s ludge ages (Stoveland 

et al 1980): 

• A s M L S S increased, removal of Cd, Cu and Ni increased for all s ludge ages 

• Cr (VI) removal was only inf luenced by M L S S concentra t ion at the highest 

s ludge age of 12 days. 

• Pb was largely independent of M L S S concentra t ion but was s t rongly in f luenced 

by s ludge age. 

Four types of responses were observed in a s tudy to assess the e f fec t o f s ludge age on 

the r emova l of metals (Sterritt and Lester 1981): 

• R e m o v a l s of Cu, Ni , A g and Z n were at their h ighes t w h e n e f f luen t C O D w a s 

lowest ; 

• Cr w a s r emoved most ef fec t ive ly at s ludge ages wi th the h ighes t M L S S 

• R e m o v a l s of Co, Mn, and M o w e r e a lways low and w e r e little in f luenced by the 

s ludge age. 
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• P b remova l was at a m i n i m u m w h e n E S S were at a m i n i m u m . 

Therefore , unde r ideal condi t ions, s ince M L S S concent ra t ion increases wi th s ludge age, 

the percentage remova l of heavy meta ls in act ivated s ludge w o u l d increase l inearly 

wi th s ludge age (Lawson et al 1984, S tephenson et al 1987a, Eks te r and Jenk ins 1996). 

H o w e v e r in pract ice, due to changes in e f f luent suspended sol ids and C O D , and shif ts 

in the e f f luent speciat ion of metals , this is not the case (S tephenson et al 1987a). 

Suspended solids removal: 

A s in the case of p r imary sedimentat ion, suspended solids r emova l is an impor tan t 

fac tor in f luenc ing meta l removal in activated sludge. Resul ts f r o m the s tudy by B r o w n 

et al (1973) indicate that secondary t reatment has a def ini te advan tage over p r imary 

t reatment , due to the increased suspended solids removal . It was found that as 

suspended solids r emova l increased heavy meta ls r emova l increased at an exponent ia l 

rate, i.e. asymptot ica l ly approach complet ion of heavy meta ls remova l . Th is 

p h e n o m e n o n m a y be poss ib ly expla ined by the increased adsorp t ion of heavy meta ls 

onto microbia l f loes resul t ing f r o m secondary t rea tment p rocesses . Les ter (1983) also 

poin ted out that increased sett l ing t ime in the act ivated s ludge plant leads to increased 

suspended solids removal , wh ich leads to increased r emova l o f the heavy meta ls that 

are associated with the suspended solids. Natura l ly , e f f ic ien t r emova l o f the meta ls that 

are adsorbed onto the s ludge floes and those that f o r m par t icula tes independent ly can 

only occur if these settle out ef f ic ient ly in final sed imenta t ion (Ross in et al 1982). This 

e f f ic iency is s trongly inf luenced by part icle size and e f f luen t sol ids removal (Stoveland 

et al 1980). 

In the case of Pb and Zn, Stoveland et al (1980) found a cons iderable p ropor t ion of 

each meta l was in an insoluble form; therefore it would be expec ted that their r emova l 

w o u l d be related to the ef f luent suspended solids. H o w e v e r , an increase in the r emova l 

o f P b and Z n was observed with increasing s ludge age despi te an increase in E S S (i.e. a 

decrease in suspended solids removal) . There fore , they conc luded that s o m e o ther 

m e c h a n i s m m u s t have been compensa t ing for the meta l s lost in the e f f luen t , i.e. direct 

precipi ta t ion. 
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Volatile suspended solids: 

Resul ts o f the studies conducted by C h e n g et al (1975) clear ly indicated that the total 

amoun t of meta l taken up by the s ludge f loe increased as the concent ra t ion of V S S 

increased. T h e only except ion was nickel , w h o s e up take pe r uni t we igh t o f V S S 

decreased wi th increas ing V S S concentra t ion. T h e up take of meta l w a s also found to 

increase wi th increasing meta l concentra t ion at a constant V S S concent ra t ion . The 

increases in both cases were not linear. Pat terson et al (1983) s tudied the r emova l of 

heavy meta l s in munic ipa l was tewater t rea tment sys tems, t h rough conduc t ing a set o f 

exper iments on eight pi lot t reatment plants . T h e y f o u n d substant ia l ev idence that the 

concentra t ion of volati le suspended solids is the dominan t fac tor in f luenc ing the 

distr ibution of heavy metals . Thei r results il lustrate that: 

• A s the total meta l concentra t ion increases, the a m o u n t o f s ludge-bound meta l 

pe r uni t we igh t o f V S S also increases, at a constant level o f V S S . 

• A t any g iven total meta l concentrat ion, the s ludge-bound meta l pe r uni t we igh t 

o f V S S decreases as the V S S concentra t ion increases . 

• A t low total meta l concentrat ions , the e f fec t of V S S on s ludge -bound meta l is 

slight. 

These relat ionships hold for all the eight meta ls s tudied. H o w e v e r , in their s tudy, 

S tephenson et al (1987b) found ev idence that sugges ted that non-se t t leab le precipi ta tes 

of non-volat i le solids rather than b iomass associa ted meta l cont r ibuted to m o s t o f the 

non-set t leable e f f luent metals . There fore , they conc luded that a m o d e l based on high 

correlat ions be tween meta l r emova l and e f f luen t volat i le suspended sol ids found by the 

other researchers m a y not apply to all convent ional act ivated s ludge plants . Ano the r 

conclus ion that they reached was that a mode l that wou ld be appl icable to a variety of 

p lants wou ld probably have to include a fac tor to account for o ther types o f non-

sett leable metals . 

Dissolved Oxygen Concentration 

Meta l s - loaded sludges have been found to opera te at a decreased o x y g e n requ i rement 

in compar i son wi th a similar meta ls - f ree control uni t (Neufe ld et al 1975). Th i s has an 

e f fec t on the extracellular po lymers in the act ivated s ludge. D i s so lved oxygen af fec ts 

the rate o f oxidat ion of polymers . W h e r e meta l ions are adso rbed to extracel lular 

po lymers , oxidat ion of the po lymers in act ivated s ludge m a y resul t in e i ther the 
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accumula t ion of meta l ions within cells, or the re lease o f meta l ions back into the 

m e d i u m (Lester 1983). 

Physical and chemical factors 

These fac tors p lay an important role in de te rmin ing the a f f in i ty o f the meta l fo r 

biological solids. 

Initial Metal Concentration 

Bes ides the possibi l i ty o f h igh initial meta l concentra t ions p roduc ing toxic e f fec ts , the 

initial me ta l concentra t ion is an important fac tor in f luenc ing the e f f i c i ency o f meta l 

removal . H i g h meta l inputs have been shown to severe ly inhibit p lan t operat ions , 

resul t ing in an infer ior e f f luent of h igh turbidi ty (Ol iver et al 1974). B r o w n et al (1973) 

f o u n d that over the range of initial heavy metal loadings ut i l ised in their s tudy (<2000 

the pe rcen tage of heavy meta ls r emoved was direct ly propor t iona l to the initial 

meta ls loadings. In another study, the degree of b iosorpt ion w a s f o u n d to increase wi th 

increas ing concentra t ions of added meta l (Stover et al 1976). Expe r imen t s w e r e 

under taken by Stoveland et al (1980) to invest igate the re la t ionships b e t w e e n the heavy 

meta l concentra t ions in solut ion and the total heavy meta l concent ra t ion accumula ted in 

the act ivated sludge. The results showed that fo r all the meta l s , wi th the poss ib le 

except ion of Pb, the remova l e f f ic iency w o u l d be main ta ined despi te var ia t ions in the 

inf luent concentrat ion. The results o f the invest igat ions unde r t aken b y C h e n g et al 

(1975) indicate the fo l lowing mechan i sms : 

• At lower meta l concentrat ions , meta l is taken up by the b io f loc th rough the 

fo rmat ion of meta l -organic complexes . 

• At h igher meta l concentrat ions, meta l ion precipi ta t ion f r o m solut ion m a y occur 

in addit ion to s ludge uptake. 

Metal complexation andspeciation: 

D u e to the complex and variable nature o f combined was t ewa te r and p roces s 

supematan t s , in addit ion to the f ree meta l ion, soluble or inso luble c o m p l e x spec ies 

involv ing bo th organic and inorganic l igands m a y also exist w i th in the w a s t e w a t e r 

(Cheng et al 1975). Figure 2.1 shows the poss ib le species that m a y occur . 
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Figure 2.1: The range of forms of heavy metals in water classified according to size 
association (Harrison and Laxen 1980) 

T h e m o s t c o m m o n c o m p l e x i n g an ions are HCOs ' /COs^ ' , CI", S04^ ' a n d o r g a n i c 

mate r i a l s . T h e re la t ive p r o p e n s i t y o f the ino rgan ic l igands to f o r m c o m p l e x e s w i t h 

m a n y m e t a l s is: CO]^ ' > S04^ ' > > CI" ( S t u m m a n d M o r g a n , 1996) . T h e 

spec ia t ion a n d c o m p l e x a t i o n o f a me ta l a re a f u n c t i o n o f t he r e d o x a n d p H c o n d i t i o n s o f 

the w a s t e w a t e r ( U S E P A 1999) . Va r i a t i ons in the spec i a t i on o f h e a v y m e t a l s m a y o c c u r 

as a resul t o f indus t r ia l d i s cha rges a n d c o m p l e x a t i o n a n d che l a t i on b y c o m p o n e n t s o f 

the s e w a g e (Ross in et al 1982). T h e s e va r ia t ions in t he spec i a t i on o f t he m e t a l s 

m a r k e d l y i n f l u e n c e the i r a f f i n i t y to the s ludge o r the so lub le p h a s e , a n d t h u s the i r 

r e m o v a l . M e t a l s m a y f o r m c o m p l e x e s w i t h e i ther so lub le l i g a n d s o r w i t h the 

w a s t e w a t e r sol ids . C o m p l e x a t i o n in the f i rs t case w o u l d i nc rease t he m e t a l in so lu t ion 

wh i l e in the s e c o n d case c o m p l e x a t i o n w i t h the so l ids wi l l l ead to m e t a l r e m o v e f r o m 

solu t ion . T h e c o m p l e x a t i o n m e c h a n i s m o f the m e t a l t hus a f f e c t s its r e m o v a l . 

S t e p h e n s o n et al ( 1987c ) f o u n d tha t the m e t a l : l igand s to i ch iome t r i c s ind ica ted tha t the 

c o m p l e x a t i o n m e c h a n i s m o f C u w a s d i f f e r en t f r o m tha t o f C d a n d Ni . E n t r a p m e n t o f 

p rec ip i t a t ed me ta l con t r ibu ted to the overa l l p e r c e n t a g e o f C u r e m o v e d . O n the o t h e r 

hand , ex t race l lu la r p o l y m e r s o f the ac t iva ted s ludge so l ids c o m p l e x so lub l e m e t a l s , a n d 

th is con t r ibu ted to the overa l l a m o u n t o f m e t a l r e m o v e d . 

C h e n g et al ( 1975 ) f o u n d that the deg ree to w h i c h m e t a l i ons a s soc i a t e w i t h t he s l u d g e 

d e t e r m i n e s the ex ten t of reduc t ion o f so lub le m e t a l in t he s u p e r n a t a n t a n d t he 

c o n s e q u e n t e f f l u e n t meta l concen t ra t ions . M e t a l s tha t a re l a rge ly c o m p l e x e d w i th 

o r g a n i c l igands m a y only be r e m o v e d i f t he se c o m p l e x e s d i s soc i a t e to p r e f e r en t i a l l y 
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f o r m other meta l species that have a greater stabili ty (Lester 1983). The stability of 

meta l complexes depends on: 

(i) the af f in i ty of the meta l to the soluble phase ; 

(ii) the af f in i ty o f the meta l to the b iomass ; 

(iii) the complexa t ion capaci ty, wh ich is the concent ra t ion o f the meta l that 

m a y be main ta ined in solut ion by soluble l igands. Thus , a meta l wi th a 

low complexa t ion capaci ty has the potent ia l to exist in f r ee ionic f o r m or 

be conver ted to other f o rms (Lester 1983). 

W o r k wi th bacterial extracel lular polymers , conduc ted by Les ter and his co -workers 

(Lester 1983), has s h o w n that the stability o f po lymer -Cu complexes is h igher than the 

stabili ty o f complexes wi th Cd, C o and Ni. Thus Cu m a y dissocia te f r o m its soluble 

complexes to be r emoved by associat ion with the b iomass , whe reas Ni , wh ich has an 

af f in i ty s imilar to that of Cu for the soluble phase but a w e a k e r a f f in i ty for b iomass , is 

r emoved to lesser extent. Thus the low removal e f f ic iencies in cer ta in meta l s m a y be 

due to a h igh af f in i ty for soluble l igands rather than a p o o r a f f in i ty fo r the ac t iva ted 

sludge. The variat ions of the speciat ion of the meta ls in the set t led s e w a g e could also 

expla in the greater variat ion in heavy meta l r emova l s obse rved at the lower inf luent 

concentra t ions by Ross in et al (1982). 

R u d d (1987a) concludes that the rate and extent o f the specia t ion reac t ions is control led 

by envi ronmenta l parameters such as p H , ionic s trength, the type and concentra t ion of 

inorganic and organic l igands and the p resence of solid sur faces for adsorpt ion. 

Redox Reactions 

R e d o x react ions result in the t ransfer of electrons f r o m one species to another . W h e n 

an oxidised sys tem is reduced, the order that oxidised species d i sappear is: O2, NO3' , 

Mn^ , Fe^"^, H S and H2 ( U S E P A 1999). L o w e r i n g the r edox status resul ts in an 

increase in the aqueous phase concentra t ions o f metals . H o w e v e r , the me ta l s re leased 

by reduct ion of iron and manganese are usual ly readsorbed b y sol ids that are s table at 

low p E , such as organic solids ( U S E P A 1999). A t a suf f ic ien t ly low r edox status, 

precipi ta t ion of meta l sulphides is in t roduced. Thus the r edox status o f was tewa te r may 

de te rmine the solubil i ty and adsorpt ion potent ial of metals . H o w e v e r , s ince m a n y 
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redox react ions are kinetically s low in natural waters , it wou ld be d i f f icul t to accurately 

predict the remova l of redox-sensi t ive species ( U S E P A 1999). 

pH: 

The solut ion pH , anions (especial ly complex ing agents l ike cyanide) , the concentra t ion 

of the meta l itself and the concentrat ion of the other meta ls are all fac tors wh ich a f fec t 

h o w the meta ls enter ing with the inf luent are distr ibuted b e t w e e n the solid and l iquid 

phase (Lombrana et al 1995). Ne l son et al (1981) stated that the hyd rogen ion 

concentra t ion, or pH , is probably the single mos t impor tant fac tor in f luenc ing meta l 

adsorpt ion on bo th organic and inorganic surfaces . 

In general , the exper imenta l results agree that meta l up take by act ivated s ludge is 

h ighly p H dependent . For all the metals studied, increasing the p H of the sys tem w o u l d 

precipi ta te the dissolved meta ls as hydroxides (Oliver et al 1974, C h e n g et al 1975 and 

Lester 1983). The p H of a solution in which interaction be tween meta l ions and 

organic mat ter takes p lace is an important factor in de te rmin ing the assoc ia t ion of meta l 

ions wi th the organic funct ional groups. H y d r o g e n ions will c o m p e t e wi th other 

cations, including the meta ls for b ind ing sites on the s ludge func t iona l g roups . A s the 

p H of the solution is increased, resul t ing in an increase of f r ee b ind ing sites, the 

format ion of meta l -organic complexes m a y also increase ( C h e n g et al 1975). The 

hydroxyl ion concentrat ion will also have an ef fec t on the equi l ibr ium of meta l ion in 

solution, act ing as a l igand with an aff in i ty for the central meta l ion and compe t ing with 

other l igands for the metal ion. W h e n the p H is increased to a level at which other 

l igands can no longer successfu l ly compete wi th the hydroxyl ion, the metal will 

precipi tate f r o m solution as the hydroxide . In general , the complexa t ion capaci ty of the 

solut ion increases with increasing pH, up to a value at wh ich meta l hydrox ide 

precipi ta t ion occurs. 

T h e p H inf luences adsorption as well as the solubil i ty of the meta ls . Increas ing p H 

leads to an increase in the negat ive surface charge of the sol ids par t ic les , t he re fo re 

leading to increased adsorption ( U S E P A 1999). Also W a n g et al (1999) f o u n d that as 

p H and suspended solids increase, organic mat ter dissolut ion also increases , leading to 

increased compet i t ion between the solution and the solids fo r complexa t ion of the 

metal . 
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Metal Solubilities 

The par t i t ioning of meta ls be tween soluble and insoluble phases is impor tant in 

de te rmin ing the extent of removal dur ing the act ivated s ludge p rocess (S tephenson et al 

1987c). H e a v y meta ls enter ing the was tewate r f r o m industr ial sources are largely in 

the dissolved fo rm, but w h e n they react wi th munic ipa l sewage , s o m e of the meta l is 

conver ted into an insoluble state (Oliver et al 1974). T h e except ions s e e m to be meta ls 

such as Ni and M n , wh ich react less extensively with the s ewage and enter the 

t rea tment plant largely in a dissolved form. The r emova l e f f ic ienc ies o f these two are 

poor . S tephenson et al (1987c) stated that meta ls that are mos t soluble in the inf luent 

settled sewage are least wel l - removed. This supports the findings of Ross in et al 

(1982) , w h o found that the high solubili ty of Ni ref lec ted its poo r remova l , indicat ing 

that it had a very low aff in i ty for part iculates. Therefore , the r emova l e f f ic ienc ies of a 

meta l s eem to be related to the dissolved/ insoluble meta l ratio in the r a w sewage as 

well as the solubil i ty of the metal (Oliver et al 1974). The solubil i t ies of s o m e 

complexes of heavy meta ls are shown in Table 2.2. 

Table 2.2: Solubility of some heavy metal compounds (Rudd 1987a). 

Anion OH S'" c r C O / NO/ S O / 
SS SS 1400 SS 1500 760 
SS Dec SS S Dec 
SS SS 640 SS VS 362 
SS SS 730 SS 1220 205 
SS SS 644 0.06 S S 
SS Dec Dec S Dec 

SS 0.002 SS Dec 0.6 
Hg" SS 69 SS VS Dec 
Mn'^ SS SS 723* 0.0065 VS 630 

SS SS 642 0.09 VS 370 
Zn'"" SS SS 4320' 0.01" 1170 540 

VS: very soluble. S: soluble. SS: sparingly soluble. Dec.: decomposes on addition to water. 

F r o m this table, it is apparent that the nature of the meta l c o m p l e x e s f o r m e d wi th 

d i f fe ren t l igands can inf luence the solubili ty of a c o m p o u n d and hence the potent ia l 

bioavai labi l i ty and toxicity of the const i tuent metal . 

In the s tudy by Stephenson et al (1987c) , the high pe rcen tage r e m o v a l s o f insoluble 

meta ls was found to be mainly due to the interaction of par t icu la te-associa ted meta l 

wi th the sett leable mixed liquor fiocs wi th an insignif icant a m o u n t of direct se t t lement 
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of insoluble metal . Soluble metal removal also occurs , fo r example in the Stephenson 

et al (1987c) study, b inding of Cu in the presence of m i x e d l iquor was strongest , 

a l though quant i ta t ively of little s ignif icance. 

It has been found that for mos t metals , the propor t ion of d issolved to total meta l 

increases as they pass through the system (Oliver et al 1974 and Ross in et al 1982). 

This is due to remova l of the insoluble fo rms of the meta ls dur ing t rea tment . Th is 

shows that an equi l ibr ium be tween the insoluble and dissolved states o f the meta l does 

not exist, s ince such an equi l ibr ium wou ld require a propor t iona te r emova l o f the 

dissolved meta l (Oliver et al 1974). However , Ross in et al (1982) accoun ted for the 

decl ine in meta l r emova l e f f ic iency with increasing heavy meta l concent ra t ions , wh ich 

was found in their results, by hypothes is ing that it migh t be due to an equi l ibr ium 

be tween soluble and adsorbed meta l concentrat ions. 

S tephenson et al (1987b) found that the insoluble f o rms of Ag , Bi, Cr, Cu , Pb and Zn 

would account for greater than 8 0 % of the non-set t leable meta l concent ra t ion in the 

ef f luent d ischarge to receiving s t reams and the e f f luen t w o u l d p robab ly conta in only a 

small soluble propor t ion of these meta ls at wha tever s ludge age the p rocess w a s 

operated. In contrast , the soluble concentra t ions of the other s ix meta ls , wh ich they 

studied (Cd, Co, M n , M o , Ni , Tl) wou ld f o r m a m a j o r p ropor t ion of the e f f luen t metal 

d ischarge and would also be m o r e dependent on the opera t ion of the act ivated s ludge 

plant. It was concluded that the propor t ion of insoluble meta ls in the e f f luen t was 

dependent on the metal and was likely to exist as non -b iomass non-set t leable solids. 

The d i f fer ing solubilities of the var ious meta ls m a y be demons t ra ted by calcula t ing 

their stability constants in aqueous solution (Lester 1983). The order of solubil i t ies o f 

four meta ls was found by Cheng et al (1975) to be: Pb < Cu < Cd < Ni . T h e 

solubili t ies and solubility products of heavy metals , as repor ted in the l i terature vary 

marked ly . This is because in a dynamic and complex sys tem such as that o f the 

act ivated s ludge process, metal solubilit ies are great ly a f fec ted by all o ther fac tors as 

previous ly listed. Therefore in pract ice direct appl icat ion of those theoret ical solubil i ty 

products m a y not be appropriate, and it is only poss ib le to m a k e a c rude es t imat ion of 

the expected solubil i ty of any one meta l (Cheng et al 1975 and Les te r 1983). This is 

explored fur ther in section 4.3.3.1. 
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Composition of the wastewater: concentration of complexing agents and 

concentration of the substrate: 

The chemica l matr ix of the sewage is one fac tor in f luenc ing the f o r m s of the meta ls and 

hence the meta l ba lance at a sewage t rea tment works . It controls the extent of 

solubili ty of spar ingly soluble salts of the metal , and the degree o f enhanced solubil i ty 

due to fo rmat ion of ion pairs and complexes (S toveland et al 1979). Studies have 

shown that h igh l igand concentrat ion will both prevent meta l precipi ta t ion and interfere 

wi th s ludge uptake, thereby increasing ef f luent meta l levels ( C h e n g et al 1975). S t rong 

chelat ing agents , such as E D T A , N T A , oxalate and glycine, have a h igher a f f in i ty for 

meta l ions than the b iomass . The strength of compet i t ion w a s f o u n d to be in the order 

of: s ludge < g lyc ine< oxala te< N T A < E D T A (Cheng et al 1975). Natura l chelates such 

as fu lv ic and h u m i c acids and synthetic chelates such as the detergent bu i lder N T A 

have also been repor ted to enhance metal solubility, i.e. r educe the meta l r emova l 

(Stoveland et al 1979). 

The studies carried out by Stoveland et al (1980) to assess the in f luence of e f f luen t 

C O D concentra t ion on meta l removal yie lded the fo l lowing results: 

• Cd and Cr were largely una f fec ted by the organic mat r ix o f this synthet ic 

sewage. 

• The solubili t ies of Cu and Ni appeared to be in f luenced in an exponent ia l 

m a n n e r by increasing organic concentra t ion. 

• The solubili t ies of Pb and Zn were subject to a smal l l inear increase with 

increasing C O D . 

• At increased s ludge ages, there was a decrease in the concent ra t ions of soluble 

organics in the eff luent . This m a y be of cons iderable s ign i f icance s ince m a n y 

soluble organic l igands compete with the act ivated s ludge for the heavy me ta l s 

in solution. 

W a n g et al (1999) conclude that the inf luence of the compos i t ion of the w a s t e w a t e r is 

mos t ly to do wi th the concentrat ion of dissolved organic mat te r ( D O M ) . The i r resul ts 

show that as p H and suspended solids increase, so does the concent ra t ion of D O M . 

Thus the in f luence of D O M on heavy meta l r emova l can be r ega rded as a resul t o f the 

compet i t ion for meta ls ions be tween the D O M and the s ludge sol ids. 

32 



Metal Valency: 

The va lency or oxidat ion states o f a meta l also have cons iderable in f luence on its 

solubil i ty and thus bioavai labi l i ty (Rudd 1987a). Th is can be i l lustrated in the case of 

Hg , whe re mercurous salts (I) are less soluble and consequen t ly less toxic than the 

mercur ic salts (II). Also, fo r Cr, the hexavalen t f o r m is m o r e toxic than the tr ivalent 

fo rm. In the case of Cr, the valency has been found to a f fec t r emova l e f f ic iency . Cr 

(III) is m o r e ef f ic ient ly r emoved than Cr (VI). Whi le m o s t o f Cr that enters the p lant is 

Cr (III), this is conver ted to Cr (VI) dur ing was tewate r t rea tment (Les ter 1983). 

Competition among metals: 

Compet i t ion a m o n g the heavy meta ls present in the was tewa te r in f luences the relat ive 

af f in i ty o f the meta l ions for the s ludge. This compet i t ion depends on the n u m b e r and 

concentra t ion of d i f fe rent meta l ions present in the sys tem (Cheng et al 1975). T h e 

order o f stabili t ies o f meta l - s ludge complexes found in the C h e n g et al (1975) s tudy 

was found to be the s a m e as that of the e f f ic iency of meta l up take b y the s ludge in 

smgle meta l -mixed l iquor exper iments . Thus the p re fe r red order o f up take b y the 

act ivated s ludge was found to be in the sequence of Pb > C u > C d > Ni . Ross in et al 

(1982) also noted that the introduct ion of d i f fe rent chemica l spec ies o f meta l s to those 

normal ly occurr ing in the sewage migh t reduce the avai labi l i ty fo r up take by the 

b iomass . Kasan (1993) also points out that whi le the inves t igat ions o f R u d d et al 

(1984) revealed that combined meta l addi t ion reduced the overal l quant i ty o f each 

meta l bound , the af f in i ty series based on the propor t ion of each meta l ion adsorbed to 

extracel lular po lymer showed that meta l - ions separately and in combina t ion did not 

a f fec t relat ive posi t ions of the meta ls in the af f in i ty series. K a s a n (1993) explains the 

control l ing factors govern ing the compet i t ion be tween meta l s fo r adsorpt ion . T h e 

electronegat ivi ty of an ion causes it to be attracted m o r e s t rongly toward a si te o f 

opposi te charge on the surface of the adsorbent . For ions o f equal charge , mo lecu la r 

size de termines the order of preference of adsorpt ion, the smal le r ion be ing able to 

accompl i sh a closer approach to the adsorpt ion site and thus be ing f a v o u r e d in 

adsorpt ion. 

The a f f in i ty series for metals biosorpt ion studies on A.niger by C h o n g and Vo le sky 

(1996) is Cu > C d > Zn > Ni. The same results were f o u n d by Ar to la et al (2000) , in 

their exper iments on anaerobical ly digested sludge. T h e s a m e a f f in i ty order was 
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mainta ined w h e n mul t i -metal exper iments at equi l imolar concent ra t ions of the different 

meta ls were pe r fo rmed . Fur thermore , it was found that Cu also has the capaci ty to 

desorb Z n and Cd previously bound to the s ludge to a s imi lar extent to that obta ined 

us ing HCl at p H 2 as the desorbing agent. Ano the r observa t ion m a d e w a s that the total 

s ludge adsorpt ion capaci ty obtained for the four meta l sys tem w a s h igher than the 

m a x i m u m adsorpt ion capaci ty achieved in a s ingle meta l sys tem. T h e y conc luded that 

this could be due to the existence of a variety of b ind ing sites on the s ludge that are 

partial ly specif ic for individual metal species. 

Biological Factors: 

Extracellular polymers: 

Studies concern ing the microbiological aspects of the act ivated s ludge have shown that 

the sett leable act ivated s ludge organisms exist as discrete cells e n m e s h e d in a w e b of 

insoluble or sl ightly soluble extracellular, polysacchar ide , p o l y m e r f ibri ls . T h e y 

contain m a n y funct iona l groups such as phosphory l , carboxyl , su lphydry l and hydroxyl , 

which act as adsorpt ion sites (Huang et al 2000) . These p o l y m e r s have a cer tain 

af f in i ty for var ious heavy metals . The microbial p o l y m e r acts as an adsorb ing agent 

and causes the meta ls to be r emoved f r o m solution (Neufe ld et al 1975, Fors ter 1983). 

Thus this fac tor is important with respect to the m e c h a n i s m of heavy meta l removal . 

S o m e researchers have found that there is a limit to the a m o u n t of meta l s that can be 

r emoved by the sludge. Consequent ly , it has been p roposed that act ivated s ludge has a 

fixed capaci ty for the uptake of heavy meta ls such that if an extra load were introduced, 

the s ludge would have no avai lable adsorpt ion sites (Koduku la et al 1994, Banks 1997, 

U S E P A 1999). Howeve r , Ross in et al (1982) ant ic ipated that a decl ine in meta l 

r emova l e f f ic iency with increasing heavy meta l concentra t ion migh t also be due to 

equi l ibr ium be tween soluble and adsorbed meta l concentra t ion ra ther than sa tura t ion of 

the b iomass . 
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2.3.2 Mechanisms of heavy metal removal in activated sludge 

Several poss ib le mechan i sms of heavy meta l r emova l in ac t ivated s ludge have been 

p roposed in the literature. These have been compi led b y B r o w n and Les ter (1979) as 

fo l lows: 

(i) Physica l t rapping of precipi ta ted meta ls in the s ludge floe matr ix ; 

(ii) B ind ing of soluble meta l to bacterial extracel lular po lymers ; 

(iii) Accumula t ion of soluble meta l by the cell; 

(iv) Volat i l isat ion of meta l to the a tmosphere . 

Physical trapping of precipitated metals in the sludge floe matrix 

Precipi ta t ion is m o r e likely to be the key mechan i sm where chemica l non-equi l ib r ium 

exists, or whe re steep p H or redox gradients occur ( U S E P A 1999). T h e l i terature 

sources cover ing this m e c h a n i s m do not provide a dist inct ion b e t w e e n those meta ls that 

settle independent ly and those that have b e c o m e ent rapped in the floe ma t r ix and 

sett led wi th the floes. For example , precipi ta t ion appears to be impor tan t in the 

remova l o f some meta ls notably P b and Cr (III). Yet , it is no t ev ident w h e t h e r their 

final r emova l is dependent on their set t lement a lone or en t r apmen t in the s ludge floes. 

In the absence of biological cells precipi ta t ion migh t be the m o s t impor tan t m e c h a n i s m , 

but in the presence of biological cells, other m e c h a n i s m s m a y p r e d o m i n a t e (Lester 

1983). 

A s demonst ra ted by Sterritt et al (1981) , the mechan i sm, by w h i c h meta ls are removed , 

is concentra t ion-dependent for certain metals , no tab ly Pb and Cr (III). Other types of 

behav iour noted by their exper iments are (Lester 1983): 

• Cd, Cr (VI), M n and Ni were a lmost comple te ly soluble in the m i x e d l iquor 

filtrate and removal was therefore a lmost entirely due to adsorp t ion on to the 

biological solids, 

• C o was predominant ly soluble and its precipi ta t ion did no t appea r to be 

concentra t ion-dependent . Thus the fo rmat ion of inso luble salts m a y h a v e been 

l imited b y the concentrat ion of a species able to co-precipi ta te . 

• T h e relat ive contributions o f adsorpt ion and precipi ta t ion to c o p p e r r emova l 

appeared to be dependent on concentra t ion. 
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Al though the inf luent settled sewage to ful l -scale act ivated s ludge plants contains metal 

as precipitates, S tephenson et al (1987b) found that direct se t t lement of precipi tated 

meta ls is of minor impor tance for we l l - removed meta ls and is s igni f icant only for 

poor ly r emoved meta ls such as Co and Ni . On the other hand, they found that the 

interaction of par t iculate-associated meta l wi th the set t leable b iological solids is the 

m a j o r r emova l mechan i sm. However , whi le keep ing these observa t ions in mind , it is 

important to note that regardless of the m e c h a n i s m of their se t t lement , the e f f i c iency of 

the remova l of meta ls will depend on the removal e f f i c iency of the final clarif ier . 

Binding of soluble metal to bacterial extracellular polymers (adsorption) 

Adsorp t ion is def ined as " the net accumula t ion of mat ter at the in ter face be tween a 

solid phase and an aqueous p h a s e " and it is l ikely to be the key m e c h a n i s m whe re 

chemical equi l ibr ium exists ( U S E P A 1999). The extent of adsorpt ion is control led by 

the electrostatic sur face charge of the solid phase. The m a g n i t u d e and polar i ty of the 

net surface charge is inf luenced by a n u m b e r of factors, inc luding pH. A s the p H 

increases, the sur face becomes increasingly negat ively charged , thus leading to 

increased adsorpt ion ( U S E P A 1999). The paper by B r o w n and Les ter (1979) p rov ides 

an excellent and in depth explanat ion of the role of bacter ia l extracel lular po lymer s in 

meta ls removal in act ivated sludge. Po lymers p roduced by bacter ia m a y be in the fo rm 

of loose s l ime or capsules and microcapsules . Thei r p roduc t ion is a f fec ted by g rowth 

condit ions, especial ly dissolved oxygen concentra t ion and tempera ture . Ano the r factor 

control l ing the quanti ty of extracel lular po lymers present in act ivated s ludge is the 

oxidat ion of extracellular po lymers and it has been p roposed that d issolved oxygen 

concentrat ion plays an important part in de te rmin ing the rate of oxidat ion. In act ivated 

sludge, the s l ime po lymers remain in the dissolved and colloidal phases o f an e f f luent , 

whi le capsular po lymers remain at tached to floes and hence settle wi th the s ludges . It 

was observed that different po lymers d i f fered in their af f in i t ies for meta ls . W h e r e meta l 

ions are adsorbed to extracellular polymers , oxidat ion of the p o l y m e r s in act ivated 

s ludge m a y result in either the accumula t ion of meta l ions wi th in cells, or the re lease o f 

meta l ions back into the medium. B r o w n and Lester (1979) conc luded that the 

ev idence that they presented in the paper showed that "d i f fe ren t meta l adsorp t ion sites 

exist on neutral polysacchar ides and anionic po lysacchar ides" and that "me ta l ions of 

d i f ferent valencies or with different charges m a y also b ind at d i f f e ren t sites". 
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There are three types of adsorpt ion p h e n o m e n a (Lawson et al 1984, Kasan 1993): 

electrical attraction of the solute to the adsorbent , physical adsorpt ion , and 

chemisorpt ion . 

Ion Exchange 

Involv ing the concentra t ion of ionic species on a solid phase as a resul t o f electrostat ic 

attraction to charged sites at the surface, this is one of the m o s t c o m m o n types of 

adsorpt ion (Kasan 1993, U S E P A 1999). The charge on the ion is the de te rmin ing 

factor for adsorpt ion (Kasan 1993). 

Physical adsorpt ion 

Physical adsorpt ion occurs as a result of w e a k van der Waa l s forces . In this type of 

adsorpt ion, the adsorbate is not f ixed to the adsorbent , ra ther it is f r ee to m o v e wi th in 

the interface and thus is readily desorbed. Physical adsorpt ion usual ly occurs at low 

tempera tures and m a y result in mult i - layer adsorpt ion ( L a w s o n et al 1984, K a s a n 

1993y 

Chemisorpt inn 

Chemisorp t ion occurs at h igher tempera tures and involves the fo rma t ion of covalent 

bonds be tween the adsorbate and the adsorbent , leading to the fo rma t ion of a 

monolayer . Chemica l processes are character ised by h igh energ ies o f adsorpt ion and 

thus the adsorbed layer is dif f icul t to desorb (Lawson et al 1984, K a s a n 1993). 

The invest igat ions of Lawson et al (1984) revealed that the type of adsorpt ion that 

occurs is dependent on the meta l in quest ion. Cu adsorpt ion was found to be as a result 

of both physical adsorpt ion and chemisorpt ion , whi le Cd and M n w e r e p redominan t ly 

adsorbed through physical adsorpt ion. T h e y concluded that not all meta l s are r e m o v e d 

to the same extent by the mixed l iquor solids due to their d i f fe r ing phys i cochemica l 

behaviour . 

Accumulation of soluble metal by the cell (absorption) 

S o m e act ivated s ludge bacteria do not p roduce capsules or extracel lular mater ia l . In 

these bacter ia , meta ls m a y be accumula ted either in the cy top lasm or by adsorpt ion 
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onto the cell wal l (Brown and Lester 1979). Meta l up take by act ivated s ludge involves 

a two-s tage process (Lester 1983): 

(i) The first pass ive phase is cons idered to be adsorp t ion of cat ions to 

negat ively charged sites on the cell surface . Th is up take is reversible by 

isotopic exchange; the meta l is also easi ly w a s h e d f r o m cells us ing 

s t rong chelat ing agents. Moreover , the p rocess is i ndependen t of 

temperature . 

(ii) T h e second phase is irreversible, inhibi ted by metabo l ic po i sons and 

tempera ture dependent . 

The up take of the meta l was shown to be t ime-dependent for an act ive s ludge and 

independent o f t ime for a non-act ive sludge. The non-act ive s ludge does not have the 

second s low phase of uptake. 

The metabo l i sm of e lements occurs in m a n y species of bacter ia . T h e fou r m a j o r types 

of metal t r ans fonna t ions in organisms have been ident i f ied by J e m e l o v and Mar t in 

(1975); 

(i) Chela te format ion by the b inding of meta l s to organic l igands; 

(ii) Shif ts in meta l valencies; 

(iii) Subst i tut ion of one meta l fo r another ; and 

(iv) b iomethyla t ion of meta ls by mic roorgan i sms . 

However , N e u f e l d et al (1975) concluded that in the case of mercury , meta l uptake is 

not a funct ion of metal concentra t ion or organism viabili ty. T h e y p roposed that metal 

uptake is not a biological phenomenon , but a phys icochemica l one involving the 

surface propert ies of the s ludge floes. Ar tola et al (2000) also agree that b iological 

up take is negligible when compared with adsorpt ion, thus b iosorpt ion is cons idered 

main ly a phys ico-chemical process , independent of metabol ic activi ty. 

S tephenson et al (1987b) found that for the accumula t ion of meta l s by the set t leable 

solids, the M L S S concentrat ion would be the m a j o r fac tor in f luenc ing inso luble meta l 

accumula t ion in the activated sludge process , and not changes in the microb ia l 

popula t ion as control led by alterations in the s ludge age. T h e y also f o u n d that s o m e 

remova l of soluble metal occurred. It was concluded that the r emova l of soluble metal 
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was unl ikely to be a metabol ic process , but p robably the result o f up take by bacterial 

extracel lular po lymers . 

Volatilisation of metals to the atmosphere 

This m e c h a n i s m is possible dur ing the act ivated s ludge p rocess fo l lowing 

t ransformat ion , in part icular aerobic b iomethyla t ion , fo r pos t - t rans i t ion meta l s such as 

Pb (Stephenson et al 1987b). However , Lester (1983) states that it is un l ike ly that 

volati l isat ion wou ld account for the removal of a s ignif icant a m o u n t o f meta l in 

act ivated s ludge since: 

• Meta l s can largely be accounted for by a mass ba lance be tween the s ludges and 

e f f luents produced; 

• The majo r i ty of b iomethyla t ion process are anaerobic; 

• Ba tch studies using enhanced metal concentra t ions have demons t ra ted 

b iomethyla t ion to be a relatively minor process . 

2.3.3 Efficiency of heavy metal removal in biological treatment 

The results of the study by B r o w n et al (1973) indicate that Cr, C u and P b w e r e m o r e 

eff ic ient ly r emoved in secondary t reatment p rocesses than in p r i m a r y processes . Cr is 

reduced dur ing aerat ion in the secondary process . Cu is s t rongly adsorbed by the 

microbia l floe and Pb is r emoved m o r e ef f ic ient ly because o f increased sett l ing t ime 

and larger part icle size in secondary t reatment . Z n was r e m o v e d equal ly well f r o m all 

plant types. It was concluded that the results indicated that a def in i te advan tage of a 

secondary t reatment plant over a p r imary t rea tment plant in heavy meta ls removal is the 

increased suspended solids removal . It has also been p roposed that adsorbed metal ions 

enhance the floe structure and thus the set t lement characteris t ics of suspended solids 

(Forster 1983) 

Al though in the study by Oliver et al (1974) there were w i d e var ia t ions in the input 

concentra t ions of the various metals for both the short and long te rm s tudy and wi th in 

segments of the long term study, the e f f ic iency of the act ivated s ludge p rocess in 

r emov ing several heavy metals was fairly constant th roughout the pe r iod of s tudy. For 

Cu, M n , Ni and Zn, almost all of the meta l in the final e f f luen t is in the d issolved form. 

Therefore , longer settl ing periods or the addit ion of flocculating agents will be of little 
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use in r emov ing these meta ls f r o m the ef f luent . M e t h o d s that w e r e p roposed to 

improve the removal e f f ic iency included: 

1. Chemica l t reatment such as l ime addi t ion to the r a w sewage : This w o u l d raise 

the p H of the sys tem and precipi tate the d issolved meta l s as hydroxides . They 

wou ld then settle out in the pr imary clarif iers b e f o r e reach ing the aerat ion tanks. 

2. Physical methods , such as ion exchange , act ivated ca rbon adsorp t ion or 

electrolysis: these would best be employed af te r p r i m a r y clar i f iers to min imise 

equ ipment c logging. This would again inhibit the meta l s f r o m reach ing aerobic 

micro-organisms . 

The results presented in the li terature rev iew conducted by Les ter (1987) shows that 

there is cons iderable variat ion in the remova l e f f ic iency of meta l s in ac t ivated s ludge 

t reatment , as s h o w n in table 2.3. 

Table 2.3: Metal removal efficiencies during activated sludge treatment in full scale 
wastewater treatment plants (adapted from Lester 1987) 

Metal Activated Sludge Effluent (jig/l) Average removal efficiency (%) 

Al 500-1750 92 

Cd 3-120 7 -84 

Cr 10-38000 24-88 

Cu 10-660 25 -93 

Fe 457-2950 72-97 

Pb 20-1100 30-91 

Mn 20-100 6 -28 

Hg 0.6-9 17-62 

Ni 30-1600 <0-61 

Zn 200-8940 10-93 

Ano the r r ev iew of the literature was conducted by S tephenson at al (1987a) . T h e y 

stated that s tudies on the removal of heavy meta ls in was t ewa te r t r ea tment p lan t s 

revealed several facts: 

1. In general , the removals of Cd, Cu, Cr, Pb and Z n w e r e h ighes t at > 5 0 % and 

Co, M n and N i were lowest at < 30%. 
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2. The percentage removal of any one metal can vary cons iderably f r o m plant to 

plant. Therefore , the extent of removal is h ighly dependen t on local condit ions. 

Yet , the percentage removals for some meta ls observed in their o w n s tudy were at the 

upper end of the range of m e a n removal ef f ic iencies for act ivated s ludge sys tems that 

were quoted in the literature. This was attr ibuted to the fact that the pilot plant that 

they employed p roduced a good quali ty e f f luent low in suspended solids and C O D ; 

both factors can af fec t metal removals , as descr ibed above. 

Thus as L a w s o n et al (1984) concluded, fo r mos t meta ls the p r edominan t m e c h a n i s m is 

pass ive uptake, with the mixed liquor solids act ing as par t iculates for wh ich sur face 

area has an important effect . Fur thermore , other factors such as the soluble l igands 

present and other componen t s of the bacterial cell also a f fec t the overal l meta l r emova l 

ef f ic iency. 

2.3.4 Toxic effects of heavy metals on the biological treatment processes 

The toxicity of heavy meta ls to bacteria and inhibit ion of the oxida t ion of organics was 

the subject of early work on heavy meta ls in act ivated s ludge (Lester 1987). 

Mani fes ta t ions of this toxicity m a y vary f r o m changes in the c o m m u n i t i e s of o rgan isms 

to ruinous ef fec ts on the act ivated s ludge sys tem associa ted wi th shock loadings (Lester 

1983). In the s tudy by Bar th et al (1965) , it was shown that fo r each phase of 

t reatment , aerobic, anaerobic and discharge of final e f f luent , there are d i f fe ren t bases 

f o r j u d g i n g the concentrat ion of metals acceptable in the inf luent sewage . The aerat ion 

phase exhibits a plateau type response, that is, a certain concentra t ion of the metal is 

required to p roduce a s ignif icant reduct ion in t rea tment e f f ic iency , h igher 

concentrat ions do not cause a s ignif icant decrease in the ef f ic iency. C h e n g et al (1975) 

sugges ted that a strong aff ini ty be tween the s ludge and metal , resul t ing in accumula t ion 

of meta l wi thin the sludge, m a y enhance toxic e f fec ts that are not easi ly al leviated if the 

meta l is t ightly bound into the sludge. These toxic proper t ies m a y carry over to the 

digest ion process receiving excess sludge. 

2.4 Sludge Treatment 

The s ludges produced , through sedimenta t ion and biological t rea tment , in the first stage 

of the was tewate r t reatment process are treated, us ing a var ie ty of p rocesses in the 

s ludge t reatment stage, before disposal. Approx imate ly 1% of the total flow enter ing a 
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wastewate r t reatment plant is ul t imately p roduced as s ludge (Rudd 1987b). Thus , 

depending on the e f f ic iency of the plant in metal removal , there could be considerable 

concentra t ion of meta ls within the sludge. 

Dur ing the s ludge t reatment stage, the type and combina t ion of p rocesses used will 

a f fec t the distr ibution of metals in the sludge. The types o f p rocesses usual ly employed 

include thickening, stabilisation, condi t ioning and dewater ing . O f all the t rea tment 

me thods available, a stabilisation process , anaerobic digest ion, is the mos t wide ly used. 

Changes in the pract ices of s ludge use and disposal b rought on by the phas ing out o f 

s ludge disposal at sea and increasing pressure f r o m the E C to restrict the prac t ice of 

land appl icat ion of sewage sludges largely to stabilised forms , have fur ther increased 

the impor tance of anaerobic digestion. However , as a biological process , it is m o r e 

suscept ible to intoxicat ion by heavy metals than the other, p r imar i ly phys ica l s ludge 

t reatment processes . S ludge thickening is usual ly accompl i shed in sed imenta t ion 

basins through gravi ty or f lotat ion. Therefore , the factors and m e c h a n i s m s in f luenc ing 

heavy metals r emova l in sedimenta t ion would also app ly to th ickening . 

Thus , due to the impor tance of anaerobic digest ion and its suscept ibi l i ty to meta l s 

toxicity, the major i ty of the li terature wri t ten on the subjec t o f heavy meta l s in s ludge 

t reatment has focused on this process . 

2.4.1 Speciation and distribution of heavy metals in anaerobic digestion 

K n o w l e d g e of the speciat ion and distr ibution of the heavy meta ls in s ludges is 

important for es t imat ing their mobi l i ty and bioavai labi l i ty and hence their impacts on 

the anaerobic digestion process . The impact of heavy meta ls is not only de te rmined by 

the total metal concentrat ion but also by the meta l fo rms that are present (Lake et al 

1985). H e a v y metals m a y occur in anaerobical ly digested s ludges in; 

• Soluble forms; 

• Complexed with organic compounds ; 

• Adsorbed ; 

• Precipi tated; 

• Co-precipi ta ted with metal oxides , ex. sulphides; and 

• In associat ion with biological residues. (Lake et al 1985). 
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The distr ibution of these forms varies widely according to the chemical propert ies of 

the sludge, which in turn are funct ions of the physical and chemical propert ies imposed 

by the part icular s ludge treatment process (Alibhai et al 1985). Insoluble metal forms, 

and especial ly those that are bound as complexes or precipitates, pose less toxicological 

hazards than soluble/ ionic species (Lake et al 1985; Gould and Genetel l i 1978). 

Fur thermore , there is evidence that suggests that heavy meta ls associated with the 

organic f ract ion of the s ludge are less available than inorganic precipi ta tes (Hayes and 

Theis 1978). 

Complexatinn: 

Resul ts of the investigations conducted by Gould and Genetell i (1978) showed that the 

complexa t ion behaviour di f fered for each metal and was strongly inf luenced by pH. 

Increases in p H increased the degree of complexat ion and complexa t ion stability at the 

same solute concentrat ion, while a decrease of p H lead to solubil isat ion of metals . The 

order of complexation of the metals studied, on a molar basis, was Cu> Zn> Cd> Ni. 

Chelat ion of an added reagent can make a part icular metal ei ther m o r e or less avai lable 

for microbia l uptake. It will be more available if the o rgan ism has a meta l b inding 

componen t s t ronger than the added chelat ing agent, but o therwise it will be less 

avai lable (Cal lander 1983). Lake et al (1985) concluded that the observed inf luence of 

both total metal concentrat ion and s ludge characterist ics on metal speciat ion, 

part icularly with respect to Cd and Ni, emphas ises the necessi ty for considerat ion of all 

three factors in the safe disposal of sewage sludge. 

In their paper, MacNicol and Becket t (1989) state that before s tudying its chemistry, 

the s ludge must be fract ionated as far as possible into its main components . Af t e r 

rev iewing the literature written on this subject and conduct ing their own fract ionat ion 

exper iments , they concluded that it would be impossible to separate all the componen t s 

o f the digested sludge, since too many of them are coat ings on or e m b e d d e d in each 

other" . T h e y devised a division that is s imple and practical . The heavy meta l s in the 

s ludge can be separated into three fractions: 

1. Part iculate: in mineral grains; as exchangeable cat ions on clays; in discrete 

crystals or grains of secondary precipitates; or in coat ings o f b iof loc / colloids; 

2. Biof loc / colloid-bound: as inter-cellular or extra-cel lular up take by bacteria; 

m a y contain finely disseminated inorganic precipi tates; 
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3. Soluble: f ree metal ions, soluble complexes with organic and inorganic ligands. 

review of the results presented in the Hterature uidicated diat heavy rnetals present iri 

sludges showed a strong association with the solids f ract ion (Gould and Genetell i 1975; 

(jould and Cienetelli 15)78; Haryes arid Tlieis 1978; A/IacMc()l zmd 13e(:kett I()89). Goulcl 

and Gene te lh (1975) found that 9 0 % of the heavy meta ls were found in the part iculate 

fract ion. Another important observation made was that the heavy meta l content had a 

h igher correlat ion with the volatile solids fract ions than the inert solids. Hayes and 

Theis (1978) found that the ma jo r port ion of the heavy meta ls was distr ibuted be tween 

the precipi ta ted (insoluble) and intracellular components of the digesters . 

Lake et al (1985) carried out experiments to investigate the ef fec t of increasing total 

meta l concentra t ion on metal distribution in two types of s ludges, digested pr imary 

s ludge and digested mixed pr imary sludge. They found that both s ludge types 

exhibi ted similar s ignif icant transitions in metal distr ibutions fo l lowing anaerobic 

digest ion. The more-easi ly-extractable forms, which p redomina ted in the raw s ludge 

Tvere replaced tr/ tlie ksss-e îsihr-extraciUible forrns aAerdijgestioii. TThe carbonate fcMins 

of Cd and Pb and the sulphide fo rm of Cu predomina ted in the digested sludges. On 

the other hand, for Z n there was a redistr ibution towards su lphide and organical ly 

bound fract ions and Ni was distr ibuted evenly a m o n g all the fract ions. 

With respect to the changes exhibited due to the increase in total metal concentrat ions, 

the observat ions varied depending on the metal . The distr ibution pat terns observed for 

Cu, Pb and Zn during anaerobic digestion of both s ludge types were little affected by 

the increase in metal concentrat ion. On the other hand, increased percentages of Ni 

present in the soluble/ exchangeable fract ion in both digested s ludge types and 

increased percentages of Cd in the digested mixed pr imary s ludge were observed . In 

the case of Cd, the widely dif fer ing results observed be tween the two types o f s ludges 

suggest that the Cd binding characteristics of the two s ludges d i f fe r . 
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2.4.2 Mechanisms of heavy metal removal in anaerobic digestion 

The mechan i sms controll ing the removal of heavy meta ls in anaerobic digest ion are 

s imilar to those funct ioning in aerobic sys tems, name ly (Rudd 1987; Al ibhai et al 

1985): 

1. Direc t precipitat ion; 

2. Intracellular uptake; 

3. Adsorpt ion; 

4. En t rapment of insoluble metals in the biomass; 

5. Complexa t ion of soluble metal by both the organic and inorganic l igands. 

Precipitation and Precipitation svsfpmg-

Precipi ta t ion has been shown to be an important mechan i sm ef fec t ing meta l removal 

dur ing anaerobic digest ion (Gould and Genetell i 1975; Cal lander 1983; Lester 1987; 

M a c N i c o l and Becket t 1989). Results of the various studies also show that the 

precipi ta te c o m p o u n d s g r o w with t ime (MacNicol and Becke t t 1989). T h e ma in species 

capable of precipi ta t ing meta ls in anaerobic digesters are sulphide, ca rbona te and less 

important ly , phospha te (Cal lander 1983). 

Ofdb:vanDuspreG%,i%tion systems, v/Wchrnayfuncdomchuinganaembicdigeaion, 

sulphide precipi tat ion is the mos t important . Sulphide in a digester is derived f rom 

sulphide, sulphate and sulphur-conta ining organic c o m p o u n d s in the feed. The 

sulphide ion has a great af f in i ty for m a n y heavy meta ls (Manahan 1991) and the 

sulphide salts of the major i ty of heavy metals , with the notable except ion of Cr, are 

largely i n s o l u b l e and have the potential to b e removed from solution via precipitation 

(Rudd 1987b). If the total metals are less than the total feed sulphide, then the meta ls 

will be totally precipitated (Cal lander 1983). 

The other relatively important precipitation system is that o f carbonate . It is control led 

by digester p H and the levels of dissolved carbon dioxide (Rudd 1 9 8 7 b ) . A t h igh p H 

values (e.g. greater than 7.7 for Zn and greater than 6.4 for Fe) , the ca rbona te salts o f 

s o m e meta ls are poorly soluble and m a y precipitate upon fo rma t ion (Gou ld and 

Genetel l i 1975; Rudd 1987b). Under a tmospher ic equi l ibr ium condi t ions , carbonate 

precipi tates should dissolve and a n e w equil ibr ium control led b y organometa l l ic 

complexat ion m a y result (Rudd 1987b). 
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Sorption Mechanisms (Fntrapment Adsorntinn. T n f r g c e l l n l a r u p t . v . y 

/iccc,rding to Haifes and TTheis (ISTrS), it appears diatrnicrcibial uptajce actn/ely 

competes with precipitation in the removal of heavy metals f r o m the digester 

supernatant . However , in addition to precipitate format ion, meta l ions can be removed 

by becoming complexed with organic or inorganic l igands. Gould and Genetell i (1975) 

state that the predominate mechanism observed m a y be an organometal l ic type. This 

can be s imple complex formation and/or chelation, and involve oxygen and ni trogen 

containing groups. Furdierniore, nietals chelated br/cirgaiuc ligaiids n iay b e r n o r e or 

less avadla tdefor microt)i;il qokike, depending; cm die re la t r / e s trength cd the metal-

sequester ing mechanisms of the microorganisms (Rudd 1987b). 

Resul ts of the studies carried out by Gould and Genetelli (1978) indicate that a 

sorprdon-Uce behaviour takes pkce until certain metal coricentiations are reached!, after 

which all fur ther addit ions went into the solid phase as a result of precipitat ion. This 

^mrption-Wce behaviour' is Autherconfinried by /llilbhai etal (1985),,vlbo also fourid 

that the b inding capaci ty depends both on the metal and the nature of the s ludge. The 

pH, temperature , oxidat ion-reduct ion potential and the presence of complex ing agents 

are listed as some of the physicochemical properties, which m a y be considered 

s igmficant to the b inding of metals . Chemisorpt ion through ion-exchange has been 

found to be one of the m a j o r mechan i sms of heavy metal b inding to digester biomass 

(Ahbhai et al 1985; R u d d 1987b). The results of the Alibhai et al (1985) s tudy show 

that the complexat ion of Cr, Pb and Zn does not depend upon the temperature. Thus 

knowing that ion reactions are fast reactions and as such are not af fected by 

tempeiatiure, they coricluded that the binding ()f:Zn, (Zrcxr Pb to di;,ested sluclge is a 

sorption process involving cation exchange. Rudd (1987b) noted that the equi l ibr ium 

l,etween free and bounci w chskibuted bry pH dianges arid the f)resei,ce ofcHJier mekils, 

which implied that ion exchange mechanisms are involved. Also, according to Gou ld 

and Genetell i (1984), adsorption isotherm model l ing has indicated that a compet i t ion 

exists be tween hydrogen and heavy metal ions for the avai lable binding sites, thereby 

suggest ing an ion exchange mechanism. Chemisorpt ion through ion exchange is a 

func t ion of the ionic valency and ionic radius of the metal . There fore , the charge, size 

and nature will decide the overall ionic exchange process (Alibhai et al 1985). 
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The nature of the sludge: 

Alibhai et al (1985) state that due to the r igorously control led env i ronment in the 

digester, the microbia l ecology will not vary great ly f r o m one digester to another. 

Therefore , the mechan i sm of adsorpt ion could be independent o f the source of the 

s ludge. However , in a study by Lake et al (1985) , it was found that digesters operat ing 

on p r imary s ludges achieved greater reduct ions in volat i le sol ids than the mixed 

p r imary and activated sludge digesters, despi te vir tually identical volat i le sol ids 

loadings. T h e y proposed that this could be related to the refractabi l i ty o f the organic 

f rac t ion of the waste-act ivated sludge, which is reported to be only 3 0 - 4 5 % digest ible 

in convent ional anaerobic digestion. It is also possible that the p resence of an 

unident i f ied inhibitory agent, such as ammonia gas m a y have reduced the e f f ic iency of 

the m i x e d p r imary digesters. Wi th respect to the inf luence on meta l distr ibution, the 

p resence of chelat ing agents will be the mos t s ignif icant proper ty of the s ludge since 

they can ei ther exacerbate or amel iorate metal toxicity (Rudd 1987b). 

Competition and reversibility 

The results of the Gou ld and Genetel l i (1984) s tudy on compet i t ion b e t w e e n meta ls 

indicated an order of b ind ing capaci ty of C u > C d > Z n > N i on bo th a gravimetr ic and 

equivalents basis . In every case w h e n a compe t ing meta l w a s present , the degree of 

b ind ing of the other meta l was decreased. The magn i tude of the decrease caused by the 

compet ing meta l was also in the same order as the b inding capaci ty. Thus Cu had the 

highest b inding capaci ty and exerted the greatest compet i t ive ef fect . Ni was the only 

meta l that showed si te-specifici ty. N i m a y not be able to compe te with metals for sites 

that are not specif ic for Ni and l ikewise other meta ls m a y not compete effect ively with 

N i for sites that are specif ic for it. If site specif ici ty were conf i rmed for Ni, it would be 

a minor e f fec t especially when complexat ion stability and p H ef fec ts are cons idered . 

The i r results also indicated that the meta ls could be revers ibly r e m o v e d b y sal t ing t h e m 

out wi th solut ions containing compet ing ions. A l though the c o m p e t i n g m e t a l d isp laced 

the original metal , the overall capacity increased, wi th the excep t ion of Cu . Increas ing 

the concentra t ion of the salting-out ion resul ted in increas ing the a m o u n t o f desorpt ion 

of the first meta l . 
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2.4.3 Availability and the effects of heavy metals in anaerobic digestion 

A s prev ious ly stated, of the various was tewate r t reatment processes , anaerobic 

digest ion appears to be the most vulnerable to heavy meta l toxicity. However , jus t the 

p resence of heavy metals in s ludge does not m e a n that toxic e f fec t s will occur. The 

concentra t ion of the heavy metal mus t reach a threshold level and be avai lable (Gould 

and Genetel l i 1975). Cal lander et al (1983) found that the bioavai labi l i ty o f meta ls is 

de te rmined by: 

1. the total concentrat ion of metal in the substrate; 

2. meta l precipitation, principally by sulphide, carbonate and phospha te ; 

3. meta l chelat ion or complexing with both inorganic species ( ion pairs) and 

organic ligands (chelates), including those synthesised by o rgan i sms to assist 

meta l uptake; and 

4. the kinetics of precipitation and chelat ion reactions. 

In general , it was found that all cations could p roduce toxici ty in any o rgan i sm at s o m e 

level, but the relative toxicity of the cat ions varied whe re c o m p a r e d on a we igh t -we igh t 

basis (Hayes and Theis 1978). Depend ing on the combina t ions and concent ra t ions of 

meta l s present , the resulting effect could be: 

• s t imulat ion at low metal concentrat ion; 

• toxicity at elevated concentrat ions; or 

• antagonism, where one cation decreases the toxici ty o f ano ther (Rudd 1987b). 

Stimulation 

Stimulatory effects of cations at concentra t ions be low those where toxicity was 

p roduced have been recognised. Accord ing to Hayes and Theis (1978) , it was repor ted 

that very low concentrations of extremely toxic cations, such as H g and Pb, could 

p roduce a st imulatory effect in the growth rate of var ious bacter ial cul tures . 

Fur thermore , there is increasing evidence that def ic iencies o f cer ta in essent ia l meta l s , 

par t icular ly Ni , can severely limit anaerobic digester p e r f o r m a n c e and tha t me ta l 

supplementa t ion m a y substantially increase digester p e r f o r m a n c e (Ca l l ander 1983; 

R u d d 1987b). 
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Toxicity 

Factors 

O n the whole , the toxicity of a heavy meta l in anaerobic d iges t ion depends upon the 

var ious chemical fo rms which that meta l m a y a s sume under anaerobic condi t ions and 

near-neutra l p H (Hayes and Theis 1978). Meta l s in the soluble state genera l ly exert a 

h igher degree of inhibition than insoluble fo rms ; this is u l t imate ly associa ted wi th the 

relat ive ease of uptake of various metal species exhibi ted b y the digester microf lo ra 

(Rudd 1987b). The concentrations of precipi tat ing or chela t ing agents present , which 

vary f r o m one system to another, can af fec t the tolerance of individual d igester 

popula t ions to different concentrat ions of heavy metals (Rudd 1987b). Thus as stated 

b y one researcher (Hayes and Theis 1978), a l though low concentra t ions of some heavy 

meta l s have relatively high toxicity to biological systems, h igh concentra t ions could be 

tolerated if suff icient sulphide could be provided to act as a precipi tant . Var iab le 

opera t ing parameters such as feed composi t ion and concentra t ion, t empera ture and 

re tent ion t imes within the system can also a f fec t the res is tance of the mic roo rgans ims 

(Rudd 1987b). 

Effects 

Toxic inhibit ion of anaerobic digesters takes p lace af ter a par t icular threshold level has 

been reached (Earth et al 1965; R u d d 1987b). This inhibi t ion is man i fes t ed by a 

reduct ion in biogas production and an increase in volati le acids concentra t ions , with a 

concomi tan t decrease in p H (Rudd 1987b). In the s tudy by Hayes and Theis (1978), 

shock loadings in the form of pulsed addit ion resul ted in lower toxic limits than the 

cont inuously added metal , with the except ion of Ni and poss ib ly Zn. The results of 

their s tudy show that the order of decreasing toxicity on a weight -weight basis or mola r 

basis w a s N i > Cu> Pb> Cr> Zn. Toxic ef fects were also found to coinc ide wi th the 

near m a x i m u m uptake of metals by bacteria (Hayes and Theis 1978). H o w e v e r , 

re levant compar isons between the degrees of toxici ty of heavy me ta l ions and me ta l 

c o m p o u n d s or complexes are difficult to establish, s ince toxic l imits fo r va r ious 

c o m p o u n d s of the same metal, as noted above, are f requen t ly f o u n d to d i f f e r wide ly 

(Rudd 1987b). 

An tagon i sm, whe re the toxicity of a cat ion was decreased d u e to the presence of other 

cat ions in the m e d i u m , has been observed. Howeve r , it w a s also noted that metal 
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mixtures caused inhibition at lower total meta l concentra t ions than that caused by 

individual meta ls (Rudd 1987b). 

The disrupt ion of the digestion process by heavy meta ls or o ther toxicants does not 

a f fec t this p rocess alone. The dewater ing m a y be hampered , the s ludge p roduced m a y 

be malodorous , and both its disposal and the restar t ing of the d iges ter m a y be 

problemat ica l (Rudd 1987b). 

Efficiency 

In general , heavy metal removal f rom digester supernatant w a s greater than 9 5 % 

(Hayes and Theis 1978). 

2.5 Conclusions of the Literature Review 

T h e rev iew of the literature shows metal interactions in was tewate r t rea tment p rocesses 

to be complex . However , certain factors appear to be c o m m o n and to b e o f s igni f icant 

impor tance wi th regard to the development of a meta ls predic t ive m o d e l . T h e 

fo l lowing f indings need to be taken in considerat ion the d e v e l o p m e n t o f the Meta l s 

M o d e l , wh ich will be described in Chapter 4. 
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Primary sedimentation: 

• H e a v y meta l removal eff ic iencies appear to be s t rongly associated wi th solids 

remova l processes . 

• Meta l s that are removed in pr imary sedimenta t ion are those that exist in insoluble 

f o rms or those that have the capaci ty for b ind ing to set t leable solids. 

• Format ion of insoluble hydroxides, carbonates and phospha te s aids the p rocess of 

removal . 

• Soluble organic ligands in the sewage might bind heavy metals , thus re ta ining them 

in solut ion and thus prevent ing their removal . 

• Fo r each metal , there is a dominant mechan i sm: 

(i) Direct precipitation: e.g. Pb and Bi; 

(ii) Adsorp t ion or complexat ion by suspended solids: e.g. Ag , Cd, Co, Cu, Cr, M n , 

Ni and Tl; 

(iii) Precipitat ion fol lowed by associat ion of the precipi ta te wi th the bu lk sol ids 

fract ion: e.g. Zn and M o . 

• There are two main groups of e lements: 

(i) Strong association wi th the V S S (e.g. Ag , Co, M o ) ; their par t i t ion into the solid 

phase m a y be pr imari ly due to adsorpt ion or complexa t ion by organic e lements ; 

(ii) Pr imari ly associated wi th N V S S (e.g. Cu, M n , Pb, Zn) . 

Pb, Cu and Zn are the mos t readily r e m o v e d meta ls in p r imary sedimentat ion. Ni 

and Cr are the least readily r emoved . 
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Biological Treatment: 

• U n d e r ideal condit ions, the percentage removal o f heavy meta ls in activated sludge 

w o u l d increase linearly with the s ludge age. Howeve r , in pract ice , due to the 

changes in E S S and eff luent C O D , and shif ts in the e f f luen t speciat ion of metals , 

this is not the case. 

• A s suspended solids removal increases, heavy meta l r emova l increases at an 

exponent ia l rate. 

• Total metal uptake by the sludge f loe increases with increas ing V S S concentra t ion. 

Also, at constant VSS, increasing the inf luent metal concentra t ion increases the 

total metal uptake. Therefore , the concentrat ion of V S S is the dominan t fac tor 

inf luencing the distribution of heavy metals . 

• Up take by activated sludge is highly p H dependent . 

• Increasing p H would precipitate the metals . 

• A t lower metal concentrat ions, meta l is taken up by the b iof loc th rough the 

format ion of metal organic complexes . 

• A t h igher metal concentrat ions, meta l ion precipi ta t ion f r o m solut ion m a y occur in 

addit ion to s ludge uptake. 

• Variat ions in the speciat ion of the meta ls marked ly in f luence their a f f in i ty to the 

s ludge or the soluble phase , and thus, their removal . 

• The composi t ion of the was tewater inf luences the fo rms of the meta ls present . 

Strong chelat ing agents might have a h igher a f f in i ty for meta l ions than the 

b iomass , thus enhancing metal solubili ty and reducing meta l removal . 

• Direct sett lement of precipitated metals is of minor impor tance for wel l - removed 

meta ls and is significant only for poor ly r emoved metals such as Co and Ni. 

• For the accumulat ion of metals by the sett leable solids, the M L S S concent ra t ion 

wou ld be the ma jo r factor inf luencing insoluble metal accumula t ion in the act ivated 

s ludge process . 

» Resul t s indicate that a definite advantage of a secondary t rea tment p lan t over a 

p r imary t reatment plant in heavy meta ls removal is the increased suspended solids 

removal . 

» T h e percen tage removal of any one meta l can vary cons iderab ly f r o m plant to plant. 

There fo re the extent of removal is h ighly dependen t on local condi t ions . 
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Anaerobic Digestion: 

• Distr ibut ion of the various fo rms varies widely according to the chemical properties 

of the sludge, which in turn are funct ions of the physical and chemical propert ies 

imposed by the particular s ludge t reatment process . 

• The complexat ion behaviour dif fers depending on the meta l and is s trongly 

inf luenced by pH. Increases in p H increase the degree of complexa t ion stability at 

the same solute concentrat ion. 

• H e a v y meta l content has a higher correlation with the volat i le solids f ract ions than 

the inert solids. 

• The m a j o r port ion of the heavy metals is distributed be tween the precipi ta ted 

( insoluble) and intracellular components of the digesters. 

• E f fec t of anaerobic digestion; the more easi ly-extractable fo rms in raw sewage were 

replaced by less-easily-extractable forms. 

• Heavy metal chemis t ry is controlled not only by the solubil i ty of inorganic 

precipi tates but also by sorption onto and subsequent incorpora t ion of meta ls into 

digester b iomass . 

• The mos t important precipi tat ion system is that of sulphide. 

• If the total metals are less than the total feed sulphide then the meta l s will be totally 

precipi tated. 

• The pH, temperature , oxidat ion-reduct ion potential and the p resence of complex ing 

agents are some of the phys icochemica l propert ies , wh ich m a y be considered 

significant to the b inding of metals . 
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CHAPTER THREE 

SOLIDS MODEL DEVELOPMENT 
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3.2 Set-up of the Computer Program 

The compute r p rogram utilises the Visual Bas ic Edi tor feature o f Microso f t™ Excel 97 

sof tware to set-up the equat ions used in the model . The p rog ram consis ts of three parts: 

• Inputs needed at the beginning of the p rogram to p e r f o r m the calculat ions; 

• Equat ions on which the calculat ions are based; 

• Outputs . 

The p rogram is able to carry out the calculat ions for an infini te n u m b e r o f i terations. 

3.2.1 Symbols and Abbreviations 

For each process , three main parameters are used: flow, total suspended solids, and 

volati le suspended solids. The system of symbols and abbreviat ions, used to descr ibe 

the flows and solids concentrat ions, is similar to that used by loannidis (1993) and 

Clements (1995). This system is as fol lows: 

• F at the start of the term denotes a flow, X at the start of the term denotes a volati le 

solids concentra t ion and C . . . T S denote a total suspended solids concentra t ion (C 

being at the start of the term and T S at the end). 

• Fo l lowing these letters are two or three letters to descr ibe the na ture of the flow. 

For example PE stands for;?n/Mao; and DWS stands for 

• Therefore FPE is the/Zow of primary effluent and CDWSTS is the total suspended 

solids concentration in the dewatered sludge. 

Other symbols include T s r e m % , which stands for total suspended solids removal 

percentage and V/T, which stands for the volati le to total solids ratio. 

• The units for the flows are litres per hour (1/h), and the units fo r the solids 

concentrat ions are mil l igrams per litre (mg/1). Since the units for the flows are 

litres per hour, each iteration in the p rogram represents an hour. The p rogram was 

set to run for 24 iterations, thus represent ing 24 hours. 

Append ix A provides a complete list of the symbols and abbrevia t ions used as wel l as 

the mode l equat ions developed. Using a mass balance approach , the m o d e l equa t ions 

employ a critical parameter , which describes the part i t ioning of sol ids wi th in the 

process . Us ing a set of typical values f rom the literature as inputs to the p rogram, the 

p rogram was run and the outputs obtained are shown in Append ix A . T h e fo l lowing 

sect ions will descr ibe for each process, the deve lopment of the m o d e l equat ions . 
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3.3 Preliminary treatment 

Prel iminary t reatment of was tewater serves the purpose of r emov ing the f loat ing 

mater ial , heavy solids and large suspended solids, which are del ivered with the raw 

inf luent to the t reatment works . However , whi le pre l iminary t rea tment will r emove the 

ma jo r i ty of large solid and f loat ing material , the was tewate r wil l still conta in a high 

concentrat ion of suspended solids that range in size f r o m 0.05 to 10 m m . Thus , it can 

be seen that pre l iminary treatment has a negl igible e f fec t on the remova l o f fine 

suspended solids and thus heavy metals. It is wor th not ing, that in deve lop ing their fate 

mode l for meta ls m municipal wastewater t reatment, Parker et. al. (1994) included grit 

removal as a unit process that contributes to the removal of metals . It is poss ib le that 

s ince meta ls m a y b e c o m e adsorbed to the solids in the raw sewage pr ior to enter ing the 

plant , the removal o f grit dur ing prel iminary t reatment m a y also r e m o v e some 

associated metals . However , since at was tewater t reatment plants , samples o f r aw 

sewage m a y be taken af ter prel iminary treatment, this p rocess can be cons idered to be 

outs ide the mass balance of the sys tem and thus will not be inc luded in the m a s s 

balance model . 

3.4 Primary Sedimentation 

3.4.1 Process Characteristics and Significant Parameters 

Pr imary sedimentat ion represents the first m a j o r unit p rocess in the sol ids mode l . The 

amount of s ludge produced dur ing pr imary sett l ing will depend on the through-f low, the 

total suspended solids and the e f f ic iency of solids removal (Kiely 1997). The suspended 

sohds removal eff ic iency, which is usual ly a round 70 -80% is inf luenced main ly by the 

retention t ime, surface loading rate and inf luent suspended solids. 

Several propert ies of the water and its suspended solids content also in f luence 

sedimentat ion. O f the properties of the water, the tempera ture was f o u n d to be a very 

impor tant design criterion due to the observat ion that it a f fec t s bas in o v e r f l o w ra tes 

( A S C E 1990); the surface overf low rates of cold waters would b e lower than those o f 

w a r m e r waters . Important properties of the suspended sol ids inc lude the spec i f ic 

gravi ty o f the materials as well as their size and shape. In addi t ion, r a n d o m 

environmenta l factors such as heat flux and wind act ion m a y a lso cause m a j o r 

variat ions in suspended solids removal (Chris toulas et al. 1998). 

5 7 



The critical pa ramete r in this process is thus the suspended solids removal eff ic iency 

and the two main factors inf luencing it are the surface over f low rate and influent 

suspended solids. Ramalho (1983) demonst ra ted the relat ionship be tween the solids 

removal e f f ic iency and retention t ime as well as surface ove r f low rate through a 

laboratory test-based example . Calculat ing the suspended sol ids r emova l at d i f ferent 

retent ion t imes and surface over f low rates he plot ted the resul t ing func t ions . H e stated 

that if s imilar calculat ions were pe r fo rmed for other values o f the concentra t ion of 

suspended solids, the data plotted would yield famil ies of curves as s h o w n in figure 3.2. 

SS removal ("/ SS removal (°/ 

Retention Time Surface overflow rate 

Figure 2.2- Suspended solids removal versus retention time and overflow rate for 

PP, (after Ramalho 1983) 

Christoulas et al (1998) found that empir ical ly-der ived mode l s o f f e r a m o r e valid 

practical approach to the design of sedimenta t ion tanks. Based on data f r o m a pilot 

plant , they proposed an empirical model , which descr ibes the sol ids removal e f f ic iency 

based on the surface over f low rate and the inf luent suspended solids. The general 

mode l takes the fo rm of: 

where , E , denotes the suspended solids removal ef f ic iency, q is the su r face o v e r f l o w 

rate (m/d) , S, is the influent suspended solids concentra t ion (mg/1) and a, b and c are 

constants . Studies at pilot plants in B i rmingham (England) and A t h e n s (Greece) 

revealed that the constants a and b are tempera ture dependent accord ing to equat ions: 

a= 1.71-0.03t and b=683.6-21.13T (where T is tempera ture in °C) and val id for 

tempera tures in the range 15-26 °C. The constant c was found to b e 0 .0035 d/m. 
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3.4.2 Mathematical Modelling Expressions 

The total inf luent f low into the pr imary sedimentat ion process consis ts of raw 

was tewater f low, wastage sludge f low f r o m the biological t rea tment and f low of the 

ef f luents re turning f r o m the sludge t reatment processes , the latter two f l ows being zero 

at the start of the program. The corresponding volati le and total suspended solids 

concentra t ions are either known at the start of the p rogram (as in the case of the raw 

was tewater f low) or subsequently calculated by the p rog ram (as in the case o f the 

was tage s ludge and returning eff luent f lows) . 

The crucial operat ional factor in this process is the solids removal e f f i c iency of the 

pr imary sedimenta t ion tanks. As discussed above, the ef f ic iency can be calculated 

us ing the empir ical mode l derived by Christoulas et al (1998). Th is will require the 

temperature , surface over f low rate and influent suspended solids to be known . The 

total solids concentra t ion in the pr imary sludge mus t also be input by the operator in 

order for a cor responding f low value to be calculated. A s for the volat i le sol ids 

concentrat ion, equal removals of volatile and total suspended sol ids m a y be a s sumed 

and thus, it can be expected that the volati le to total solids ratio r ema ins the same as 

that of the total inf luent f low (Clements 1995). The outputs f r o m this process , the 

pr imary s ludge and pr imary ef f luent values can thus be calculated us ing s imple mass 

balance equat ions as fol lows. 

Primary Sedimentation Equations 

Total influent flow: q = fin + fws + fre 

Total influent volatile solids: xinn = ((xin*fin)+(fre*xre)+(fws*xws))/q 

Total influent total solids: tsin = ({cints*fin)+(fre*crets)+(fws*cwsts))/q 

VSS:TSS ratio in influent: vt = xinn / tsin 

Primary sludge flow: fps = {tsin*q*tsrem)/cpsts 

If fps = 0 Then 

cpsts = 0 

xps = 0 

Else: 

Primary sludge total solids: cpsts = as input 

Primary sludge volatile solids: xps = cpsts * vt 

End If 

Primary effluent flow: fpe = q - fps 

Primary effluent total solids: cpets = ((tsin * q) - (cpsts * f p s ) ) / fpe 

Primary effluent volatile solids: xpe = ((xinn * q) - (xps * fps)) / fpe 
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3.5 Aerobic Biological Treatment 

3.5.1 Process Characteristics 

The two ma in types of aerobic biological t reatment are act ivated s ludge and biological 

filters. The solids mass balance model deve loped in this pro jec t will focus only on 

act ivated sludge treatment. The convent ional act ivated s ludge p rocess as s h o w n in 

figure 3.3 can be characterised by three types of concentra t ions: 

• Substrate food concentrat ion, which is a measure of the organic mat te r 

concentrat ion as B O D , COD, T O C , etc.; 

• Volat i le suspended solids concentrat ion (VSS), which cor responds to the biological 

sludge, consti tuted by the heterogeneous populat ion of micro-organisms; 

• Non-vola t i le suspended solids concentrat ion (NVSS) , wh ich is const i tuted of non-

living mat ter of both an organic and inorganic nature. 

In this solids mass balance model , complete mixing condi t ions are a s sumed to exist in 

the reactor, thus the entire contents are homogeneous at every point and as a result of 

this, the composi t ion of the ef f luent is identical to the tank contents . M i x e d l iquor 

volati le suspended solids are p roduced cont inuously in the reactor , o w i n g to the 

synthesis of biological matter . The concentrat ion of non-vola t i le solids, on the other 

hand, is equal to that of the feed inf luent into the reactor, s ince there is no product ion of 

N V S S in the reactor. 

The reactor is also assumed to be a cont inuous reactor, as opposed to being a batch 

reactor. This assumpt ion has the fo l lowing consequences ; 

• The soluble substrate concentrat ion of the was tewate r remains constant . This 

corresponds generally to a low substrate concentrat ion s ince the biological reactor is 

usual ly designed for removing a high percentage of the inf luent organic mat ter . 

• The concentrat ion of M L V S S in the cont inuous reactor is kep t constant , ( R a m a l h o 

1983). 
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Combined feed 

Influent Primary effluent 

Final effluent 

Mixed 
Liquor 

Clarifier underflow 
Recycled Sludge 

Primary 
sludge/ Co-
settled sludge 

Wastage sludge 

Primary Clarifier Secondary Clarifier 
Reactor (aerator) 

Figure 3.3: Conventional activated sludge process 

3.5.2 Mathematical Modelling Expressions: 

In te rms of a solids model , the product ion of volatile solids (i.e. biological sludge) in 

activated s ludge t reatment is of crucial importance, s ince heavy metals have been 

shown to have a s t rong associat ion to volati le suspended sol ids ( K e m p t o n et al 

1987a&b and Pat terson et. al. 1983). 

3.5.2.1 Theoretical Basis 

A theoretical express ion for calculat ing volati le suspended sol ids can be found in m a n y 

of the textbooks on was tewater t reatment processes . This express ion is as fo l lows 

(Ramalho 1983): 

\[y6,(s,-s,)\ 
MLVSS = -

t \ + kj0^ 

where , t = hydraulic retention t ime (= the vo lume of the reactor divided by the f low) , 

0c = s ludge age, Y = yield coeff icient , Sf = soluble substrate concentra t ion of inf luent , 

Se = soluble substrate concentrat ion of eff luent , and ky = decay coef f ic ien t . 

S o m e textbooks substitute the M L S S (total suspended solids) fo r the M L V S S . A s a 

result , there was a need to establish whether this equat ion is fo r the total or volat i le 

suspended solids in the mixed liquor. Exper imenta l values of M L V S S , M L S S and S , 

for d i f ferent values of sludge age were given by Saunders et. al. (1981) . T h e values for 

M L V S S and M L S S were plotted against the s ludge age. Us ing the given value of Sf 
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and t, and the measured Se values, the theoretical values ( f rom the above equation) 

were plot ted for assumed values of Y and kd against the s ludge age. The result ing 

graph was found to be more similar to that of the exper imenta l M L S S graph (f igure 

3.4). Therefore , the above equat ion should be taken to represent an express ion of the 

M L S S . The ratio of the M L V S S to M L S S will thus be required. It can be easily 

de termined experimental ly or a typical value of 8 0 % m a y be used. 
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25 

Figure 3.4: Comparison between theoretical and experimental values of MLSS and 
MLVSS 

Having established the object ive of the equat ion, to be able to use this expression, the 

parameters must be known. The hydraul ic retention t ime (t), inf luent and eff luent 

soluble substrate concentrat ions (Sf and Se) m a y be easily calculated or determined. A s 

for the yield and decay coeff ic ients (Y and kd), Lovet t et. al. (1983) observed that the 

reported values of Y was relatively constant ' f o r substrates as d i f fe rent as g lucose and 

yeas t and abattoir was tewater ' . They noted that this result is surpr is ing in v i ew of the 

variety of factors that may influence the value of Y. C o m p a r i n g exper imenta l data 

f r o m various literature sources (given in Table 3.1) with the theoret ical va lues us ing the 

M L S S equat ion above for different values of Y and kd, it was also f o u n d that the 

theoretical values generated by the above expression mos t c losely m a t c h e d the 

exper imental values when Y = 0.4 and kd = 0.05 approximate ly . 
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Thus, these values of Y (0.4) and kd (0.05) can be taken to be used as the defaul t values 

in the model . 

Table 3.1: Literature sources used in finding values of Y and kd 

Authors Substrate composition 
• Bisogni e t a l (1971) • Domes t i c s ewage 

• Stoveland et al (1980) • Synthetic sewage 

• Saunders e t a l (1981) • Domes t ic was tewate r and synthet ic s ewage (similar 
composi t ion) 

• Ross in et al (1981) • Settled sewage 

• Lovet t et al (1983) • Meat concentrate solution 
• R u d d et al (1984) • Domest ic sewage 

• S tephenson et al (1987) • Domest ic sewage 

The calculat ion of the final required parameter , the s ludge age (6c), m a y pose a p rob lem 

if this me thod is used. If the value for s ludge age were not k n o w n at the p lant in 

quest ion, then it wou ld need to be calculated. However , calculat ing the s ludge age 

requires the M L S S to be known , wh ich in fact is the va lue that w e are t ry ing to 

calculate. 

3.5.2.2 Alternative Method 

A n alternative me thod of depict ing the mass ba lance of solids in ac t ivated s ludge would 

involve the use of the M L S S as an input parameter . This is val id s ince the M L S S is 

usual ly continual ly measured at the plant. Next , in order to calculate the volatile solids 

product ion in the reactor, the net s ludge yield coeff ic ient (Yn) , which incorporates both 

the yield coeff ic ient and the decay coeff ic ient , is used. The fo l lowing expression shows 

the relationship between the net s ludge yield coeff ic ient (Yn) and the yield (Y) and 

decay (kd) coeff ic ients and sludge age (0c). 

Y 
Yn = • 

1 + 

The net s ludge yield coefficient, also known as the observed yield , is de f ined as the 

excess s ludge produced (kg) per soluble substrate r emoved (kg). Typica l va lues for it 

can be found in the standard literature. H o w e v e r these va lues are direct ly appl icable 

only under the condi t ions (sludge age and tempera ture range) o f their de terminat ion 

( U S E P A 1979). Table 3.2 shows some typical values. 
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Table 3.2: Comparison of loading and operational parameters for different activated 
sludge treatment rates (adaptedfrom Hawkes 1983) 

Treatment rate Retention 

Period 

(h) 

Sludge Loading 

(kgBOD/kgd) 

Sludge age 

(d) 

Net Sludge Yield, Yn 

(kg dry sludge per kg 

BOD removed) 

Conventional 5-14 0.2-0.5 3-4 0 .5-0.8 

High 1-2 >1 0.2-0.5 0 .8-1.0 

Low 24-72 <0.1 >5-6 0.4 

Sludge age values may vary from 4 -15 days for conventional activated sludge plants and 20-30 days 
for extended aeration 

The amoun t of V S S produced (given the term "xmlinc" in the mode l ) can be calculated 

by mul t ip lying Yn wi th the amoun t of B O D removed (kg/h). T o obta in the M L V S S 

concentrat ion resul t ing f r o m the biological t reatment, the xml inc is added to the volati le 

solids that are enter ing the process , i.e. f r o m the pr imary e f f luen t and the recycled 

sludge. The mode l i teratively calculates the solids concentra t ion across the plant on an 

hour ly basis. Since for the first i teration the recycled s ludge is a s sumed to be zero, the 

concentrat ion of the M L V S S which is initially in the aerat ion tank mus t be known. 

Subsequent ly, the recycled sludge, which is required to mainta in a constant 

concentrat ion of microorganisms in the aerat ion tank, would be calculated and used for 

the next iterations. For the total solids concentra t ion in the reactor, the increase is 

accounted for by the increase in volati le solids only, since there is no product ion of non-

volati le solids in the aeration tank. The calculat ion for the total solids concent ra t ion 

thus fo l lows a similar pattern to that for the volati le solids, wi th the concent ra t ion of 

total solids initially in the aeration tank needed for the first i teration. 

3.5.3 Secondary Sedimentation 

The equat ions in the secondary sedimentat ion process fo l low a s imi lar pa t te rn to those 

used for p r imary sedimentation. Once again, the e f f ic iency of the c lar i f ier fo r removal 

of solids will need to be known, as will the solids concentra t ion of the secondary 
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3.5.4 Partitioning of Secondary Sludge to Wastage and Recycled Sludge 

T h e a m o u n t o f s l u d g e t h a t m u s t b e w a s t e d is e q u i v a l e n t t o t h e a m o u n t o f s l u d g e t h a t is 

p r o d u c e d d u e t o t h e r e m o v a l o f B O D in t h e r e a c t o r , l e s s t h e a m o u n t o f s o l i d s t h a t g o 

o u t i n t h e final e f f l u e n t . T h e r e c y c l e d s l u d g e f l o w c a n b e c a l c u l a t e d u s i n g t h e r e c y c l e 

r a t i o , a n o p e r a t i o n a l p a r a m e t e r t h a t is u s u a l l y k n o w n a t t h e w a s t e w a t e r t r e a t m e n t p l a n t 

T h e e q u a t i o n s t o c a l c u l a t e t h e s o l i d s m a s s b a l a n c e in b i o l o g i c a l t r e a t m e n t a r e t h u s a s 

f o l l o w s : 

Activated Sludge Equations ' 

Mixed liquor flow: fml = fpe + frs 

BOD removed: BODrem = (Sf * fpe) - (Se * fml) 

Increase in mixed liquor volatile solids: xmlinc = Yn * BODrem 

I f ] = 4 Then 

Mixed liquor volatile solids: xml = (xmlinc+{xmll*fml)+{fpe*xpe) ) / fml 

Mixed liquor total solids: emits = (xmlinc+(cmltsl*fml)+(fpe*cpets) ) / fml 

Else 

xml = (xmlinc + (fpe * xpe) + (frs * xrs)) / fml 

emits = (xmlinc + (fpe * cpets) + (frs * crsts)) / fml 

End If 

VSS:TSS ratio in mixed liquor: vt2 = xml / emits 

Secondary Sedimentation Equations 

VSS:TSS ratio in final effluent and secondary sludge: vt3 = vt2 

Secondary sludge total solids: as input 

Secondary sludge volatile solids: xses = csests * vt3 

Partitioning of Secondary sludge to wastage and recycle sludge 

Wastage sludge 

Wastage sludge volatile solids: xws = xses 

Wastage sludge total solids: ewsts = csests 

Flow of wastage sludge: fws = ((fpe * cpets) + xmlinc - (emits * fml * (1 -

tsrem2))) / cwsts 

Recycled sludge 

Flow of recycled sludge: frs = r * fpe 

Recycled sludge volatile solids: xrs = xses 

Recycled sludge total solids: crsts = csests 

Flow of secondary sludge: fses = fws + frs 

Final effluent flow: ffe = fml - fses 

Final effluent total solids: cfets = ((emits * fml) - (csests * fses)) / ffe 

Final effluent volatile solids: xfe = ((xml * fml) - (xses * fses)) / ffe 
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3.6 Sludge production 

In was tewater t reatment , s ludge is p roduced in the pr imary sedimenta t ion tank and in 

the f inal sedimentat ion tank after activated s ludge t reatment . T h e p r imary s ludges have 

d i f ferent characterist ics f rom the s ludge produced in biological t reatment . Pr imary 

s ludges consist of solid particles, mainly organic in nature. Secondary s ludges consist 

p redominant ly of excess b iomass produced in the biological process . P r imary s ludges 

are readily dewatered and better solids capture can be achieved than for m o s t chemical 

and biological s ludges ( U S E P A 1979). The quanti t ies and character is t ics of biological 

s ludges vary wi th metabol ic and growth rates of various o rgan isms present in the 

sludge. The concentrat ions and therefore the vo lumes of the was te biological s ludge are 

also a f fec ted by the me thod of operation of the clarifiers ( U S E P A 1979). 

A c o m m o n pract ice in the U K is for the pr imary and secondary s ludges to be co-sett led 

in the pr imary sedimentat ion tank prior to sludge treatment. T h e supematan t s f r o m the 

s ludge t reatment processes are also recycled back into the p r imary sed imenta t ion tank. 

Since both the was te -secondary s ludge and the s ludge t rea tment supema tan t s h a v e very 

high was te strengths, recycl ing them back into the pr imary sed imenta t ion tank great ly 

increases the amoun t of s ludge wi thdrawn f r o m the p r imary sed imenta t ion tank. 

3.7 Sludge Treatment 

3.7.1 Thickening 

For the solids mass balance model , the pe r fo rmance of the th ickener will depend on the 

unit process used. Average values for the solids concentra t ions be fo re and af ter 

thickening and for the solids capture ef f ic iencies obtained f r o m the li terature will be 

used as default values (see table 3.3), which the user could change according to 

informat ion of the particular plant in quest ion. The solids capture e f f ic iencies are 

typical ly around 80-90% for dissolved air f lotat ion, 95% for gravi ty thickening 

(USEPA 1979) or 91-97% for centrifugation (IWPC 1979). 
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Table 3.3: The typical increase in solids content for different unit processes 

Process Sludge 
Type 

Solids 
Concentration 
Before Thickening 
(%) 

Solids 
Concentration 
After Thickening 
(%) 

Reference 

Gravity P 6 9 I W P C 1979 Gravity 
P + A 4.5 7 I W P G 1979 

Gravity 

P + H 5.5 8 I W P C 1979 

Gravity 

A 0.5 3 I W P C 1979 

Gravity 

H 2.5 4 I W P C 1979 

Gravity 

A D 3.5 5 I W P C 1979 

Gravity 

P 2-7 5 -10 U S E P A 

1979 

Gravity 

P + A 2.5-4.0 4 -7 U S E P A 

1979 

Gravity 

P + H 2-6 5-9 U S E P A 

1979 

Gravity 

A 0.5-1.5 2-3 U S E P A 

1979 

Gravity 

H 1-4 3-6 U S E P A 

1979 

Gravity 

A D 4 8 U S E P A 

1979 
Centrifugation 
(depending on 
feed rate) 

A 0.9 8.4 I W P C 1979 Centrifugation 
(depending on 
feed rate) 

A 1.02 8.9 I W P C 1979 
Dissolved air 
flotation 

P + H 0.5 4 .5-5 .0 U S E P A 

1979 

Dissolved air 
flotation 

A 0.8 4 U S E P A 

1979 

Dissolved air 
flotation 

P + A 2.3 7.1 U S E P A 

1979 
Votes: 

P = Primary sludge 

A = Waste activated sludge 

H = Trickling filter humus sludge 

A D = Anaerobically digested sludge 

1% solids concentration = 10,000 mg/1 dry solids 

The s t ream entering the primary thickening process is the flow o f co-settled sludge 

f r o m the pr imary sedimentation tanks. The procedure for calculating the outputs o f this 

process is s imilar to that used in the pr imary and secondary sedimentation calculat ions. 

A value for the solids concentration af ter th ickening is entered by the user of the 

program; ' T A B L E 1' in the program (See section 3.9) gives typical va lues of solids 
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concentrat ion for d i f ferent thickening processes . A value for the removal eff ic iency is 

also needed. It is usual ly within the range of 80-97%, depending on the process 

employed . Thus the f low of the thickened s ludge can be calculated. The V S S : T S S 

ratio in the thickened sludge is the same as that in the co-set t led sludge, hence the 

volati le solids concentrat ion can be calculated. The values for the th ickener e f f luent 

can be calculated by s imple mass balance equations. 

Primary Thickening Equations: 

VSS:TSS ratio in primary sludge: vt4 = xps / cpsts 

Thickened sludge flow: fts = (cpsts * fps * tsrem3) / ctsts 

If fts = 0 Then 

Thickened sludge total solids: ctsts = 0 

Thickened sludge volatile solids: xts = 0 

Else: 

ctsts = as input 

xts = ctsts * vt4 

End If 

Thickener effluent flow: fte = fps - fts 

If fte = 0 Then 

Thickener effluent total solids: ctets = 0 

Thickener effluent volatile: xte = 0 

Else: 

ctets = ((fps * cpsts) - (fts * ctsts)) / fte 

xte = ((fps * xps) - (fts * xts)) / fte solids 

End If 

3.7.2 S l u d g e Diges t ion 

The main consequence of anaerobic s ludge digest ion on the solids mass balance is the 

destruction of volatile solids. Volati le solids reduct ion in anaerobic digesters usually 

ranges f r o m 35-60%. The character o f the s ludge determines the upper limit for 

volati le solids reduction achieved at any part icular plant ( U S E P A 1979). The opera t ing 

parameters of the digestion system also greatly af fec t the microbia l g rowth rate and 

thus the reduct ion of volatile solids. In this respect , the solids re tent ion t ime and the 

digest ion temperature are the two mos t important opera t ing pa ramete r s . 
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Figure 3.5: Effect of solids retention time and temperature on volatile solids reduction 
in a laboratory scale anaerobic digester (O 'Rourke 1968) 

As shown in figure 3.5, at 35°C (the temperature usually employed in conventional 

anaerobic digesters), the volatile solids reduction climbs rapidly to 50-60% as the SRT 

is increased. Af te r an SRT of 10 days, further solids reduction is minimal , even with 

substantial increases in SRT. The temperature strongly inf luences the shape of the 

curve and the point at which it levels out. 

In a paper by Bhattacharya et al (1996), studies were conducted on wastewaters of 

varying composit ion, using conventional digesters at a solids retention t ime of 10.4-12 

days and a temperature of 35±1°C. The results, as shown in table 3.4, indicated that the 

factors that affect the volatile solids reduction were; 

1. The composit ion of the raw influent wastewater (especially the percent and type of 

industrial input); 

2. The type of sludge being treated (i.e. pr imary, waste activated sludge, humus , 

mixed, co-settled, etc.). 
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3.4: o/z a/zaeroAfc cfzge f̂w/z (B/zaffacAa/ya eAa/. 

Wastewater 

composition 

Sludge composition Solids Retention Time 

(days) 

Volatile Solids 

Reduction (%) 
50% industrial; 50% 

domestic 

Primary + waste 

activated sludge 

10.4 26.0 

10% industrial; 90% 

domestic 

Primary + waste 

activated sludge 

12.5 49.1 

15% industrial; 

85% domestic 

Primary + waste 

activated sludge 

12 50.3 

15% industrial; 

85% domestic 

Primary + waste 

activated sludge 

12 48.3 

15% industrial; 

85% domestic 

Waste activated sludge 12 34.0 

Thus , f o r m i x e d p r i m a r y a n d was t e ac t iva ted s ludge , w h e r e the w a s t e w a t e r c o m p o s i t i o n 

is m a i n l y d o m e s t i c , the vola t i le sol ids r educ t ion is u sua l ly a r o u n d 5 0 % . H e n c e in the 

so l ids m a s s b a l a n c e m o d e l , there wi l l b e a de fau l t va lue o f 5 0 % vola t i l e so l ids 

reduc t ion . Idea l ly , at p lan t s w h e r e there is a h igh level o f indus t r ia l inpu t in to the 

w a s t e w a t e r , o r w h e r e po ten t i a l ly inh ib i to ry subs t ances ( such as h e a v y me ta l s , 

h a l o g e n a t e d h y d r o c a r b o n s and an ion ic de te rgen t s ) a re p resen t , ba t ch s tud ies shou ld b e 

carr ied ou t to d e t e r m i n e the p e r c e n t a g e o f vola t i le so l ids r educ t ion . 

T h e t h i ckened s ludge is u sua l ly p u m p e d on to the s tabi l i sa t ion p roces s , w h i c h is 

typ ica l ly ach i eved th rough anae rob ic d iges t ion , b e f o r e dewa te r ing . A s m e n t i o n e d 

p rev ious ly , the anae rob ic d iges t ion p r o c e s s genera l ly resul ts in volat i le sol ids 

des t ruc t ion (g iven the t e rm " v s d " ) o f 5 0 % . S ince the non-vo la t i l e sol ids are no t 

a f f ec t ed , t he total su spended sol ids concen t ra t ion a f t e r d iges t ion can be ca l cu l a t ed b y 

a d d i n g the non-vo la t i l e f rac t ion of the th i ckened s ludge to the vo la t i l e so l ids 

concen t r a t i on a f t e r digest ion. 

Anaerobic digestion Equations: 

Flow of sludge between digester and digester thickener: fts2 = fts 

Volatile solids content of sludge after digestion: xts2 = xts * vsd 

Total solids content of sludge after digestion: ctsts2 = (ctsts - xts) + xts2 
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Diges ter Th icken ing 

A f t e r digest ion, the s ludge is fur ther concentra ted in the digester th ickening process. 

The calcula t ions in this s tage fo l low the same procedure as for the p r imary thickening. 

A g a m va lues for the solids concentra t ion af ter th ickening of anaerobica l ly digested 

s ludge can be obta ined f r o m ' T A B L E l ' . The V S S : T S S rat io in the s ludge and ef f luent 

Digester Thickening Equations: 

VSS:TSS ratio after digestion: vt5 = xts2 / ctsts2 

Digester sludge flow: fds = (fts2 * ctsts2 * tsrem4) / cdsts 
If fds = 0 Then 

Digester sludge total solids: cdsts = 0 

Digester sludge volatile solids: xds = 0 

Else : 

cdsts = as input 

xds = cdsts * vt5 

End If 

Flow of digester effluent: fde = fts2 - fds 

If fde = 0 Then 

Digester effluent total solids: cdets = 0 

Digester effluent volatile solids: xde = 0 

Else: 

cdets = ( (fts2 * ctsts2) - (fds * cdsts)) / fde 

xde = {(fts2 * xts2) - {fds * xds)) / fde 

End If 

3.7.3 S l u d g e D e w a t e r i n g 

As for thickening, the two variables that are needed in the mode l in te rms of dewater ing 

are the typical solids increase and the solids removal ef f ic iency. Both values are 

dependent on the me thod of dewater ing employed . 

Fil tration Dewate r ing Systems 

Factors that a f fec t their pe r fo rmance include ( I W P C 1981); 

• Nature of feed sludge: Pr imary sludges p roduce a thicker and drier c ake than 

secondary and digested sludges, which p roduce a cake wi th a lower sol ids con ten t 

and reduced yield. 

• Condition of filtration medium: The e f f ic iency will be r educed unless the filtration 

m e d i u m is rout inely cleaned. 

• Age of Sludge: Fresh sludges are m o r e amenable to dewate r ing than older s ludges. 
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C e n t r i f u g a l D e w a t e r i n g S y s t e m s 

V a r i a b l e s t h a t a f f e c t t h e p e r f o r m a n c e o f t h e c e n t r i f u g e a r e ( I W P C 1 9 8 1 ) ; 

• Nature of feed sludge: R a w s l u d g e s a r e e a s i e r t o d e w a t e r b e c a u s e o f t h e i r h i g h 

f i b r o u s m a t t e r c o n t e n t . H o w e v e r , h i g h l e v e l s o f g r e a s e i n t h e s l u d g e c a n c a u s e 

o p e r a t i n g p r o b l e m s . 

• Solids content of feed sludge: A t h i c k e r f e e d s l u d g e r e d u c e s t h e a m o u n t o f 

p o l y e l e c t r o l y t e n e e d e d a n d i n c r e a s e s t h e s o l i d s t h r o u g h p u t . 

m E x p e r i m e n t a l r e s u l t s u s i n g d i g e s t e d s l u d g e s h o w e d t h a t t h e t y p i c a l r a n g e o f i n c r e a s e i 

s o l i d s c o n t e n t i s 4 . 7 - 6 . 7 , w i t h a n a v e r a g e o f 5 .3 . T h e s o l i d s r e c o v e r y ( % ) r a n g e d f r o m 

9 6 . 8 t o 9 9 . 5 , w i t h a n a v e r a g e o f 9 8 . 6 ( B e t t e s w o r t h i n I W P C 1 9 8 1 ) . 

^957^ values of various types offilters (adapted from IPWC 

Method Type of Sludge Feed Sludge 

(% dry solids) 

Cake 

(% dry solids) 

Suspended Solids 

Capture Efficiency (%) 

Filter-Press Primary/ mixed 

sludge 

4-8 30-40 Not available Filter-Press 

Digested sludge 3-6 30-40 Not available 

Rotary-Drum 

Vacuum Filter 

Primary and 

digested 

5 19 94 Rotary-Drum 

Vacuum Filter 

Primary and 

humus 

7 25 98 

Rotary-Drum 

Vacuum Filter 

Primary 6 27 95 

Vacuum Disk 

Filter 

Mixed 2.9 15 Not available 

Filter Belt 

Press 

(conventional) 

Raw 

primary/humus 

3.2-11.2 17.6-32.6 97-99 Filter Belt 

Press 

(conventional) 

Raw 

primary/activated 

2.4-4.6 16.8-20.7 96-99 

Filter Belt 

Press 

(conventional) 

Cold digested 6.3-7.7 21.1-29.1 95-98 

Filter Belt 

Press 

(conventional) 

Heated digested 1.9-4.1 17.9-25.7 99 

Filter Belt 

Press 

(conventional) 

Surplus activated 1.4-2.3 12.6-15.9 99 
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A g a i n t h e s a m e p r o c e d u r e f o l l o w e d a b o v e i s u s e d a t t h i s s t a g e . V a l u e s f o r t h e s o l i d s 

c o n c e n t r a t i o n a f t e r d e w a t e r i n g a n d t h e s o l i d s c a p t u r e e f f i c i e n c y f o r v a r i o u s d e w a t e r i n g 

p r o c e s s e s a r e g i v e n in ' T A B L E 2 ' ( S e e s e c t i o n 3 . 9 ) . 

Dewaterer Equations: 

VSS:TSS ratio in dewaterer: vt6 = vt5 

Dewatered sludge flow: fdws = (fds * cdsts * tsremS / cdwsts) 

If fdws = 0 Then 

Dewatered sludge total solids: cdwsts = 0 

Dewatered sludge volatile solids: xdws = 0 

Else: 

cdwsts = as input 

xdws = vt6 * cdwsts 

End If 

Dewaterer effluent flow: fdwe = fds - fdws 

If fdwe = 0 Then 

Dewaterer effluent total solids: cdwets = 0 

Dewaterer effluent volatile solids: xdwe = 0 

Else: 

cdwets = ((fds * cdsts) - (fdws * cdwsts)) / fdwe 

xdwe = ((fds * xds) - (fdws * xdws)) / fdwe 

End If 

T h e s u p e m a t a n t s r e s u l t i n g f r o m t h e s l u d g e t r e a t m e n t p r o c e s s e s a r e c o m b i n e d a n d 

r e t u r n e d t o t h e p r i m a r y s e d i m e n t a t i o n p r o c e s s . T h e d e w a t e r e d s l u d g e i s t a k e n a w a y f o r 

d i s p o s a l . 

Effluents returning to top of works: 

Flow of returning effluent stream: fre = fdwe + fde + fte 

If fre = 0 Then 

Total solids in returning effluent stream: crets = 0 

Volatile solids in returning effluent stream: xre = 0 

Else: 

crets = ({fdwe * cdwets) + (fde * cdets) + (fte * ctets)) / fre 

xre = ((fdwe * xdwe) + (fde * xde) + (fte * xte)) / fre 

End If 
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3.8 Overall Assumptions 

The Internat ional Assoc ia t ion on Wate r Po l lu t ion Resea rch and Contro l (LAWPRC) 

deve loped a m o d e l fo r s imula t ing the act ivated s ludge sys tem, w h i c h they called " T h e 

Act iva ted S ludge N o . l Mode l " . It incorpora tes p h e n o m e n a such as ca rbon oxidat ion, 

n i t r i f ica t ion and deni t r i f icat ion. T h e repor t tha t descr ibes th is m o d e l s tated that : "When 

a wastewater treatment system is to be modelled, a certain number of simplifications 

and assumptions must be made to make the model tractable. Some of these are 

associated with the physical system itself while others concern the mathematical 

model. " ( l A W P R C 1986). T h e m a i n a s sumpt ion used in deve lop ing the current sol ids 

m a s s ba lance m o d e l is that s teady state is present . Thus , the sys tem is a s s u m e d to h a v e 

a cons tant flow and inf luent sol ids and meta l s concentra t ions . 

3.9 User-Interface 

A user in te r face w a s a lso deve loped us ing the Visual Bas ic Edi tor in Mic roso f t ^ ' ^ 

Exce l 97 to s imp l i fy the p rocess o f input t ing the necessary da ta at the beg inn ing and 

rev iewing the outputs . T h e user in ter face screens are s h o w n be low. 

Introduction 

Solids Mass Balance 

A program to determine the partitioning of sot ids in a 
wastewa ter trea tmen tpSant 

By: 

N o h a G a b e r 

University of Southampton 

Department of Civil and Environmental Engineering 

May 1998 

START i 

74 



The first screen, introduces the user to the p rogram and when the ' S T A R T ' is pressed, 

the input spread sheet appears: 

Solids Mass Balance 

Inputs needed at beginning of Solids Mass Balance Program 

Raw influent 

Percentage removal of 
Concentration of mixed liquor total solids Infaily In reactor (cmltslT 

41,667.000 
500,000 
400.000 

20,000.000 
0,800 

ioOO.000 
mixed jxmjl j I 2,400.000 

Percentage removal of total solids in secondary clarifier 2 ^ ' 0.985 
S.ecgn#y.s!udgem! s (CSESTS) 1 9,'oE666' 
Recycle ratio (R) j 

'msiudg^ield'(Yn) t 
0.520 

,So!,y.b!e.,substrat,eofp,ta 
Soluble sub̂ ^̂ ^ 

0,500 
150.666 

IMckened sludge^ 
10.000 

70,000.000 
Percentage removal of total solids in primary thickener (Tsrem3%^ 
Percentage reduction of volatile solids in diae^er rvsB%S" 

0.950 

Digester sludge total solids (COSTS) 
0.500 

80,000.000 
Percentage removal 0̂^̂  (fsrem4%) i g ggo 
Dev>'atered sludge total solids (Cpji^f SI 1 jim nnn nnn 
Percentage removal of total solids in devyaterer (Tsrem5%1 0.980 

Hote that the units for flows are Irtir, for concentn 

To run the Solids Mass Balance 
program: 
Input data into spreadsheet and 
press "Start Program" button 

Depends on process (conventional=0.5, high aeration=1 

See Table 1 

See Table 1 

See Table 2 
Start Program 

There are 19 values, wh ich the user mus t input at the beginning, in order for the 

program to carry out all the necessary calculations. The user m a y press the tabs 

labelled ' T A B L E 1' or ' T A B L E 2 ' to obtain approximate values for th ickened or 

dewatered s ludge total solids concentrat ions respectively, if they are not available at the 

plant. A defaul t va lue of 9 5 % of solids capture ef f ic iency is built into the program. 

Otherwise, it can be easily calculated f r o m data measured at the plant. 
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Table 1: 

Typical Solids Content Achieved Using Different (Thickening Unit Process 

# PROCESS 
::: ... . ' .'Aj 

SLUDGETYPE g Solids Content AiieTThicheniiig(M) 

GEMÔ  p 5-10 
PfA 4-7 
¥+H 5-9 
A 2-3 
H 3-6 
AD 5-8 

Ti mUifmkWhii A 8.4 
Dissolved Air Flotation PfH 4.5-5 

A 4 
PfA 7 

iNoranon; B mmsmi: 
A: Wsiste actiratedsiudgp' P: Primaiy sludge ' 
H: Humusshidgp :A; AD Anae«Aicallydiasstedsludge 1 y; 

••• ; V • •• 
: : : : ' - ' ! . : - . 

Table 2: 

Typical Solids Content Achieved Using Different (QDewatering) Unit Process 

Process . Sludge T w c ' G a t e C ^ D i y Solids) S i t^ended Solids Capture E£Bcieiu;y ( % ) 

Filter^Press P/Mixed 30-40 Not available 
AO 30 40 Not ava i l^ le 

Br iu j^Drum Vacuum Filter PfAD 19.00 94 
P t H 35.00 98 
P 27.00 95 

Vacuum Dish Filter Mixed 15.00 Not available 
Filter Belt Press (comnntioRal} KaivPfH 17.6-32.6 97-99 

Raw P+A 16.8-20.7 96-99 
Cold digested 21.1-29.1 95-98 
Heated dieested 17.9-25.7 99 
Suxplus Activated 12.6 15.9 99 

A: Waste acizvaled sludge 
H: Humus s luice 

NB: 1 % soHds= 10,080mgA 

P: Fkunaiy sludge 
AD: Anaerobkally digested sludge 
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Afte r all the va lues requi red have been entered, the user presses the "Star t P rog ram" 

but ton, th is starts the p rog ram ca lcula t ions and the O U P U T S screen immedia te ly 

appears . T h e O U T P U T S are g rouped in t e rms o f the type of f low, so for example , all 

the va lues fo r p r imary e f f luen t are g rouped together . Press ing the O K but ton shows the 

va lues fo r the nex t i teration, unti l 24 i terat ions (i.e. 24 hours ) are reached . The outputs 

m a y be v i ewed in tabula ted f o r m by press ing the " O U T - L I S T " tab at the b o t t o m of the 

screen. 

O U T P U T S 

Total Influent ] Primary Effluent ] Primary Sludge ] Mixed Liquor ] Underflow Sludge | Final Effluent | • 

Flow (q) l/hr 

41667| 

Volatile suspended 
solids (xinn) mg/l 

100 

Total suspended 
solids (tsin) mg/l 

200 

OK EXIT 
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CHAPTER FOUR 

METALS MODEL DEVELOPMENT 



4.1 Behaviour of metals in wastewater treatment 

H a v i n g cons ide red the par t i t ioning of sol ids it is nex t necessa ry to unders tand h o w the 

me ta l s t hemse lves associate wi th the sol id f rac t ion at each s tage of was tewa te r 

t rea tment . F o r the purposes of the m o d e l deve lopmen t in this pro jec t , t w o m a i n meta l 

f rac t ions are o f interest . These are: soluble meta l f rac t ion (wh ich inc ludes f r ee meta l 

ions and me ta l s complexed wi th soluble organic and inorgan ic l igands) ; and solids-

assoc ia ted f rac t ion (which includes meta l s adsorbed on to the sol id par t ic les as wel l as 

prec ip i ta ted meta ls ) . Studies on the par t i t ioning of me ta l s b e t w e e n the d i f f e ren t 

f rac t ions h a v e s h o w n that the two m a i n m e c h a n i s m s of meta l r e m o v a l from solut ion are 

prec ip i ta t ion and adsorp t ion onto the solids. K o d u k u l a et al (1994) p r o p o s e d a 

conceptua l m o d e l fo r the act ivated s ludge sys tem to def ine the dis t r ibut ion o f meta l 

be tween so luble and solid phases . Thei r m o d e l shows that as so luble meta l is added to 

a s ample o f ac t iva ted s ludge m i x e d l iquor, " the meta l is par t ia l ly adsorbed to the s ludge 

solids in acco rdance wi th the sorpt ion character is t ics of the sol ids unt i l the so luble 

meta l concen t ra t ion reaches the solubil i ty limit, gove rned by the so lub le p h a s e 

chemis t ry o f the sys tem" . A n y increase in the meta l concen t ra t ion a f t e r th is po in t 

wou ld no t cause an increase in the soluble meta l f rac t ion and w o u l d cont r ibu te to the 

sol ids-associa ted f rac t ion th rough adsorp t ion or prec ip i ta t ion . T h e behav iou r o f sol ids 

bound meta l can be s imilar ly descr ibed. Fo r each sol ids concen t ra t ion , a fixed 

propor t ion of so luble meta l is adsorbed on to the solids. This p ropor t ion , as denoted by 

the adsorp t ion coef f ic ien t , increases wi th increas ing sol ids concent ra t ion . Therefore , as 

soluble meta l is added to the sys tem, the meta l is adsorbed on to the solids, according to 

the adsorp t ion coeff ic ient , up to a poin t w h e r e the s ludge capaci ty is reached. A f t e r 

that point , the meta l stays in solut ion unti l the solubi l i ty l imit is reached, af ter which , 

the soluble meta l concentra t ion stays cons tant and any fu r the r meta l addi t ions w o u l d go 

into the sol ids phase as precipi tates . This saturat ion behav iour has a lso been no ted b y 

other researchers wi th regards to the saturat ion of act ivated s ludge sol ids u n d e r v a r y i n g 

s ludge ages (Banks 1997). The results of K o d u k u l a et al (1994) s h o w that f o r t he 

condi t ions encounte red in ful l-scale plants , adsorp t ion w a s the m a i n m e c h a n i s m o f 

meta l r emova l . K u n z and Jardim (2000) agree that adsorp t ion and c o m p l e x a t i o n ( to 

soluble l igands) act as competi t ive m e c h a n i s m s in copper spec ia t ion , and the i r w o r k 

shows that complexa t ion is the mos t impor tan t mechan i sm, i.e. the m e t a l s wi l l b e 

complexed in solut ion and will not precipi ta te . Figures 4.1 and 4 .2 s h o w this 

conceptua l behav iour of soluble and sol ids associated meta l . 
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Solubility limit 

Soluble 
Metal 
(mg/1) 

Adsorption capacity 

Metal added (mg/1) 

Figure 4.1: Conceptual model for metal sorption and precipitation mechanisms 
(1: No solids; 2: low solids; 3: high solids) (after Kodukula et al 1994) 

Solids 
bound 
metal 

(mg/kg) 

(a) Soluble Metal 

Soluble Solubility Lmut 
metal 
(mg/1) 

Adsorption capacity 

Total metal (mg/1) 

(b) Solids-associated metals 

Solubility Limit 

Adsoiption capacity 

Total metal (mg/1) 

Figure 4.2: Metal behaviour governed by adsorption capacity and solubility limits 
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In actual condi t ions , the total meta l concent ra t ion wil l not increase as shown in f igure 

4.1. Equ i l ib r ium be tween the d i f fe ren t meta l f rac t ions wil l have been reached in the 

sewer sys t em pr ior to entry into the was t ewa te r t rea tment plant . Adsorp t ion onto the 

solids and complexa t ion with the soluble l igands take p lace accord ing to the condi t ions 

that exist in the sewer sys tem. Dur ing t rea tment , the adsorbed f rac t ion is r e m o v e d f r o m 

the w a s t e w a t e r by the set t lement of solids, wh i l e r emova l o f the so luble f rac t ion dur ing 

t rea tment in the p lant results f r o m changes in fac tors that a f f ec t the solubi l i ty of the 

metal , fo r e x a m p l e the p H of the sys tem or the sol ids concent ra t ion . Th is can be s h o w n 

schemat ica l ly in f igure 4.3. 

Thus fo r each t rea tment process , the m e c h a n i s m s of adsorp t ion on to the was t ewa te r 

solids and complexa t i on wi th soluble l igands wil l f o r m the basis o f the predic t ive 

model . T h e types o f approaches avai lable for mode l l ing these m e c h a n i s m s wil l n o w be 

descr ibed, w i th r e fe rence to prev ious studies, wh ich have e m p l o y e d them. T h e re la t ive 

meri ts and l imi ta t ions of each approach will be discussed, he lp ing to select the m o s t 

sui table approach , o r combina t ion of approaches , fo r this appl ica t ion . 

' ''j. 
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4.2 Approaches to Modelling 

Severa l m o d e l l i n g a p p r o a c h e s a re ava i l ab le to desc r ibe the adso rp t i on b e h a v i o u r o f 

me ta l s : 

4.2.1 Empirical Models 

E m p i r i c a l or b l ack b o x m o d e l s are b a s e d on m a t h e m a t i c a l exp re s s ions , w h i c h h a v e 

b e e n f o r m u l a t e d t h r o u g h regress ion ana lys i s to r e a s o n a b l y r ep re sen t da t a from the 

s y s t e m b e i n g m o d e l l e d . Pa t t e r son et al (1983) e m p l o y e d w h a t m i g h t b e de sc r i bed as an 

empi r i ca l a p p r o a c h to the d e v e l o p m e n t o f their m e t a l s r e m o v a l m o d e l . A se r ies o f 4 9 

runs o n p i lo t p l an t uni t s w a s c o n d u c t e d va ry ing the in f luen t m e t a l s c o n c e n t r a t i o n and 

me ta l s c o m b i n a t i o n s . T h e data f r o m these tests w a s u s e d to find the cor re la t ion 

b e t w e e n m e t a l s r e m o v a l s and severa l p roces s pa rame te r s . E q u a t i o n s tha t bes t fit the 

e x p e r i m e n t a l da ta w e r e genera ted . T h e r eg ress ion equa t ion , w h i c h b e s t fit t he m e t a l s 

and t r e a t m e n t s t ages e x a m i n e d takes the f o r m of: 

^TM 
\^SM J 

^A*VSS + B 

where , 

CTM: c o n c e n t r a t i o n o f to ta l me ta l ; 

CSM: c o n c e n t r a t i o n o f so l id or s l u d g e - b o u n d me ta l ; 

V S S : vo la t i l e s u s p e n d e d sol ids ; 

A and B : m o d e l p a r a m e t e r s tha t w e r e c o m p u t e d b y mu l t i -va r i an t l inear r eg ress ion . 

This equa t ion w a s a r r ived at b y p lo t t i ng CSM/VSS VS. CTM f o r e a c h c o n s t a n t V S S 

concent ra t ion . T h e resu l t ing l inear g r a p h h a d the f o l l o w i n g equa t ion : 

T h e n b y p lo t t i ng m vs. V S S , the resu l t ing l inear g r a p h h a d the f o l l o w i n g equa t ion : 

1 
m = 

A * VSS+ B 

4.2.2 Equilibrium Chemical Modelling 

In this a p p r o a c h , the chemica l spec ia t ion-d is t r ibu t ion o f h e a v y m e t a l s is d e s c r i b e d 

t h rough the f o r m u l a t i o n of condi t ional adso rp t ion cons t an t s co r r e l a t i ng b o u n d m e t a l , 

f ree m e t a l a n d l igand concent ra t ions (Fr i s toe and N e l s o n , 1983) . F r o m b a s i c c h e m i c a l 

p r inc ip les , the adso rp t ion of meta l ions b y a bacter ia l s u r f a c e m a y b e c o n c e p t u a l l y 

r ep resen ted as the f o r m a t i o n of a s u r f a c e - m e t a l c o m p l e x : 
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M + S - M S , w i t h the equ i l i b r ium adso rp t i on cons t an t KA g i v e n as; 

^ 

w h e r e : 

KA,M = cond i t iona l adso rp t ion cons tan t (1/g) 

{Sm} = a d s o r b i n g su r f ace o f type m (g/1) 

[M] = f r e e m e t a l ion (mol/1) 

[MSm] = m e t a l - s u r f a c e c o m p l e x (mol/1) 

(Fr i s toe a n d N e l s o n , 1983) 

T h e to ta l bac te r i a l m a s s (ST) is the s u m o f the o c c u p i e d a n d u n o c c u p i e d si tes; 

ST = {S} + [ M S ] / y 

W h e r e y = n u m b e r o f su r f ace si tes pe r uni t m a s s o f bac te r ia ( m o l e s cha rge /g ) . 

C h e m i c a l r eac t i on m o d e l l i n g is an e x a m p l e o f this t y p e o f m o d e l l i n g . A c h e m i c a l 

reac t ion m o d e l is d e f i n e d as " the in tegra t ion of m a t h e m a t i c a l e x p r e s s i o n s de sc r i b ing 

theore t ica l c o n c e p t s a n d t h e r m o d y n a m i c re la t ionsh ips o n w h i c h t h e a q u e o u s spec ia t ion , 

ox ida t ion / r educ t i on , p rec ip i t a t ion / d i sso lu t ion and adso rp t i on / d e s o r p t i o n ca lcu la t ions 

are b a s e d " ( U S E P A 1999) . N u m e r o u s c h e m i c a l r eac t i on m o d e l s exis t . T h e 

M I N T E Q A 2 c o m p u t e r m o d e l w a s d e v e l o p e d w i t h f u n d i n g f r o m the U S E P A and is 

u sed to ca lcu la te c o m p l e x c h e m i c a l equi l ibr ia b e t w e e n d i s so lved a n d a d s o r b e d states. 

H o w e v e r , s o m e m a j o r l imi ta t ions to th is a p p r o a c h m u s t b e r ecogn i sed . T h e r e a re 

n u m e r o u s c h e m i c a l a n d b io log ica l f ac to r s tha t cou ld i n f l u e n c e the va lue o f the 

cond i t iona l adso rp t ion cons tan t . In add i t ion to p H , ion ic s t rength and ionic 

cons t i tuency of the g r o w t h m e d i u m a re impor t an t chemica l fac tors . T h e c h e m i c a l 

c o m p o s i t i o n of the wa te r and the bacter ia l cu l tu r ing cond i t ions (e.g. s ludge age , 

subs t ra te t y p e and s t rength and reac tor env i ronmen ta l cond i t ions ) a re a l so v e r y 

impor t an t ( N e l s o n et al 1981). T h e s e cons tan t s a re thus va l id on ly a t t h e p H a n d 

so lu t ion c o n d i t i o n s speci f ied . The re fo re , at bes t , t he c h e m i c a l m o d e l l i n g b a s e d o n 

equ i l i b r ium cond i t i ons m a y p rov ide es t imates o f b o u n d i n g l imi t s f o r s o m e p r o c e s s e s 

( U S E P A 1999) . 
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V u c e t a and M o r g a n (1978) examined the phys ica l -chemica l dis t r ibut ion of t race metals 

in t e rms of t w o chemica l mode l s : 

• Inorgan ic sys tems: fac tors s tudied w e r e p H , d i f fe ren t adso rb ing su r face areas. 

• Organ ic sys tems: the e f fec t of d i f fe ren t o rgan ic l igands (such as E D T A , citrate) and 

su r face areas w a s examined . 

T h e y f o u n d that the chemica l mode l l ing of the dis t r ibut ion of t race me ta l s depends on a 

var ie ty o f fac tors : the meta l be ing studied, the inorganic and organ ic l igands and the 

sur faces in the sys tem. Since in m a n y cases the concent ra t ions as wel l as identi t ies of 

organic cons t i tuents and the stabili ty constants for the meta l - l igand and me ta l su r face 

in teract ions are poor ly k n o w n , this approach m a y not be easi ly appl icable to predic t ive 

mode l l i ng of the par t i t ioning of meta ls in was tewaters . 

Thus the rel iabi l i ty of this type of mode l wil l depend on the avai labi l i ty of ex tens ive 

k n o w l e d g e of the compos i t ion and characteris t ics of a g iven was tewa te r . Fu r the rmore , 

s ince these condi t iona l stabil i ty cons tants a t tempt to ca lcula te the me ta l spec ia t ion as 

f ree me ta l ions or c o m p l e x e d fo rms , they are no t sui table fo r a p red ic t ive m o d e l , wh ich 

a ims to p red ic t the equi l ibr ia b e t w e e n soluble p h a s e meta l ( inc lud ing f r e e me ta l and 

soluble o rgan ic and inorganic meta l complexes ) and sol ids p h a s e me ta l ( inc luding 

so l ids -bound and precip i ta te meta l ) . 

4.2.3 Adsorption Isotherms 

Based on phys ico -chemica l processes , adsorp t ion i so therms are the resul t o f a suite o f 

exper iments evaluat ing the e f fec t o f con taminan t concent ra t ion on adsorpt ion ( U S E P A 

1999). T h e y describe meta l par t i t ioning (adsorbed vs. soluble) at equi l ibr ium 

condi t ions and at discrete tempera tures and p H values . I so therm m o d e l s expl ic i t ly 

cons ider the dependency of par t i t ioning on only the solut ion concent ra t ion o f the 

adsorbate . O the r solution parameters , wh ich can in f luence adsorp t ion , a re n o t 

cons idered ( U S E P A 1999). The linear adsorpt ion i so therm is d e f i n e d as fo l l ows : 

Cx = C s K p X , 

Where , C x = sol ids bound metal conc. (mg/1); 

Cs = so luble meta l conc. (mg/1); 

K p = par t i t ioning coeff ic ient and 

X = volat i le suspended solids conc. (mg/1) 
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T h e m e c h a n i s m o f adsorp t ion m a y b e represen ted graphica l ly as s h o w n in f igure 4.4. 

Cx = 
mass _ sorted 

mass sorbent 

Linear range 

Slope = partitioning coefficient (Kp) 

Soluble Concentration (Cs) 

Figure 4.4: Linear Sorption Isotherm (after Sawyer et al 1994) 

T h e condi t iona l adsorp t ion equi l ibr ium constant descr ibed p rev ious ly in sect ion 4 .2 .2 is 

equiva lent to the sorp t ion or par t i t ioning coef f ic ien t as s h o w n above . T h i s coe f f i c i en t 

is a direct m e a s u r e o f the par t i t ioning of a con taminan t b e t w e e n the sol id and a q u e o u s 

phases ( U S E P A 1999). Its m a g n i t u d e depends on the character is t ics o f the adso rben t 

and adsorba te as wel l as the p H of the solut ion, the func t iona l g r o u p s on the sol id 

surface (adsorbent ) and complexa t ion in solut ion (Grass i et al 2000) . It w a s no ted b y 

Ne l son et al (1981) that o f t en the reg ion of interest fo r adsorp t ion in was t ewa te r s falls 

in the l inear up take region . T h u s on ly the s lope of the l inear i so the rm needs to be 

de termined. T h e l inear adsorp t ion i so therm curve is a character is t ic L-curve . A s can 

be seen, the initial s lope of Cx (solute adsorbed pe r uni t m a s s o f sol id) versus Cs 

(soluble concent ra t ion of the adsorba te) is large, bu t the s lope decreases as the soluble 

concent ra t ion increases. Th is is d u e to the saturat ion o f adsorp t ion sites ( U S E P A 

1999). 
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Closer c o m p a r i s o n be tween the empir ica l equa t ion as deve loped b y Pa t te rson et al 

(1983) and the l inear adsorpt ion i so therm m o d e l , r evea led that they are very similar. 

Man ipu l a t i ng the l inear adsorpt ion i so therm: 

C , = C , 

c - c + 
^ TKA ^ r ' 

l + Kp* VSS 

\ + Kp*VSS =^*Kp*VSS 

c. ' 
1 + 

— +VSS^ Cj 
Ko V C . y 

C o m p a r i n g the resul t ing equat ion wi th the Pat terson equat ion , it is c lear that Pa t t e r son 

" B " cons tan t is equiva len t to the inverse of the adsorp t ion coe f f i c i en t K p in the 

mechanis t i c equa t ion and Pat terson " A " constant is equ iva len t to 1. 

4.2.3.1 Generic Adsorption Isotherms 

Gener ic adsorp t ion i so therms such as the Freund l ich or L a n g m u i r i so the rms resul ted 

f r o m extens ive s tudies on the adsorp t ion p h e n o m e n o n . T h e y are used to interpret data 

to de te rmine the equi l ibr ium constants that descr ibe the s ludge /meta l interact ions 

(Kasan 1993). Each of these gener ic i so therms resul ts in s igni f icant ly d i f fe rent 

funct ional relat ions. T h e best i so therm to use in a par t icular case wil l depend on wh ich 

one bes t descr ibes the data. 

The L a n g m u i r Isotherm: 

The L a n g m u i r i so therm describes s ingle- layer adsorp t ion and t akes the f o r m of: 

C . 1 ^ C , 

c, K,K, K, 
Where : 

Cs = concent ra t ion of adsorbate in solut ion (mg/1) 

Cx = concent ra t ion of adsorbate per adsorben t (mg/kg) 

Ka = m a x i m u m adsorp t ion capacity (mg/kg) 
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KL - L a n g m u i r equi l ibr ium cons tant (1/g), w h i c h gives an indica t ion of the af f in i ty of 

adsorpt ion . 

Other a s sumpt ions of the L a n g m u i r i so therm are (Kasan 1993, Dain t i th 1996): 

• T h e r e is no interact ion be tween molecu le s on d i f fe ren t si tes and each site can only 

ho ld o n e adso rbed molecule . 

• T h e hea t o f adsorp t ion does not depend on the n u m b e r o f si tes and is equa l fo r all 

sites. 

A s can be seen, these assumpt ions limit the appl icabi l i ty of the L a n g m u i r i so therm. 

Fur the rmore , s ince this i so therm was der ived for s ingle solutes adsorp t ion on 

comple te ly h o m o g e n o u s surfaces , there is doubt as to whe the r a he t e rogeneous sys tem 

such as w a s t e w a t e r can be f i t ted to it (Tsi l ipakos 1995). 

F r o m the chemica l mode l l i ng equat ions g iven in sect ion 4 .2 .2 above , a L a n g m u i r 

i so therm can b e der ived as N e l s o n et al (1981): 

[M ] _ I ^ [M ] 

UW5 1 / / j 

C o m p a r i n g this wi th the L a n g m u i r i so therm s h o w n above , then; 

Thus the L a n g m u i r adsorpt ion constant , KL, is p ropor t iona l to the reciprocal o f the 

equi l ibr ium constant for adsorpt ion (KA). S ince the L a n g m u i r equi l ibr ium cons tan t 

gives an indicat ion of the af f in i ty o f adsorpt ion, the equi l ibr ium adsorp t ion cons tan t s 

m a y be u sed to compare the relative adsorpt ion aff ini t ies fo r d i f f e ren t me ta l s , so l ids 

concent ra t ions and values of pH. 

The B R T CBraunauer. F.mmett and Teller') i so therm 

The B E T i so therm is based on the L a n g m u i r i sotherm but it t akes in to a c c o u n t mul t i -

layer adsorpt ion . It assumes that a n u m b e r of layers accumula t e at the su r f ace and that 

the L a n g m u i r i so therm applies to each layer (Sawyer et al 1994). 
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T h e Freund l i ch i so therm 

T h e Freund l i ch i so therm m o d e l is de f ined as: 

C.=K^. 

W h e r e : 

KF = F reund l i ch adsorp t ion constant 

N = empi r ica l cons tant 

A l t h o u g h the Freund l ich m o d e l cons iders he t e rogeneous adso rp t ion su r faces and the 

possibi l i ty o f mul t i - layer adsorpt ion, it does not account for finite adsorp t ion capaci ty . 

The Red l i ch -Pe te r son I so therm 

T h e Red l i ch -Pe te r son i so therm is a m o r e recent deve lopmen t t han the above iso therms. 

It incorpora tes s o m e re f inement s , w h i c h m a k e it bet ter than the o ther i so therms. 

H o w e v e r , e v e n t h o u g h it has been f o u n d to bet ter fi t exper imenta l da ta (Ar to la et al 

2000) , it has scarce ly been appl ied in the mode l l ing of was t ewa te r adso rp t ion sys tems . 

It takes the f o r m of: 

C 

Where : 

b = adsorp t ion ene rgy re la ted cons tant 

B = empir ica l pa rame te r 

The m a i n l imita t ion for use o f i so therm m o d e l s in a pred ic t ive m o d e l fo r adsorpt ion is 

the fact that the equi l ibr ium cons tant or adsorp t ion coef f ic ien t der ived us ing this 

me thod is on ly valid for the set o f env i ronmenta l condi t ions unde r wh ich it w a s 

derived. Fu r the rmore the applicabil i ty o f the gener ic i so therms is dependen t on their 

assumpt ions . 

4.2.4 Mechanistic Models 

Mechanis t i c m o d e l s describe the actual or be l ieved phys ica l or chemica l b e h a v i o u r in 

terms of ma thema t i ca l equations employ ing exper imenta l ly de r ived coe f f i c i en t s . T h e y 

explici t ly a c c o m m o d a t e for the dependency of the adsorpt ion/ par t i t ion coe f f i c i en t 

va lues on con taminan t concentrat ion, compe t ing ion concent ra t ion , va r i ab le sur face 

charge on the adsorben t and solute species distr ibution ( U S E ? A 1999). T h u s the use 
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of mechan i s t i c m o d e l s renders the pred ic t ive m o d e l s m o r e robus t and scient if ical ly 

defens ib le . 

T h e T O X C H E M + compute r mode l , deve loped in 1991 by Enviromega Ltd. (Canada) , 

is descr ibed as be ing an example of this type of mode l l i ng approach . It predic ts the fate 

of organic chemica l s and meta ls in was t ewa te r col lec t ion and t r ea tment sys t ems at 

s teady state (Monte i th et al 1993). Based on m a s s ba l ance ca lcula t ions and r emova l s 

th rough prec ip i ta t ion and sorpt ion onto set t leable solids, the m o d e l pred ic t s the meta l 

concent ra t ions in p r imary s ludge, re turn act ivated s ludge, w a s t e ac t iva ted s ludge and 

secondary sett ler e f f luent . Ba tch exper iments were used to ob ta in va lues fo r the 

adsorp t ion coef f i c ien t and solubili ty l imit of each meta l . In deve lop ing the m o d e l 

equat ions , the fo l lowing bas ic assumpt ions were made : 

1. T h e sys t em is a lways at equi l ibr ium wi th regard to sorpt ion and desorpt ion; 

2. Sorp t ion fo l lows a l inear i sotherm; 

3. Prec ip i ta t ion and dissolut ion are s imul taneous 

4. Prec ip i ta ted me ta l s are integrated into the b iomass and are r e m o v e d at the s a m e 

e f f i c i ency as the bu lk sol ids in the p r imary and s econda ry sett lers. 

The equa t ions e m p l o y e d in the T O X C H E M + m o d e l are as fo l lows : 

CT = Cs + C x 

Cx = Cp + K p X C s 

where CT = total meta l concent ra t ion (mg/1); Cs = so luble meta l concent ra t ion (mg/1); 

Cx = sol ids phase concentra t ion (mg/1); Cp = precipi ta ted meta l concentra t ion (mg/1); 

Kp = l inear sorpt ion coef f ic ien t (1/mg); X = volat i le suspended sol ids concentra t ion 

(mg/1). 

The soluble , sorbed and precipi ta ted f rac t ions o f a meta l are calculated by the f o l l o w i n g 

expression: 

C . c = 
test 

T,o 

(\ + K,,X„) 

where CT,O = inf luent total metal concentrat ion; Kp,i = p r imary c lar i f ie r so rp t ion 

coef f ic ien t and; Xo = influent volatile suspended solids ( V S S ) concen t ra t ion ; 

• If Ctest is less than or equal to the solubil i ty limit in the m o d e l ' s da t abase for the 

meta l in p r imary eff luent (Csoi,i), the inf luent soluble me ta l concen t r a t ion Cs,o is 

equal to Ctest and the precipitate concent ra t ion , Cp,o is zero . 
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• If Ctest is grea ter than the solubil i ty limit, the so luble concent ra t ion Cg o equals the 

solubi l i ty l imit and the precipi ta te concent ra t ion is g iven by; 

T h e ma thema t i ca l equat ions are b o u n d b y the fo l l owing a s sumpt ions : 

1. B i o m a s s concent ra t ion is constant dur ing the exper imen ta l run ; 

2. In f luen t concent ra t ion is constant dur ing each s tep interval ; 

3. Sorp t ion fo l lows a l inear i sotherm; 

4. Sorp t ion and desorpt ion are at equi l ibr ium in the sys tem; 

5. T h e aera t ion tank is a comple te ly mixed reactor . 

Thus , it can be seen that the ma in equat ion employed in this m o d e l is the l inear 

i so therm m o d e l and the exper imenta l ly der ived adsorp t ion coef f i c ien t s and solubi l i ty 

l imits used are based on one set of env i ronmenta l condi t ions . T h u s it does no t 

a c c o m m o d a t e for the dependency of the part i t ion coef f i c ien t on the fac to r s that 

in f luence it. Fu r the rmore , it is clear that the m o d e l does no t t ake into accoun t the 

saturat ion of adsorp t ion sites. T h e adsorpt ion coef f i c ien t a s s igned to e ach t r ea tment 

process s tays val id regard less o f the loading of inf luent meta ls . Th i s is a ser ious 

l imitat ion of this mode l , s ince m a n y researchers have f o u n d that s ludge has a f ixed 

capaci ty fo r the up take of h e a v y me ta l s (Ross in et al 1982, B a n k s 1997). 
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4.2.5 Most Suitable Approach 

A s can be seen, the use and general appl icabi l i ty o f s o m e of these t echn iques to achieve 

the ob jec t ives of the current research are l imited for several reasons . T h e l inear 

adsorp t ion i so therm mode l descr ibes the f u n d a m e n t a l adsorp t ion p rocess at w o r k in 

was t ewa te r t r ea tment and can thus he lp to predic t the d is t r ibut ion of h e a v y meta l s 

dur ing w a s t e w a t e r t rea tment us ing adsorpt ion/par t i t ioning coef f ic ien ts . H o w e v e r , its 

m a i n l imi ta t ion s tems f r o m the fact that the adsorp t ion /par t i t ion ing coe f f i c i en t is only 

valid fo r the par t icular adsorbate , adsorbent and env i ronmenta l cond i t ions in w h i c h it 

was der ived . T h u s it does not address the sensi t ivi ty to chang ing condi t ions . A n 

i m p r o v e m e n t on this m o d e l will involve the use of empir ica l ly der ived re la t ionships 

be tween the adsorp t ion / par t i t ioning coef f ic ien t and var ious in f luenc ing aqueous and 

solid p h a s e pa ramete r s . These relat ionships w o u l d be der ived f r o m the resul ts of a 

suite o f expe r imen t s carr ied out at vary ing concentra t ions of adsorba te and adsorben t as 

wel l as d i f fe ren t p H values . This technique m a y also be ex tended to de te rmine the 

corre la t ions b e t w e e n the adsorpt ion capaci ty , as der ived us ing a gener ic adsorp t ion 

isotherm, and the pa rame te r s varied. 

Hence , the m o s t sui table app roach for the pu rpose of this research is a combina t ion of 

the approaches descr ibed above . The adsorp t ion i so therm app roach to mode l l i ng 

describes the c o m p l e x phys ico -chemica l and b io logica l m e c h a n i s m s that a re k n o w n to 

be at w o r k wi th in the process o f s ewage t rea tment , us ing equa t ions to m i m i c the 

observed react ions. T h e mechanis t i c approach a l lows these m e c h a n i s m s to be 

model led for a range of in f luenc ing factors . 

4.3 Final Model 

4.3.1 Model Assumptions 

• S teady state condit ions, in t e rms of inf luent f l ow rates and sol ids concent ra t ions . 

• Me ta l s r emova l is proport ional to solids r emova l due to se t t l ement o f sol ids 

associa ted meta ls . 

• Sorp t ion fo l l ows a linear isotherm 

• Adso rp t i on capaci ty can be descr ibed us ing a L a n g m u i r i so the rm. 

• Me ta l s are in equi l ibr ium with respect to their d i f fe ren t f r ac t ions p r io r to enter ing 

the plant . 
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• Adso rp t i on takes p re fe rence over precipi ta t ion as long as there are f ree adsorpt ion 

sites. 

4.3.2 Model Equations 

T h e m o d e l deals wi th one unit p rocess at a t ime. T h e equa t ions u sed to calcula te the 

me ta l s concent ra t ions in soluble and sol ids b o u n d f rac t ions fo r each uni t p roces s are the 

same; the on ly var ia t ions are the va lues o f the coef f ic ien ts . T h e m o d e l coef f i c ien t s are 

the solubi l i ty l imit o f the metal , the adsorpt ion/ par t i t ion ing coe f f i c i en t and the 

adsorp t ion capaci ty . 

F r o m the l inear adsorpt ion mode l , and a s suming n o precipi ta t ion, the sol ids b o u n d 

meta l can be ca lcula ted by; 

C , = 

_ Cj.KpX 

' l + KpX 

A flowchart showing the equations and the logic used in the calculations (for raw 

sewage) is shown in Figure 4.5. 

92 



mxinn <Kal ? 

msinn < soil ? msinn < soli ? 

YES NO 

YES 

NO YES 

NO 

mpinn = 0 

mpinn - 0 

msinn = soli 
mpinn =minn-msinn-mxinn 

msinn = sol 1 
mpinn =minn-msinn-mxinn 

msinn = minn-((mxinn*tsin)/10'^6 mxinn = Kal 
msinn = minn - ffmxinn*tsinV 10^61 

mxinn -
min n * Kp\ * xinn 

1 + Kp\ * xinn 

Figure 4.5: Flow Chart of Model Calculations for Metals in Raw Sewage 

Notes: 

mx = solids bound metal; ms = soluble metal; mp = precipitated metal 

Kp = adsorption coefficient; Ka = adsorption capacity; sol = solubility limit 

X = volatile suspended solids 

The m o d e l tests fo r both mechanisms for meta l r emova l f r o m solut ion: p rec ip i t a t ion 

and adsorpt ion . Start ing with the total meta l concentra t ion in t he in f luen t , the m o d e l 

calculates the sol ids bound metal concentra t ion , us ing the adsorp t ion coe f f i c i en t 

de te rmined for that process stream. If the calculated va lue o f the sol ids b o u n d meta l is 

less than the va lue for the adsorpt ion capaci ty input in the m o d e l da tabase , then the 
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soluble meta l concent ra t ion m a y be calculated. Otherwise , the sol ids b o u n d 

concent ra t ion wil l be taken to be equal to the adsorp t ion capac i ty value . In calculat ing 

the so luble meta l concentra t ion, a test is carr ied out fo r precipi ta t ion. If the calculated 

so luble me ta l concent ra t ion is greater than the solubi l i ty l imit g iven in the mode l 

da tabase , the soluble meta l m a y be t aken to be equal to the solubi l i ty l imit va lue and 

the excess a t t r ibuted to precipi ta ted meta l . D u r i n g sed imenta t ion , r e m o v a l o f meta l s 

m a y take p l ace th rough adsorpt ion of so luble meta l spec ies on to the sol ids and the 

subsequen t se t t lement o f the solids. T h e extent o f this adsorp t ion is ca lcu la ted us ing 

the adsorp t ion coef f i c ien t o f the ef f luent . T h e e f f i c i ency o f r e m o v a l o f sol ids b o u n d 

meta l f rac t ions is a s s u m e d to be the s a m e as the e f f i c i ency o f sol ids r emova l . 

T h e comple t e set o f m o d e l equat ions is g iven in A p p e n d i x B. 

4.3.3 Model Coefficients 

It is impor tan t to no te that the coef f ic ien ts and cons tants e m p l o y e d in th is m o d e l are 

condi t ional , s ince their va lue is dependen t on opera t ional condi t ions , such as p H , ionic 

strength, concen t ra t ion of complex ing organic and inorganic l igands a n d concent ra t ion 

of o ther c o m p e t i n g su r faces (Ne lson et al 1981). In the ba tch expe r imen t s carr ied out 

in this research , ident i f ica t ion of the corre la t ions b e t w e e n s o m e o f these impor tan t 

factors wi l l be a t tempted . T h e exper imenta l p rocedu re u s e d to cal ibra te the m o d e l will 

be fu l ly descr ibed in Chap te r 5. 

4.3.3.1 Solubility Limits: 

In solut ion, the meta ls m a y exist as f r ee meta l ions or as organic and inorganic 

complexes . Precipi ta t ion of meta ls wil l occur w h e n the so luble meta l concent ra t ion 

exceeds the solubil i ty limit. T h e meta l s m a y precipi ta te as hydroxides , carbonates , 

phospha tes , sulphates or sulphides. In addi t ion to the m a n y organic c o m p l e x i n g 

l igands that m a y b ind metals in solution, K u n z and Ja rd im (2000) f o u n d that i no rgan ic 

species such as carbonate and bicarbonate m a y also f o r m soluble metal c o m p l e x e s . 

Solubil i ty p roduc t constants, which are used to relate the solubi l i ty o f the metal 

complexes , can b e f o u n d in most chemis t ry textbooks . H o w e v e r , the re a re cons ide rab le 

var iat ions in the f igures quoted f r o m d i f fe ren t sources. S t u m m and M o r g a n (1996) 

outl ine the var ious reasons for these d iscrepancies : 
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1. " T h e fo rma t ion of a spar ingly soluble phase and its equi l ib r ium wi th the solution is 

a m o r e compl ica ted process than equi l ibra t ion reac t ions in a h o m o g e n o u s solution; 

2. T h e compos i t ion and propert ies , that is, the react ivi ty, o f the sol ids vary f r o m 

d i f fe ren t modi f i ca t ions (disordered) f o r m s of the s a m e modi f i ca t ions ; 

3. Spec ies in f luenc ing the solubil i ty equi l ib r ium (e.g. spec ies f o r m e d b y hydrolys is , 

ion-pai r or c o m p l e x format ion) have been ove r looked in de f in ing the solubi l i ty 

p roduc t . " 

Also , each solubi l i ty p roduc t relates to one s ingle meta l species . It can rare ly be 

a s sumed that the solid phase is of a s ingle species, or even of a cons is tent compos i t ion . 

A n o t h e r l imi ta t ion on the theoret ical solubil i ty cons tants is the fo rma t ion of meta l 

complexes wi th so luble l igands, wh ich m a y inhibit meta l precipi ta t ion. Also , co-

prec ip i ta t ion or adsorp t ion of meta ls wi th other precipi ta tes or suspended sol ids m a y 

result in res idual meta l concent ra t ion less than the theoret ical p red ic ted va lues . Thus , 

due to the var iab le and c o m p l e x nature of was tewate r s and the l imi ta t ions on the use of 

theoret ical solubi l i ty constants , their direct appl icat ion m a y no t be appropr ia te . 

A c c o r d i n g to E i lbeck and M a t t o c k (1987) , " the m o s t that can b e said fo r h y d r o x i d e 

solubil i ty p roduc t data (and to s o m e extent those of ox ides as wel l ) is that they g ive a 

semi-quanta t ive indicat ion as to the level of meta l ion concen t ra t ions that m a y apply in 

given p H cond i t ions . " 

In t e rms of the predic t ive m o d e l be ing deve loped in this pro jec t , solubi l i ty l imits are 

needed to calculate the soluble meta l concentra t ion and predic t the meta l removal due 

to precipi ta t ion. D u e to inherent l imitat ions on their appl ica t ion to was tewaters , 

theoret ical solubil i ty products , wh ich migh t o therwise be used to der ive solubil i ty 

limits are no t appropriate . Thus ba tch tests exper iments , wh ich test the e f fec t o f re la ted 

factors, such as T S S (total suspended solids), V S S (volat i le suspended sol ids) , S O C 

(soluble o rgan ic carbon) and p H on the solubil i ty l imits in d i f fe ren t p r o c e s s l iquids , 

p rove to be the m o s t useful . 

4.3.3.2 Adsorption Coefficients 

Sect ion 4 .2 above stressed the fact that the va lue of the adsorp t ion coe f f i c i en t is 

dependen t on the condi t ions under w h i c h it was derived. Addi t iona l ly , deve lop ing 

re la t ionships b e t w e e n the values of the adsorpt ion coef f ic ien t and the fac tors that a f fec t 
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it wi l l increase the rel iabil i ty o f this m e t h o d fo r p red ic t ing the dis t r ibut ion of meta ls in 

was tewate r s . H o w e v e r , it was no ted that the exper imenta l p rocedu re e m p l o y e d in 

de te rmin ing the adsorpt ion/ par t i t ioning coe f f i c i en t va r ied in the l i terature; ba tch tests, 

p i lo t p lan t tests o r f ie ld tests were used . Mon te i t h et al (1993) a t t empted to der ive the 

coef f i c ien t s u s ing ba tch tests and pi lot p lan t exper iments . T h e resul ts s h o w that there 

are s igni f icant d i f fe rences be tween the va lues o f the coef f i c ien t s de r ived us ing the 

d i f fe ren t me thods . A s the pilot p lant -der ived va lues w e r e ve r i f i ed agains t field data, 

this cou ld m e a n that the ba tch tests are not as re l iable as pi lo t p lan t tests and 

consequen t ly u s ing field data w o u l d be even m o r e rel iable. 

The w o r k b y Pa rke r et al (1994) w a s a cont inuat ion of the s tudies conduc t ed b y 

Mon te i t h et al (1993) . T h e y exper imenta l ly-der ived par t i t ioning coef f i c ien t s fo r input 

into their m o d e l . Bu t w h e n the field ver i f ica t ion was carr ied out , m a n y of the observed 

values w e r e s igni f icant ly d i f fe ren t f r o m the predic ted ones. T h e resul ts o f their s tudy 

sugges ts that the m o d e l should be cal ibrated fo r each meta l at a g iven w a s t e w a t e r 

t rea tment p lant . T h e y sugges ted that cal ibrat ion should b e p e r f o r m e d b y regress ion of 

the m o d e l p red ic t ions agains t da ta measu red at the p lan t inf luent , the p r i m a r y c lar i f ier 

e f f luen t and the final c lar i f ier e f f luen t . 

A n al ternat ive to ca l ibra t ing the m o d e l at each p lan t u s ing field da ta w o u l d be to obtain 

suf f ic ient field data to enab le regress ion analys is to be carr ied out corre la t ing the 

d i f ferent meta l f rac t ions and fac tors a f f ec t ing meta l par t i t ioning. This in turn would 

require var ia t ions in the meta l concent ra t ions to a l low a regress ion analysis to be 

conducted . H o w e v e r , field data col lected at Mi l lb rook was tewa te r t rea tment p lant in 

Ju ly-Augus t 1999 indicated that the concent ra t ions o f the meta l s be ing s tudied are ve ry 

low. T h e r e f o r e it wou ld be too di f f icul t to obtain data suf f ic ient to p e r f o r m regress ion 

analysis . H o w e v e r , the results o f W a n g et al (1999) indicated that s ludge ac t iv i ty and 

aerat ion condi t ion , wh ich are the m o s t impor tan t fac tors in f luenc ing o rgan ic ma t t e r 

degradat ion in was tewate r t reatment processes , do no t s ign i f ican t ly a f f e c t m e t a l u p t a k e 

under the exper imenta l condit ions used in their s tudy. T h e y c o n c l u d e d tha t it is 

poss ib le to de t e rmine metal uptake character is t ics us ing ba tch m e t a l u p t a k e 

exper iments in the laboratory and that resul ts f r o m batch e x p e r i m e n t s c a n b e readi ly 

appl ied to was t ewa te r treatment p rocesses in the field. 
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4.4 Computer Program and User-Interface 

Bui ld ing on f r o m the Sol ids M a s s Ba lance p r o g r a m deve loped us ing the Visual Bas ic 

edi tor in M i c r o s o f t ™ Exce l 97, a p r o g r a m w a s compi l ed for the meta ls predic t ive 

mode l . It cons is t s o f a u se r fo rm for input o f the requi red data, m o d u l e s for calculat ing 

the par t i t ioning of meta l s in the p lan t and ou tpu t f o r m s fo r p resen ta t ion of the 

calculated values . The full code for the p rog ram is g iven in A p p e n d i x B. In addi t ion a 

trial run - th rough of the m o d e l calculat ions can f o u n d in A p p e n d i x E. 

A start page in t roduces the p rogram: 

START 

Prediction of Heavy Metals Partitioning in Wastewater Treatment Plants 

University 
of Southampton 

^ "W. 

START 
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A f t e r p r e s s i n g t h e " S T A R T " b u t t o n , t h e u s e r i s a s k e d t o s e l e c t t h e m e t a l t o b e 

m o d e l l e d . I n t h i s c a s e , t h e o n l y m e t a l s t h a t c a n b e m o d e l l e d a r e Z n a n d C u . 

Metal Selection 

Please choose the heavy metal of Interest 

rizinc r Copper 

A u s e r f o r m f a c i l i t a t e s t h e i n p u t o f d a t a r e q u i r e d a t t h e s t a r t o f t h e p r o g r a m . E a c h t a b 

r e p r e s e n t s a m a i n t r e a t m e n t p r o c e s s . T h e i n p u t s n e e d e d a t t h e s t a r t a r e : 

I. Raw influent f low (1/hr) 

3. Raw influent volatile solids (mg/1) 

5. Raw Sewage pH 

7. Efficiency o f solids removal during primaiy 

sedimentation (0-1) 

9. Soluble substrate o f primaiy effluent (mg/1) 

II . Mixed liquor volatile solids initially in reactor 

(mg/1) 

13. Net sludge yield 

15. Efficiency o f solids removal in secondary 

sedimentation (0-1) 

17. Soluble substrate o f final effluent (mg/1) 

2. Raw influent total solids (mg/1) 

4. Raw influent metal concentration (mg/1) 

6. Primary sludge total solids (mg/1) 

8. Primary Effluent pH 

10. Mixed liquor total solids initially in the 

reactor (mg/1) 

12. Mixed liquor pH 

14. Recycle ratio 

16. Secondary sludge total solids (mg/1) 

18. Final effluent pH 
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Inputs Zn 

Inputs I Raw Sewage I Primary Treatmentl^rat ion | Secondary Sedimentation 

Please enter values for the following parameters: 

Please note that the unit for flows is Vhr 

and for solids and metals concentrations mg/l 

Inputs Zn 

LlnpuiiJ Raw Sewage ] Primary Treatment {[Aeration f Secondary Sedimentation 

Raw sewage flow 

Raw sewage total solids 

Raw sewage volatile solids 

Raw sewage metal concentration 

Raw sewage pH 
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T w o m o d u l e s , o n e fo r each meta l , a re c o m p i l e d to ca lcu la te the par t i t ion ing o f the 

m e t a l s in to so lub le , so rbed a n d p rec ip i t a t ed f r ac t i ons du r ing w a s t e w a t e r t r ea tmen t us ing 

the m o d e l e q u a t i o n s d e v e l o p e d in sec t ion 4 .3 .2 above . F o r t h e ca lcu la t ion o f the m o d e l 

coe f f i c i en t s , co r re la t ion equa t ions , r e la t ing t h e a d s o r p t i o n coe f f i c i en t ( K p ) and the p H 

and tota l so l ids concen t ra t ion ; so lubi l i ty l imi t (sol) a n d p H ; a n d a d s o r p t i o n capac i ty 

(Ka) a re r e q u i r e d a n d wi l l be de r ived from the e x p e r i m e n t s car r ied ou t as pa r t o f the 

m o d e l ca l ib ra t ion in chap te r 5. 

T h e ca lcu la t ed v a l u e s fo r bo th the par t i t ion ing o f so l ids a n d m e t a l s a re p r e sen t ed on 

ou tpu t f o r m s , w h e r e each t ab represen t s a p r o c e s s s t r eam ( r a w sewage , p r i m a r y 

e f f luen t , p r i m a r y s ludge , m i x e d l iquor , final e f f luen t , s econda ry s ludge , w a s t a g e s ludge 

and r ecyc l ed s ludge) . 

Zn Outputs 

Total Influent | Primary Effluent | Primary Sludge j Mixed Liquor | Secondary Sludge | Final Effluent | Wastage Sludge ] <1 > 

Flow (l/hr) 

Volatile suspended 
solids (mgyi) 

Total suspended 
solids (mgyi) 

41667[ 

400 

500 

OK 

Tot:ai Metal (mg/l) 

Solids Bound Metal 
(mg/kg) 

Soluble Metal (mg/l) 

Precipitated Metal 
(mg/l) 

750 

0.41438 

0.21062000 

EXIT 
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4.5 Comparison with state of the art model 

The m o s t recent m o d e l deve loped to predic t the fa te and t ranspor t of heavy meta ls in 

was t ewa te r t rea tment w a s deve loped by a research t e a m at the Univers i ty o f De laware , 

U S A ( H u a n g et al 2000) . The i r invest igat ions adopted a "mu l t i -p ronged a p p r o a c h " by 

carrying out bo th labora tory exper imen t s and field s tudies . 

The ob jec t ive of the initial field studies, carr ied out at f ou r w a s t e w a t e r t rea tment plants , 

was to charac ter i se the was tewa te r chemis t ry (pH, alkal ini ty, m a j o r ca t ions and anions) 

and to de t e rmine the character is t ics o f the d issolved organ ic ma t t e r ( D O M ) and the 

s ludge par t icula tes . T h e conclus ions of these s tudies state that w a s t e w a t e r samples 

conta in ing less than 5 g/1 suspended solids have s imi lar character is t ics , i ndependen t o f 

sampl ing type , date or location. T h e y also stated that these pa ramete r s , w i th the 

except ion of p H , w e r e l inearly correlated to the concent ra t ion of su spended solids. 

Thei r resul ts a lso s h o w e d no correlat ion be tween the w a s t e w a t e r character is t ics and 

heavy meta l dis t r ibut ion. Yet , they do no t give any explana t ions fo r their findings nor 

do they g ive i n fo rma t ion on the type of was tewa te r t reated at the t r ea tment p lan t s that 

they invest igated. Cons ide rab le var ia t ion in the compos i t i on of r a w s e w a g e in t e rms of 

silt content , and concent ra t ions o f organic and inorganic l igands w o u l d be expec ted , 

especial ly if industr ia l was tewa te r s are also t reated at the w a s t e w a t e r t r ea tment plant . 

Fur the rmore the corre la t ions b e t w e e n the was t ewa te r pa rame te r s and the suspended 

solids concent ra t ions w e r e no t very convinc ing , as there w a s cons ide rab le scat ter on the 

plots p roduced . 

The nex t s tage o f the s tudy covered the equi l ibr ium aspects o f meta l interact ion wi th 

sludge par t iculates . A genera l m o d e l equat ion, based on chemica l s tabil i ty constants 

was deve loped . This took the f o r m of: 
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R = 

MD 

1 + 

1 + a „ K s + - L j . ) - \ Y + 4 a ^ K ^ M j ^ 

1 - 1 

2ar,A:^ 

a^K^r SS ~Lj.)-l + ̂ |[a^K^(Mjj - ) -1]^ + 4a^K^ MD 

Where , 

R = pe rcen t age of meta l up take ; 

MD = total d i s so lved me ta l concentra t ion; 

aH = KH/([H^]+KH); 

KH = acidi ty cons tan t o f su r face site = ([H^] {SO '} ) /{SOH}; 

S O ' = depro tona ted su r face site; 

S O H = p ro tona ted su r f ace site; 

aa = Ka/([H^]+Ka); 

Ka = acidi ty cons tan t o f D O M = ([H'^][L"])/[HL]; 

L" = depro toan ted ac id site in D O M ; 

H L = p ro tona ted ac id site in D O M ; 

Ks = stabil i ty cons tan t o f me ta l - s ludge c o m p l e x = {SOM^}/([M^^] {SO'}) ; 

M "̂̂  = f ree meta l ion; 

SOM^ = me ta l - su r f ace site complex ; 

KL = stabil i ty cons tant o f m e t a l - D O M c o m p l e x = [ML^]/([M^^][L'] ; 

ML^ = m e t a l - D O M c o m p l e x 

LT = total d isso lved l igands; 

Ftn = m a x i m u m adsorp t ion densi ty . 

Note: [ ] deno tes moles/ l i t re ; { } denotes grams/ l i t re 
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In addi t ion, s impl i f i ed m o d e l equat ions were also deve loped fo r special cases , fo r 

example , w h e r e meta l b ind ing sites in the D O M is m u c h lower than that in the s ludge 

par t icula tes or if the meta l loading is outs ide the l inear adsorp t ion range or l inear meta l -

D O M complexa t ion range. H o w e v e r , it is c lear that this m o d e l does no t take into 

account r e m o v a l of meta ls through precipi ta t ion. 

Batch expe r imen t s were p e r f o r m e d under var ious suspended sol ids and p H condi t ions , 

us ing a con t inuous ly m i x e d cont inuous f l o w reactor . T h e da ta ob ta ined w a s p lo t ted as 

graphs o f p H vs. me ta l up take (%) and w a s fit us ing the genera l and s impl i f i ed m o d e l s 

to enable the stabil i ty constants to be de te rmined . T h e researchers m a d e an a s sumpt ion 

that the C O D concent ra t ion is a func t ion of pH . Consequen t ly the t e rm rela ted to C O D 

concent ra t ion in the genera l equat ion w a s rep laced by an empir ica l ly -der ived 

re la t ionship b e t w e e n the two parameters . Whi l e it is agreed that the C O D 

concent ra t ion m a y be in f luenced by pH , due to the d issolut ion of o rgan ic mat te r at 

a lkal ine p H values , it is ques t ionable that the concent ra t ion of C O D is ent i re ly 

dependen t on the p H . 

It was f o u n d that the resul ts o f the ba tch exper imen t s carr ied out on s ludge samples 

col lected f r o m d i f fe ren t was t ewa te r t rea tment p lants y ie lded s imi lar va lues fo r the 

stability constants . Ye t it w a s obse rved that these expe r imen t s w e r e no t conduc ted 

under the s a m e suspended sol ids or meta l added concent ra t ions . 

They conc luded that meta l type is the mos t impor tan t fac tor de te rmin ing the magn i tude 

of the stabil i ty constants and that the s ludge type, locat ion and sampl ing t ime are 

relat ively un impor tan t . Fur thermore , they state that s ince p H field condi t ions are rarely 

above p H 8.0, the d issolved organic mat te r e f fec t on meta l up take can be neg lec ted and 

the genera l ised Ks stabili ty constant der ived as par t o f their s tudy can be app l i ed to the 

field. This stabili ty constant is used for all was tewa te r t rea tment p rocesses . 

As can be seen, the complex fo rm of the general m o d e l or ig inal ly d e v e l o p e d b y this 

study ( H u a n g et al 2000) has been great ly d imin ished by the use o f w i d e - r a n g i n g 

general isat ions. Moreove r , the authors do not p rov ide any d i scuss ion of the l imita t ions 

of the mode l . There fo re , it can be conc luded that this m o d e l is o f l imi ted use in 
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pract ice . It rel ies on the use of a s ingle stabil i ty constant , w h i c h w a s der ived and tested 

unde r l imited condi t ions and us ing unsubs tan t ia ted assumpt ions . 

was The app roach ut i l ised in deve lop ing the me ta l s fa te m o d e l in this Ph .D . p ro jec t 

based on a f u n d a m e n t a l unders tand ing of the phys i co -chemica l p roces se s in f luenc ing 

meta l r e m o v a l t h rough adsorpt ion and precipi ta t ion reac t ions . It a lso p rov ides a 

pract ical m e a n s o f cal ibrat ing the m o d e l to p r o d u c e accura te p red ic t ions f o r the fa te o f 

heavy me ta l s in was t ewa te r t rea tment sys tems. 
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CHAPTER FIVE 

MODEL CALIBRATION 



5.1 Preparations for experiments and analysis 

5.1.1 Preparation of Glassware and Standards 

Exper imen ta l des ign and chemica l ana lyses w e r e carr ied out acco rd ing to Standard 

M e t h o d s ( A P H A et al 1995) and took into accoun t the r e c o m m e n d a t i o n s o f H u n t and 

Wi l son (1986) . Al l appara tus used (f lasks, vials , tests tubes , p ipe t te t ips, etc.) w a s 

soaked in 10% nitr ic acid and subsequent ly r insed wi th pu r i f i ed w a t e r b e f o r e use . 

Wa te r fo r the final r ins ing of g lassware w a s p rov ided us ing the E l i x ® W a t e r 

Pur i f ica t ion sys t em (Mil l ipore Corpora t ion , M A , U S A ) wh i l e the h igh pur i ty wa te r 

used in the p repara t ion of b lanks and other s tandard solut ions w a s ob ta ined f r o m a 

M i l l i - Q ® Ul t ra Pu re W a t e r sys tem (Mil l ipore Corpora t ion , M A , U S A ) . M e t a l 

solut ions w e r e p repa red as s tock solut ions o f 1000 mg/1 in vo lumet r i c f l asks us ing 

Ana la r g rade su lpha te salts ( B D H Ltd. , Poole , Eng land) and ac id i f ied to less than p H 2 

wi th HNO3 to ma in t a in the stabili ty o f the meta ls . T h e test vesse ls w e r e e i ther m a d e of 

borosi l icate g lass (solubi l i ty tests) or po lye thy lene or p o l y p r o p y l e n e (adsorp t ion tests) , 

as r e c o m m e n d e d in S tandard M e t h o d s ( A P H A et al 1995). 

5.1.2 Collection and Storage of Samples 

Samples o f w a s t e w a t e r o r s ludge w e r e obta ined f r o m M i l l b r o o k W a s t e w a t e r Trea tmen t 

Plant ( W W T P ) or P o r t s w o o d W W T P , bo th in Sou thampton , on the day of the 

exper iment . T h e was t ewa te r samples w e r e ob ta ined b y i m m e r s i n g the s a m p l e 

collection con ta iner at the sampl ing po in t and r ins ing the s a m p l e con ta iner wi th the 

sample b e f o r e be ing filled. T h e col lec ted samples w e r e s tored at 4 ° C unti l the 

c o m m e n c e m e n t o f the exper iment . Samples o f ac t iva ted s ludge were also aerated until 

the start o f the exper iment . 

Af te r the deve lopmen t of a sui table m e t h o d o l o g y fo r the solubi l i ty l imit and adsorp t ion 

exper iments , the samples were subsequent ly only col lec ted f r o m P o r t s w o o d W W T P . 

These w e r e subd iv ided into aliquots fo r each exper iment and firozen unt i l n e e d e d . T h i s 

p rocedure m i n i m i s e d any variabili ty in the compos i t ion o f the s a m p l e s u s e d f o r 

exper imenta t ion . 
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5.1.3 Routine Analyses 

Total S u s p e n d e d Sol ids TTSSV 

A s pe r S tandard M e t h o d s ( A P H A et al 1995), T S S concen t ra t ions w e r e de te rmined by 

f i l ter ing a 100ml h o m o g e n i s e d sample th rough a p re -dr ied a n d p r e - w e i g h e d 

W h a t m a n ™ G F / C filter. A f t e r filtration, the filter w a s p l aced in an o v e n ( E L E 

Internat ional Ltd. , Eng land) set at 105°C unti l cons tan t w e i g h t w a s ob ta ined . 

Volat i le S u s p e n d e d Solids r v s . s v 

The filters u s e d for the T S S de terminat ion w e r e igni ted in a f u r n a c e ( T h e r m o l y n e 

62700, I o w a , U S A ) at 5 5 0 ° C fo r 20 minutes , cooled , r e -we ighed and the we igh t lost on 

ignit ion t aken to represent the volat i le solids f ract ion. Th is thus o f f e r s a r o u g h 

approx imat ion of the organic mat te r p resent in the sol ids f rac t ion o f w a s t e w a t e r ( A P H A 

et al 1995). 

Fil tration fo r so luble metal analysis-

It was f o u n d dur ing the course o f the tests that the filtered s a m p l e s con ta ined m o r e z inc 

than the unf i l t e red samples . It w a s suspec ted that the filter p a p e r b e i n g u s e d 

( W h a t m a n ™ G F / C ) w a s cont r ibu t ing to the increase in z inc in the filtered samples . 

Tests carr ied ou t on the filter p a p e r d id indeed s h o w that the filter p a p e r conta ined a 

considerable a m o u n t o f z inc (up to 0.8 mg/1 pe r filter w a s h e d th rough wi th 100 m l o f 

Mil l iQ water ) . W h e n the technical ass is tance t e a m at W h a t m a n Corpora t ion , U S A was 

contacted to inquire abou t this, they revea led that z inc ox ide w a s in fac t a componen t o f 

the GF/C filter p a p e r and sugges ted that ano ther type o f filter such as the ha rdened 

ashless ce l lu lose pape r filters was used . H o w e v e r these have a p o r e size o f 8 ^ m and 

thus w o u l d no t be suited to soluble meta l analysis . Hence , it w a s dec ided to u se 

Mil l ipore H A 0.45 p m m e m b r a n e filters fo r so luble meta l analysis . 

Acid digest ion fo r metal extraction: 

For the de te rmina t ion of non-soluble or so l ids-bound meta l , a m o d i f i c a t i o n o f the U K 

Standing C o m m i t t e e of Analysts (DoE 1986) s tandard m e t h o d fo r the de t e rmina t ion o f 

acid so luble meta l s in sewage sludge b y a tomic absorpt ion spec t ropho tome t ry 

fo l lowing a d iges t ion wi th a hydrochlor ic and nitric acid mix tu re w a s used . A c c o r d i n g 

to M e t h o d C, 0 .5g of dr ied sludge is d iges ted wi th 6ml o f hydroch lo r i c acid , 2 ml o f 
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nitric ac id and 6ml o f wa te r in a 50 m l cal ibra ted boros i l ica te g lass boi l ing tube heated 

on a t empera tu re control led hea t ing man t l e fo r approx ima te ly 1.5 hours . Acco rd ing to 

the m e t h o d guide , this does not de te rmine the total me ta l content . O n l y s o m e 7 0 - 9 0 % 

of the total con ten ts o f Cd, Cr, Cu, Fe , Pb , M n and Z n are ex t rac ted from 

uncon tamina t ed top soils a l though an even greater p ropor t ion is ext rac table f r o m s ludge 

con tamina ted soils ( D o E 1986). 

H o w e v e r , as the T e c h n e b lock digester avai lable in the l abora tory w a s on ly sui table fo r 

16mm (j) tubes , w h i c h hold a m a x i m u m v o l u m e of 10 ml , the m e t h o d w a s a l tered to 

a l low the d iges t ion to take p lace in these smal ler s ize tubes . T h e f ina l m o d i f i e d m e t h o d 

used a O. lg s a m p l e o f the dr ied s ludge to wh ich 1.2 m l o f hydroch lo r i c acid, 0 .4 m l 

nitric acid and 1.2 m l wa te r were added. The diges t ion w a s carr ied out a t empera tu re 

of 120°C f o r approx ima te ly 4 hours unti l a c lear solut ion w a s ob ta ined . 

5.1.4 Heavy Metal Analysis 

Analys is u s ing A t o m i c Absorp t ion Spec t ronho tomete rv CAAS^ 

Analys is o f the so luble me ta l s amples w a s carr ied ou t u s ing an a t o m i c absorp t ion 

spec t ropho tomer (Spec t r aAA-200 , Var ian Ltd. Aust ra l ia) , w i t h an a i r -ace ty lene f l a m e 

and h o l l o w ca thode l amps fo r Cu and Z n (Var ian Ltd . Aust ra l ia ) . T h e m a c h i n e has a 

detect ion r ange of 0 .01-2 mg/1 for Z n and 0 .03-10 mg/1 f o r Cu . 

Analys is u s ing Ion C h r o m a t o g r a p h y n C ) 

Ion ch roma tog raphy (Dionex Corp. , D X - 5 0 0 sys tem, Sunnyva le , C A , USA) , us ing the 

transit ion meta l s analyt ical c o l u m n ( lonPac C S 5 A ) , w a s also used fo r meta l s analysis . 

Using this me thod , t ransi t ion meta l s are separa ted as bo th cat ionic and anionic 

complexes us ing an oxala te or P D C A - b a s e d eluents obta ined from D i o n e x Corp . T h e 

metals are detected b y measu r ing the absorbance at 5 3 0 n m of the c o m p l e x f o r m e d w i t h 

the pos t - co lumn P A R reagent (Dionex Corp.) . Other opera t ing condi t ions inc luded 

using an in jec ted sample vo lume of 50pl , an e luent f lowra te o f 1.2 m l / m i n and reagen t 

flowrate o f 0 .7 ml /min . 

In the initial analys is trials carried out us ing the IC, it w a s obse rved that in the 

chromatograms , there was an initial peak , d ip and peak at the b e g i n n i n g o f the analysis 
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of e a c h s a m p l e . T h i s ini t ial d ip a f f e c t e d t he i n t eg ra t ion o f the p e a k s b y l o w e r i n g the 

base l ine . A tes t w a s c o n d u c t e d to d e t e r m i n e t he c a u s e o f th is p e a k - d i p - p e a k b e h a v i o u r 

(See figure 5 .1) . 

Abs 

3 ^ 

Minutes 

Figure 5.1: Sample IC chromatogram showing the problematic drop in the baseline 

S t a n d a r d s o f s ing le m e t a l s ( u n a c i d i f i e d ) w e r e r u n in a d d i t i o n to a s a m p l e w i t h o n l y 

c o m p r i s i n g M i l l i Q w a t e r a n d a s a m p l e w i t h on ly 2 % HNO3. It w a s f o u n d tha t al l t he 

s a m p l e s p r o d u c e d a s m a l l d ip in t he b e g i n n i n g , b u t t he 2 % H N 0 3 c a u s e d t h e 

p r o b l e m a t i c p e a k a n d d ip b e h a v i o u r . A n o t h e r tes t w a s r u n t o d e t e r m i n e i f u s i n g o the r 

ac ids (2 /o o f s u l p h u r i c ac id , ace t i c ac id a n d h y d r o c h l o r i c a c id ) a l so p r o d u c e d the s a m e 

behav iou r . T h e c h r o m a t o g r a m s p r o d u c e d s h o w e d tha t h y d r o c h l o r i c a c id p r o d u c e d the 

m o s t l eve l base l ine . T h e r e f o r e s u b s e q u e n t l y , a final c o n c e n t r a t i o n o f 2 % H C l w a s u s e d 

in the p r e s e r v a t i o n o f the s a m p l e s a n d s t anda rds . 

C o m p a r i s o n o f the A A S ana lys i s a n d the I C ana lys i s s h o w e d tha t b o t h ana ly t i ca l 

t echn iques y i e lded ve ry s imi la r resu l t s , as s h o w n in figure C. 162 (in A p p e n d i x C) . T h e 

regress ion e q u a t i o n ob ta ined is: y = 0 . 9 9 9 6 x (R^=0 .9979) , w h e r e y = I C r e a d i n g (mg/1) 

and X = A A S r e a d i n g (mg/1). 

5.1.5 Carbon Analysis 

A n a l y s e s o f t he so lub l e o rgan ic c a r b o n concen t r a t i ons in t h e e x p e r i m e n t a l s a m p l e s 

w e r e ca r r i ed ou t u s i n g a h igh t e m p e r a t u r e ca ta ly t ic ox ida t i on a n a l y s e r ( D o h r m a n n D C -

190, O h i o , U S A ) . T h e s a m p l e s w e r e p r e p a r e d f o r ana lys i s b y m e m b r a n e filtration a n d 
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ac id i f ied wi th H C l . A 100 mg/1 ca rbon s tandard w a s p repa red f r o m glycine. T w o 

read ings fo r each sample were taken. 

5.1.6 Quality Control of Metals Analysis 

Exper imen ta l and analyt ical errors due to opera t ing p rocedu re s w e r e m i n i m i s e d b y the 

use o f au tomat i c finpippettes (relat ive error 0 .5 -0 .65%) fo r all s a m p l e and reagen t 

t ransfers . Dup l i ca t e samples were ana lysed on the A A S and the I C and the re la t ive 

s tandard devia t ions calculated. S tandards were also ana lysed du r ing the ana lys i s o f the 

samples , at in tervals o f one s tandard pe r 10 samples , to ensure that the m a c h i n e s w e r e 

read ing wi th prec i s ion th roughout the analysis . T h e m e a n resul ts and s tandard 

devia t ions and s tandard errors o f the analysis were calculated. T h e s tandard error o f 

the analysis , t ak ing into account r a n d o m and sys temat ic errors is + 3 % unless o therwise 

stated. Al l resul ts a re expressed as mg/1. 

5.2 Equilibrium Time Experiments 

5.2.1 Cu Uptake in Primary Sedimentation 

To s imula te C u u p t a k e dur ing p r imary sedimenta t ion , a s a m p l e o f p r i m a r y s ludge w a s 

obta ined f r o m Mi l l b rook W W T P . F ive hundred mil l i l i t re flasks w e r e u s e d to test 

samples m a d e u p to a total v o l u m e of 2 5 0 m l by add ing va r ious p ropor t ions o f the 

s ludge, meta l so lu t ion and Mi l l iQ water . Fo r this exper iment , three sol ids 

concentra t ions representa t ive o f the sol ids concent ra t ions l ikely to be encounte red 

dur ing p r imary sed imenta t ion w e r e m a d e up. T o each flask, a Cu^^ sp ike was added to 

ensure that the Cu concent ra t ion in the flask w a s at least 2 mg/1. T h e contents o f the 

flasks w e r e then m i x e d on an orbital shaker (Lab-Line Ins t ruments , Mode l .3521 , 

Illinois, U S A ) and 1.5ml samples w e r e t aken from each flask at 5 minu te intervals fo r 

the first ha l f hour and then at ha l f hou r intervals fo r the next t w o and a ha l f hours . T h e 

exper iment w a s carr ied out at approx imate ly 20°C. These samples w e r e cen t r i fuged 

(Eppendorf , 5 4 1 7 C ) and the supernatant di luted and ana lysed on the A A S . It appea r s 

from figure 5.2 that the equi l ibr ium t ime for meta l up take dur ing p r i m a r y sed imen ta t ion 

was approx ima te ly 90 minutes . 
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Figure 5.2: Soluble Copper concentration in primary sedimentation as a function of 
time showing the time taken to reach equilibrium 

5.2.2 Cu Uptake in Activated Sludge Treatment 

The s a m e exper imen ta l p rocedu re w a s e m p l o y e d as in sec t ion 5.2.1. Por t ions o f 

act ivated s ludge (ob ta ined f r o m Mi l lb rook W W T P ) w e r e r e s u s p e n d e d in dist i l led wa te r 

to s imula te m i x e d l iquor . T o this, a copper so lu t ion w a s a d d e d to ob ta in a f inal 

concent ra t ion of 5 mg/1 in the test vessels . T h e flasks w e r e p l a c e d on the orbital shaker 

and 1.5ml s amples t aken at 5 minu te intervals f o r the f i rs t ha l f an h o u r and 

subsequent ly at ha l f h o u r intervals fo r the nex t t w o and a ha l f hours . T h e samples were 

cen t r i fuged at 2 0 8 0 0 g and the superna tant di luted and ana lysed b y A A S , 
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Figure 5.3: Soluble Copper concentration in activated sludge as a function of time 
showing the time taken to reach equilibrium 

The resul ts s h o w that a f t e r 5 minu tes the meta l w a s r e m o v e d from solu t ion to a base l ine 

va lue o f 0 .2mg/ l . Th i s agrees wi th the findings o f o ther researchers . C h e n g et al 

(1975) f o u n d that u n d e r aerobic condi t ions meta l up take b y the b i o m a s s is 

character ised b y a rap id p h a s e o f 3 to 10 minu tes f r o m the start o f the exper iment . 

Ne l son et al (1981) , on the o ther h a n d f o u n d that equi l ib r ium t imes in the act ivated 

s ludge p roces s w e r e r eached genera l ly in the 5 m i n u t e to 1 h o u r r ange f r o m the start o f 

the exper iment . W a n g et al (1999) also f o u n d that the me ta l u p t a k e p rocess was rapid 

and that equi l ibr ium condi t ions are reached a f te r one hour . It w a s dec ided to use an 

equi l ibr ium t ime of 90 minu tes for all fu r ther adsorp t ion equi l ibr ium exper iments on 

biological mater ia l even though equi l ibr ium could be at ta ined m o r e rap id ly than this. 

5.3 Solubility Limit Experiments 

5.3.1 Introduction 

The objec t ive o f these exper iments was to invest igate the e f fec t o f the concen t ra t ion o f 

suspended sol ids, and m o s t important ly p H , on the solubi l i ty l imits o f me ta l s in the fou r 

main p roces s s t reams in was tewater t rea tment , n a m e l y r a w sewage , p r i m a r y e f f luen t , 

mixed l iquor and final eff luent . 



Prev ious a t tempts to de te rmine the solubi l i ty l imit o f meta l s in was tewa te r s were 

unde r t aken b y Mon te i t h et al (1993) . T h e y appl ied a s ingle dose o f a solut ion 

conta in ing seven me ta l s (Al, Cd, Cr, Cu, Ni , Pb , Zn ) to filtered and w h o l e samples of 

p r imary and final e f f luent . The solubi l i ty tests w e r e run ove r the p H r ange 6.0-8.0, at 

inc rements o f 0 .5 p H units . It can be seen that this m e t h o d o l o g y does no t t ake into 

account compe t i t ion be tween meta ls fo r adsorp t ion sites. Th is is impor tan t s ince 

compet i t ion b e t w e e n the d i f fe rent meta l s fo r complexa t ion w i t h the finite concent ra t ion 

of soluble l igands w o u l d be expected ( B u f f l e 1990). The re fo re , expe r imen t s u s ing 

single me ta l s w o u l d be m o r e appropr ia te . Also , add ing o n e s ingle dose o f me ta l s and 

measu r ing the so lub le meta l lef t a f te r equi l ibr ium t ime is r eached does no t necessar i ly 

give an indica t ion of whe the r or not the solubil i ty l imit had b e e n exceeded . Pa t te rson 

et al (1983) carr ied out s ingle meta l exper iments , h o w e v e r their m e t h o d o l o g y involved 

cont inual ly add ing meta l to a p H - a d j u s t e d test l iquid unti l a v is ible prec ip i ta te f o r m e d 

and s tayed fo r o n e minu te . Th is h o w e v e r does not appear to be a robus t and 

scient i f ical ly sound me thod , s ince a precipi ta te m a y no t a lways b e immed ia t e ly visible, 

especial ly in was t ewa te r s wi th h igh sol ids concentra t ions . T h e r e f o r e the m e t h o d o l o g y 

for de te rmin ing solubi l i ty l imits in this research w a s des igned to ob ta in a m o r e 

fundamen ta l p ic tu re o f the behav iou r o f soluble meta l u n d e r va r ious condi t ions . T h e 

me thodo logy o f the expe r imen t w a s cont inual ly assessed a n d i m p r o v e d as resul ts 

dictated. 

5.3.2 Trials and Problems 

Exper iment to de te rmine the soliihili tv o f in R a w S e w a p e U s i n g Di f fe ren t Solids 

Concentra t ions 

Three sol ids concentra t ions w e r e tested in this exper imen t and at each sol ids 

concentrat ion, 6 d i f fe rent p H levels w e r e s tudied (pH 5.5-8.0 in inc rements o f 0 .5 p H 

units). T h e th ree d i f fe rent solids concent ra t ions w e r e ach ieved b y d i lu t ing or 

concentra t ing the original sample. The p H was ad jus ted by addi t ion o f 1 0 % HNO3 o r 

I M N a O H . Add i t i on of the stock meta l solut ion resul ted in a final concen t ra t ion o f 0 .5 

mg/1 of z inc ion solut ion being added to each flask. T h e flasks w e r e p l aced on t he 

orbital shaker at 2 0 ° C for 90 minutes fo r equil ibrat ion. A f t e r equi l ibra t ion , 1.5 ml 

samples w e r e t aken f r o m each flask. T h e s e samples were then c e n t r i f u g e d f o r 5 

minutes at a speed of 20800 g. A f t e r cen t r i fuging , the s u p e m a t a n t s w e r e decanted into 

sample vials , di luted and preserved by acidif icat ion to a p H less than 2. A f t e r each 
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equi l ibr ia t ion per iod , a fu r ther spike, wh ich resul ted in ano ther 0 .5mg/ l o f meta l 

added to the f lask . In total, four meta l sp ikes w e r e added to each f lask , resul t ing i 

cumula t ive meta l addi t ion of 2 mg/1. 

was 

in a 

p H A d j u s t m e n t 

The o n g m a l p H of the r a w sewage was a round 7.8. A f t e r the add i t ion o f the ac id i f ied 

s tock meta l solut ion, the p H of the sample w a s f o u n d to dec rease cons iderab ly . In 

order to ach ieve the des i red p H values for exper imenta t ion , I M N a O H w a s then added 

in va ry ing a m o u n t s to read jus t the p H to va lues b e t w e e n p H 5.5 and 8.5. It w a s 

observed that a f t e r p H ad jus tmen t wi th I M N a O H addi t ions , and shak ing fo r the 

equi l ibr ium t ime (90 minutes) , the p H in the f lask had c h a n g e d f r o m the or iginal 

ad jus ted value . F la sks wi th p H ad jus ted to less than p H 8.0 had their p H va lues 

increased whi l s t those wi th p H ad jus ted to p H greater than 8.0 dec reased in value, w i th 

both sets a t ta in ing va lues c lose to 8.3. 

It was hypo thes i sed that this p h e n o m e n o n w a s due to the ca rbon d iox ide e scap ing f r o m 

the f lasks dur ing shaking , leading to an increase in p H . W h e n trial expe r imen t s w e r e 

conduc ted wi th f lasks sealed wi th pa ra f i lm , the increase in the p H w a s still observed . 

This increase w a s less than occur red w h e n the f l asks w e r e no t sealed. Pa t t e r son et al 

(1983) a lso no ted this p h e n o m e n o n . In their s tudies, t hey had sea led the test f lasks wi th 

para f i lm pr ior to p lac ing t h e m on the shaker , the p H o f the s amples w e r e no ted to shif t 

wi th t ime towards a p H of va lue o f 8.0. T h e y conc luded that the test l iquids ( tap water, 

raw sewage and m i x e d l iquor) w e r e wel l bu f fe red , p robab ly b y the carbonate-

bicarbonate sys tem. It has been s h o w n that the m o s t s igni f icant bu f f e r ing sys tem in 

natural wa te rs is due to ca rbon d ioxide and its re la ted species (Dros te 1997). Q u e k et al 

(1998) also no ted that react ions, wh ich occurred dur ing the adsorp t ion process , c aused 

some sl ight increases in the solut ion p H . Other researchers have no ted that it is ve ry 

diff icult to ad jus t and mainta in p H under exper imenta l condi t ions (Shi et al 1996). 

Nelson et al (1981) stated that in their exper iments , p H a d j u s t m e n t w a s ach ieved b y 

trial and error addi t ions. Fur thermore , the use of b u f f e r so lu t ions to ad ju s t the p H to 

predef ined va lues in t roduces compl ica t ions fo r meta l spec ia t ion s tudies . B u f f e r s , such 

as citrate, or po lyden ta te l igands f o r m i n g amino acids, m a y f o r m c o m p l e x e s wi th meta l 

ions that can reduce the effect ive concent ra t ion of these ions in so lu t ion (Beynon and 

Easterby 1996). 
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p H a d j u s t m e n t w a s c o m p l i c a t e d f u r t h e r b y the f ac t tha t s equen t i a l add i t i on o f ac id i f i ed 

s tock m e t a l so lu t i ons w e r e m a d e to e a c h f l a s k in t h e s e s tud ies , t h u s r e q u i r i n g p H 

r e a d j u s t m e n t w i t h I M N a O H add i t i ons a f t e r e a c h m e t a l add i t ion . F u r t h e r m o r e , t he 

v o l u m e o f N a O H r e q u i r e d to a c h i e v e a ce r t a in p H w a s d i f f e r e n t e a c h t i m e . T h e r e f o r e 

the p H a d j u s t m e n t a n d r e a d j u s t m e n t p r o c e s s b e c a m e l a b o u r i n t ens ive . 

5.3.3 New Procedure for solubility limit experiments 

D u e to t he p r o b l e m s e n c o u n t e r e d w i t h p H a d j u s t m e n t , a n e w a p p r o a c h to d e t e r m i n e the 

so lubi l i ty l imi t s o f m e t a l s w a s d e v e l o p e d . In s t ead o f u s i n g a s i ng l e f l a s k ( f o r e a c h p H 

va lue) , to w h i c h sequen t i a l m e t a l so lu t ion add i t i ons w e r e m a d e , it w a s d e c i d e d t o u s e 

o n e tes t ve s se l f o r e a c h m e t a l concen t r a t i on added . E a c h tes t v e s s e l w o u l d b e set at the 

r equ i r ed p H v a l u e b y a d d i n g a k n o w n a m o u n t o f I M N a O H , w h i c h h a d b e e n 

d e t e r m i n e d b y t i t ra t ion e x p e r i m e n t s to g ive the r e q u i r e d p H . T h e se t -up o f t h e 

e x p e r i m e n t is s h o w n s c h e m a t i c a l l y in f i g u r e 5.4. 
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Samole 

Metal 
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pH 
adjustment 1 

pH 
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pH 
adjustment 3 

Metal 
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pH 
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Addition 4 

pH 
adjustments 

Metal 
Addition S 

Figure 5.4: Schematic for the set-up of the solubility limit batch tests 

Since th is p r o c e d u r e resu l t ed in a m u c h g rea t e r n u m b e r o f tes t v e s s e l s b e i n g u s e d (25) , 

a dec i s ion w a s m a d e to u s e test t ubes (20 m l v o l u m e ) in s t ead o f f l a sk s . T h e t e s t t u b e s 

w e r e m a d e u p to cons t an t v o l u m e ± 1%. T h e v o l u m e o f f i l t e red w a s t e w a t e r s a m p l e 

used in all tes t t u b e s w a s 9 ml . T o ob t a in a r equ i r ed m e t a l a d d e d c o n c e n t r a t i o n o f 

lOmg/1, 0 .1 m l o f t he 1000 mg/1 m e t a l s tock so lu t ion w a s a d d e d w i t h 0 . 9 m l o f M i l l i Q 
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water . T h e p ropor t ion of meta l s tock solut ion to Mi l l iQ wa te r added w a s ad jus ted to 

obtain the o ther meta l added concent ra t ion required. T h e r e f o r e to obta in a meta l added 

concent ra t ion of 20 mg/1, the v o l u m e of meta l s tock solu t ion used w a s increased to 0.2 

m l and the v o l u m e of Mi l l iQ wate r u sed decreased to 0.8 ml . T h e p H ad jus tmen t was 

accompl i shed b y addi t ions of I M N a O H rang ing f r o m 5 p i to 85 |il to ob ta in the 

requi red p H var ia t ion. M i x i n g of the contents o f the test tubes w a s a c c o m p l i s h e d by 

p lac ing t h e m on a test tube rack, on an orbi tal shaker . A f t e r shak ing fo r 90 minu tes , 

0 .25 m l s amples w e r e t aken f r o m each test tube, p laced in s a m p l e via ls and di lu ted to 5 

ml wi th 2 % H C l fo r so luble meta l analysis . T h e final p H w a s m e a s u r e d wi th the 

r emain ing conten ts o f the test tubes. 

This p r o c e d u r e w a s u sed to carry out the solubil i ty l imit expe r imen t s fo r Zn^^, Cu^+ and 

Pb in filtered r a w s e w a g e and final e f f luent . It m a y b e a s s u m e d that the m a i n 

d i f fe rence b e t w e e n filtered samples o f r aw sewage , p r i m a r y e f f luen t and m i x e d l iquor 

wou ld be the concen t ra t ion of so luble organic l igands; so lub le o rgan ics w o u l d h a v e 

been r e m o v e d in the final e f f luen t . 
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5.3.4 Results 

Zn in Raw Sewage 

T w o exper imen t s w e r e conduc ted on the solubi l i ty o f Zn^"^ in r a w sewage . In the first 

exper iment , me ta l addi t ions of 1 0 , 2 0 3 0 , 4 0 and 50 mg/1 w e r e added . E a c h g roup of 

meta l add i t ion cons is ted o f 5 test tubes, w i th all the test tubes in that g roup rece iv ing 

the s a m e meta l addi t ion, but d i f fe ren t N a O H addi t ions to resul t in 5 d i f f e ren t p H 

ad jus tments . A f t e r the 90 minu tes equi l ibrat ion per iod , the final p H va lues w e r e in the 

range o f p H 6.5-9.0. In the second exper iment , the me ta l add i t ions w e r e 20, 3 0 , 4 0 , 50, 

60 mg/1 and the resul tant p H va lues were in the r ange o f p H 7.0-9 .0 . T h e resul ts f r o m 

both expe r imen t s w e r e c o m b i n e d as s h o w n in figure 5.5. 

70 

1 50 

o 40 

2 o 
w 30 
E 
3 •c 
= 20 -I 

O" 
UJ 

10 -

0 - F , , 

0 10 20 30 40 50 60 70 

Metal Added (mg/1) 

1 * p H & 0 • p H 7 . 0 • pH7.5 ApHB.O X p H 8.7 X p H 9 . 0 1 

Figure 5.5: Equilibrium concentrations ofZn^"^ in filtered raw sewage at different 
pH values 

The t rendl ines represented in f igure 5.5 s h o w that the concent ra t ions o f m e t a l in 

solution decreased wi th increas ing pH. This observa t ion concur s w i t h w h a t h a s b e e n 

observed b y o ther invest igators (Sawyer et al 1994). 

p H Solubility Limit (mg/1) 

6.0 and 7.0 No apparent solubility limit reached 
7.5 28 
8.0 25 
8.7 22 
9.0 12 
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Cu in Raw Sewage 

To de te rmine the solubil i ty of Cu^"^ in r a w sewage , t w o expe r imen t s w e r e also carr ied 

out. B o t h expe r imen t s had meta l addi t ions o f 1 0 , 2 0 , 30, 4 0 and 50 mg/1 and the 

resul tant p H ' s w e r e wi th in the r ange of p H 6.3-9. C o m b i n i n g the resul ts o f the two 

exper iments , f igure 5.6 w a s obta ined. 

60 

50 

3 0 4 0 5 0 6 0 

Cu added (mg/l) 

I • p H 6 . 3 BpHS . e A p H 6 . 8 x pH 7.2 x pH 7.5 « pH 7.7 - pH 8.7 - pH 9.o"~1 

Figure 5.6: Equilibrium concentrations of in filtered raw sewage at different 
pH values 

It can be obse rved that the t rend fo r all p H ' s w a s the same. T h e solubi l i ty l imits 

obtained w e r e wi th in the r ange of 25 -30 mg/1. 

Pb in Raw Sewage 

Using the s a m e f i l tered sample o f r a w sewage that w a s u sed f o r the coppe r a n d z inc 

solubili ty l imit exper iments , and emp loy ing the s a m e m e t h o d , the solubi l i ty o f Pb^^ in 

raw sewage w a s tes ted. The results a re s h o w n in figure 5.7. 
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Figure 5.7: Equilibrium concentrations ofPb^* in filtered raw sewage at different 
p f f v a / w a 

It can be seen f r o m the resul ts that over the p H ranges s tud ied ( p H 7 .5-8 .9) and the 

meta l concent ra t ions added (10-50 mg/1), no solubi l i ty l imits w e r e r eached . 

Zn. Cu and Pb in Final Effluenf 

To de te rmine the solubi l i ty o f the th ree me ta l s in f inal e f f luen t , the s a m e p rocedures 

were fo l lowed . T h e s a m e filtered s ample o f final e f f luen t , to w h i c h me ta l w a s added at 

1 0 , 2 0 , 3 0 , 4 0 and 50 mg/1 concent ra t ions , w a s u sed in all three exper iments . The p H 

ranges ach ieved p H 7.4-9 .3 (Zn) , p H 7.0-8.0 (Cu) and p H 7 .3-8 .9 (Pb) . T h e resul ts are 

shown in figures 5.8, 5.9 and 5.10. 
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Figure 5.8: Equilibrium concentrations of soluble in filtered final effluent at 
different pH 
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Figure 5.10: Equilibrium concentrations of soluble Pb^'^ in filtered final effluent 

at different pH 

For Zn^ ( f igure 5.8), the resul ts s h o w that soluble meta l concen t ra t ions increased wi th 

increas ing meta l add i t ion fo r all the p H levels s tudied. H o w e v e r this increase w a s not 

propor t ional . T h e so lub le meta l concent ra t ions w e r e no t equ iva len t to the meta l 

concent ra t ions added . Th is w a s not expec ted s ince the test s a m p l e w a s filtered and 

theoret ical ly f ree f r o m any solids, w h i c h migh t r e m o v e the me ta l s f r o m solut ion by 

sorption. A l s o the resul ts were obta ined f r o m analys is us ing the A A S , w h i c h should 

theoret ical ly de te rmine all f rac t ions o f the meta l ions in solut ion, whe the r bound to 

inorganic and organic soluble l igands or as hydra ted meta l ions. O n e explana t ion to 

account for this up take of meta l f r o m solut ion could be the p resence o f col loidal sol ids , 

which af ter b ind ing a propor t ion of the meta ls and e f fec t ive ly r e m o v i n g t h e m f r o m 

solution, had coagula ted and settled. Whi le theoret ical ly col loidal sol ids a re no t easi ly 

settleable, the samples used in these exper iments had been f r o z e n and t h a w e d and 

hence the hyd rophob ic colloidal solids proper t ies m a y have b e e n des t royed , l ead ing to 

their coagula t ion dur ing the exper iment . It has been noted that the u s e o f 0 . 4 5 - p m 

m e m b r a n e filters w o u l d not exclude all col loidal mat ter and fiirthermore f r eez ing has 

been ident i f ied as leading to the des t ruct ion of the col loidal charac te r o f sol ids (Sawyer 

et al 1994). T h e measu red solubili ty l imits of Zn^"^ were thus app rox ima te ly 10 mg/1 for 
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p H 8.5-8.7 and 8 mg/1 for p H 9.2-9.3. For Pb^+ ( f igure 5 .10) s imi lar observat ions were 

made , h o w e v e r , a solubi l i ty l imit does no t appear to h a v e b e e n r eached at the p H ranges 

s tudied. Fo r Cu^"^ ( f igure 5.9), a solubi l i ty l imit appea r s to h a v e b e e n reached at 

approx imate ly 15 mg/1. 

Investigation into the effect of different proportions of final effluent nn thp 

solubility of 

This expe r imen t w a s carr ied out to de te rmine the e f fec t o f the cons t i tuen ts o f the f inal 

e f f luen t on the solubi l i ty o f copper . T h e p ropor t ions o f f ina l e f f l uen t u sed w e r e 9 0 % , 

67.5 /o, 4 5 /o and 2 2 . 5 % (di luted wi th Mi l l iQ water) . C o p p e r so lu t ion w a s added at 

concent ra t ions o f 10, 20, 30, 40 and 50 mg/1 to each set. T h e resul tant p H ' s w e r e in the 

range of p H 6-7 .5 . T h e resul ts are s h o w n in f igure 5.11 and indicate that increas ing the 

pe rcen tage o f f inal e f f luen t used decreases the equi l ibr ium soluble me ta l concentra t ion . 

This m a y indica te that the f inal e f f luen t conta ins a subs tance , m o s t l ikely to b e col loidal 

solids, w h i c h b inds the me ta l and then settles. T h e l ike l ihood o f th is hypo thes i s w a s 

substant ia ted b y the fac t that f ine l ight b lue mater ia l h a d set t led in the tes t tubes at h igh 

concent ra t ions o f added meta ls . 
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Figure 5.11: Effect of proportion of final effluent on the solubility ofCu^^ 
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5.3.5 Discussion 

The m e a s u r e d solubi l i ty l imit va lues der ived f r o m these expe r imen t s are cons iderably 

h igher than the solubi l i ty limit va lues ob ta ined f r o m expe r imen t s on dist i l led wa te r (as 

s h o w n in f igu re 5.12). 

Metal 
Concentration 
(mg/L) 

2 3 4 5 6 7 8 9 
pH units 

10 11 12 

Figure 5.12: Effect ofpHon the solubility of metal hydroxides (after Hoffland 
Environmental, Inc. 2001) 

The resul ts p resen ted above s h o w that the filtered por t ion of w a s t e w a t e r is capab le o f 

complex ing cons iderab le a m o u n t s o f Zn^"", Cu^"^ and Pb^^, w i thou t sa tura t ing the 

soluble l igands present , as s h o w n b y the absence o f solubi l i ty l imits . It has also been 

shown that final e f f luen t m a y conta in a h igh concent ra t ion of unf i l te rable colloidal 

solids. W h i l e these solids b ind meta l s and technica l ly r e m o v e t h e m f r o m solut ion, these 

solids are no t set t leable unde r field condi t ions , there fore meta l s b o u n d to col loidal 

solids should be cons idered as r emain ing in solut ion. T h e exper imen t s s h o w that the 

me thodo logy deve loped in this research is easy to carry out and o v e r c o m e s the 

p rob lems of p H fluctuations dur ing exper imenta t ion . It a l lows the solubi l i ty o f me ta l s 

to be tested over a r ange of p H values. In this respect , it is an i m p r o v e m e n t o n the 

methods p rev ious ly employed in was tewater . 

The results of the solubility limit experiments are tabulated in Appendix C (tables C.3-

C . ^ 
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5.4 Adsorption Experiments 

5.4.1 Objectives 

In order to s tudy the up take or r emova l o f me ta l s f r o m solu t ion b y sol ids in the four 

process s t r eams of interest , i so therm adsorp t ion expe r imen t s w e r e carr ied out . The 

m a i n ob jec t ive o f these exper iments w a s to ob ta in da ta on the u p t a k e of me ta l s at 

d i f fe rent me ta l s and sol ids concent ra t ions to a l low adsorp t ion / pa r t i t ion ing coef f ic ien t s 

and adsorp t ion capaci t ies needed fo r the meta l s m o d e l to be der ived . T h e expe r imen t s 

were also carr ied out over a range of d i f fe ren t p H va lues to a l low a corre la t ion , 

be tween the adsorp t ion coef f ic ien ts and the p H of the sys tem, to be ob ta ined . T h e 

exper iments w e r e f i rs t run for a s ingle meta l and then subsequen t ly t w o me ta l s at the 

same t ime, to de t e rmine the up take of the meta l s unde r compet i t ive condi t ions . 

5.4.2 Methodology 

The adsorp t ion expe r imen t s w e r e carr ied out us ing a s imilar se t -up to that u s e d for the 

solubil i ty exper iment s . Cen t r i fuge tubes o f 10ml v o l u m e (po lye thy lene) w e r e u s e d as 

the test vessels . C e n t r i f u g e tubes , as opposed to test tubes , w e r e u s e d in these 

exper iments to a l low samples to be cen t r i fuged a f te r the expe r imen t , to ob ta in the 

supernatant fo r so lub le meta l analysis . Me ta l s w e r e added at concen t ra t ions less than 

the solubi l i ty l imits p rev ious ly de te rmined to ensure that n o prec ip i ta t ion occur red and 

to ensure that m e t a l r emova l f r o m the solut ion w a s on ly due to adsorp t ion onto the 

solids. Al l the exper imen t s fo r each p rocess s t r eam w e r e carr ied out on the s a m e 

sample, w h i c h had b e e n prev ious ly f r o z e n in a l iquots fo r each exper iment . F ive litre 

samples o f r a w sewage , p r i m a r y e f f luent , m i x e d l iquor and final e f f luen t were obta ined 

f r o m P o r t s w o o d s ewage works . E a c h sample w a s d iv ided into three sol ids 

concentra t ions: 

A : original SS; 

B: di luted SS (original sample di luted wi th superna tant o f or iginal s a m p l e that 

had b e e n lef t to settle and Mi l l iQ water , to g ive 4 0 % di lut ion); and 

C: concent ra ted SS (original sample lef t to settle and superna tan t decan t ed o f f 

to g ive 3 0 % concentrat ion, i.e. 130% of original v o l u m e ) . 

The only excep t ion to this was the final e f f luen t , wh ich could no t b e d i lu ted or 

concent ra ted us ing its supernatant because it w a s not set t leable. E a c h sol ids 

concentra t ion w a s then divided into a l iquots suff ic ient to car ry ou t each exper iment . 
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These w e r e p l aced in plas t ic bot t les and f rozen . Fo r each exper iment , a bot t le of each 

solids concent ra t ion w a s def ros ted . Fo r r a w sewage and f inal e f f luen t , the s a m e sample 

that w a s u sed fo r the solubil i ty l imit exper imen t s w a s addi t ional ly u sed for the 

adsorp t ion exper iments . 

Table 5.1: Suspended solids concentrations used in the adsorption experiments 

Process Stream Sample Total Suspended Solids (mg/1) 
Raw Sewage Original 474 Raw Sewage 

Diluted 322 

Raw Sewage 

Concentrated 668 
Primary Effluent Original 94 Primary Effluent 

Diluted 86 

Primary Effluent 

Concentrated 125 
Mixed Liquor Original 1800 Mixed Liquor 

Diluted 1058 

Mixed Liquor 

Concentrated 2 5 0 0 
Final Effluent Original 32 Final Effluent 

Diluted 31 

As for the solubi l i ty l imit exper iments , the test tubes in the adso rp t ion expe r imen t s 

were m a d e up to cons tan t v o l u m e us ing 9 m l o f was t ewa te r s a m p l e and 0 .1-0 .4 m l o f 

100 mg/1 Z n s tock solut ion (or 0 .1-0.4 m l o f 2 5 0 mg/1 Cu^^ s tock solu t ion) and 

vo lumes m a d e u p to 10ml wi th M i l l i Q water . T h e meta l concen t ra t ions added w e r e 1, 

2, 3 and 4 m g / l fo r z inc and 2.5, 5, 7.5 and lOmg/1 fo r copper . E a c h set o f meta l 

addit ion cons is ted o f fou r tubes, each ad jus ted to a d i f fe ren t p H level us ing d i f fe rent 

vo lumes of I M N a O H . A f t e r shak ing for the equi l ib r ium t ime ( taken to be 90 minutes 

for all the p rocess s t reams) , the tubes w e r e centr i f i iged fo r 5 minu tes at 10000 g. T h e n 

5ml o f the centrate was t aken and p rese rved by ac id i f ica t ion to less than p H 2 (wi th 

HCl) for later analysis on the A A S and IC. T h e p H of the r ema in ing centra te w a s then 

measured . The soluble and total meta l concent ra t ions init ially in the or iginal s a m p l e s 

were also analysed . T h e non-so luble / adsorbed meta l concen t ra t ion at the e n d o f e a c h 

exper iment w a s t aken to be the d i f fe rence be tween the total me ta l ( init ial a n d a d d e d ) 

and the soluble me ta l concentrat ions. 
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5.4.3 Results and Observations 

The resul ts o f the adsorp t ion exper imen t s are p resen ted as a ser ies o f g raphs showing 

the re la t ionship b e t w e e n soluble (Cs) and non-so lub le meta l concent ra t ions (CNS) and 

the total me ta l concent ra t ion (CT). In addi t ion, adsorp t ion i so the rms are s h o w n in the 

usual fo rmat , w h e r e the soluble meta l concent ra t ions (Cs) and sol ids b o u n d meta l 

concent ra t ions (C*) are p lot ted on the x - and y- axes respect ive ly . F ina l ly , g raphs were 

also p lo t ted s h o w i n g the relat ionship be tween meta l r e m o v a l ( % ) and p H . W h e r e 

possible , the resul ts w e r e also plot ted accord ing to the L a n g m u i r i so therm, to enab le the 

der ivat ion of the adsorp t ion capacit ies. T h e t rendl ines fo r these g raphs are s h o w n fo r 

i l lustrative pu rposes . T h e regress ion equat ions for data in the l inear r ange of the 

adsorpt ion i so the rm graphs ( Q vs.Cx) are o f impor tance to the cal ibra t ion of the m o d e l 

as they a l low the adsorp t ion coef f ic ien t to be der ived (the s lope of the l inear r ange of 

the graph = adsorp t ion coeff ic ient ) . T h e data der ived f r o m these g raphs are tabula ted in 

tables 5.2 (Cu) and 5.3 (Zn) . The statistical s igni f icance of the regress ion coef f ic ien t s 

were ob ta ined us ing a t-test analysis in Mic roso f t Exce l 97™. T h e s e s ign i f i cance 

values and the corre la t ion coef f ic ien t s (R^) are also p resen ted in tab les 5 .2-5.3. T h e 

graphs p resen ted in this sect ion are used to show the m a i n obse rva t ions revea led in 

each exper iment . Fo r s o m e graphs , t rendl ines for all p H r anges cou ld no t be plot ted 

due to the l imi ted n u m b e r of data po in t s resul t ing f r o m the d i f f i cu l ty o f p rec i se ly 

adjus t ing p H va lues to fal l wi th in speci f ic ranges fo r all expe r imen t s conduc ted . A ful l 

set of g raphs can be f o u n d in A p p e n d i x C ( f igure C. 1-C.81) . T h e resul ts a re also 

tabulated in A p p e n d i x C, tables C .10-C.21 . 

Cu in Raw Sewage 

It is apparen t f r o m the Cs vs. C* g raphs ( f igure 5 .13 a-c) that the exper imenta l resul ts 

do no t fo l low the typical L -cu rve i so therm expec ted fo r meta l adsorpt ion . H o w e v e r , 

they depict w h a t can be t e rmed as a C-curve isotherm. This t ype of i so the rm indica tes 

that there is a cons tant rate of adsorpt ion and that the n u m b e r o f ava i lab le sorp t ion si tes 

remains cons tant th roughout the who le r ange of solute concent ra t ions s tud ied ( U S E P A 

1999). The re fo re s ince the Langmui r i so therm can only be app l ied f o r an L - c u r v e 

isotherm, it is no t poss ib le to predict the adsorp t ion capaci ty u n d e r the concen t ra t ions 

studied. It is a lso apparent that for s o m e p H ranges , s teeper s lopes ( indica t ive of 

increased adsorp t ion) occur after a speci f ic solute concentra t ion . T h i s is especial ly 

evident at sol ids concentra t ion B (322 mg/1). 
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Increas ing the sol ids concentra t ion sl ightly increased the adsorp t ion of Cu . Howeve r , 

adsorp t ion d id not s e e m to be a f fec ted b y increas ing me ta l addi t ion. It is a lso apparent 

that p H a f fec t s the s lope of the graph, i.e. the adsorp t ion / par t i t ion ing coef f ic ien t . 

Overal l C u r emova l w a s in the r ange of 10 -25% over the p H r anges s tudied. It is 

s h o w n in the g raph of p H vs. meta l r emova l % (see A p p e n d i x C ) that increas ing the p H 

slightly decreased the r emova l o f Cu in r a w sewage . 
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(c) Solids Concentration C (668 mg/1) 
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Figure 5.13: Cu adsorption in Raw Sewage 

127 



Cu in Primary Effluent 

The CT VS. CS g raphs ( f igure 5 .14 a-c) s h o w that p H sl ightly increases C u adsorpt ion in 

p r imary e f f luen t . T h e graphs also s h o w that fo r p H va lues a b o v e 6.6, above a total 

meta l concen t ra t ion of approx imate ly 7.5 mg/1, an increase in total me ta l does no t resul t 

in any fu r the r increase in the soluble meta l concent ra t ion . C o m p a r i n g the resul ts fo r 

the d i f fe ren t sol ids concent ra t ions shows that adsorp t ion s l ight ly dec reased wi th 

increas ing sol ids concentra t ion . Overa l l the r emova l o f C u in p r i m a r y e f f luen t w a s 

wi th in the r ange of 20 -70%. 
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(c) Solids Concentration C (125 mg/l) 
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Figure 5.14: Cu adsorption in primary effluent 
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(Ill in M i x e d L i q u o r 

For all sol ids concent ra t ions , the C J vs. CS g raphs ( f igure 5 .15a) s h o w a constant 

p ropor t ion o f me ta l adsorbed, w i th on ly m i n o r d i f f e r ences b e i n g at t r ibuted to 

d i f fe rences in p H . This t rend was consis tent u p unti l a total me ta l concent ra t ion of 

approx imate ly 8 mg/1, whe re fur ther increases in total me ta l concen t ra t ion resul ted in 

equivalent increases in soluble metal , imp ly ing that n o fu r the r adsorp t ion h a d occurred. 

This is a lso s h o w n in the graphs o f CT VS. CNS ( f igure 5 .15b) . T h e adsorp t ion of Cu in 

m i x e d l iquor w a s s h o w n to increase wi th increas ing sol ids concent ra t ion . T h e 

adsorpt ion capac i ty w a s also s h o w n to increase wi th increas ing sol ids concent ra t ion . 

It is apparen t f r o m the Cs vs. C* graphs ( f igure 5.15c) that a character is t ic L - c u r v e 

i so therm appl ies fo r all three solids concent ra t ions tes ted in this exper iment . T h u s the 

L a n g m u i r m o d e l appl ies . Overa l l the r emova l o f C u in m i x e d l iquor w a s f o u n d to be in 

the range of 3 0 - 6 0 % . T h e graphs o f p H vs. r emova l % ( f igure 5 .15d) on the o ther h a n d 

shows on ly a ve ry sl ight decrease in r emova l wi th increas ing p H . A dec rease in 

adsorpt ion wi th increas ing added meta l concent ra t ions is a lso s h o w n . 
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(b) So l ids Concent ra t ion A (1800 mg/ i ) 
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(c) S o l i d s C o n c e n t r a t i o n A (1800 mg/ l ) 
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Figure 5.15: Cu adsorption in mixed liquor 
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C u in F i n a l E f f l u e n t 

Since di lut ion of the f inal e f f luen t wi th the superna tan t d id no t resul t in a s ignif icant ly 

d i f fe rent su spended sol ids concentra t ion , the resul ts o f bo th sol ids concent ra t ions were 

c o m b i n e d fo r the analys is of the resul ts . T h e g raph of C j vs . Cs ( f igure 5 .16a) shows 

that fo r p H va lues greater than 6, a po in t occurs w h e r e the so lub le meta l concent ra t ion 

does not increase wi th increas ing total me ta l concent ra t ion . Th is is a lso s h o w n in the 

CT VS. CNS g raph ( f igure 5 .16b) w h e r e the s lope of the g raph in this r ange equals 1 and 

in the g raph o f Cs vs . Cx whe re the s lope of the g raph w a s equa l to inf in i ty ( f igure 

5.16c). T h e g raph of p H vs. r emova l % ( f igure 5 .16d) s h o w s inc reas ing r e m o v a l wi th 

increas ing added meta l concentra t ion . The increased up take w a s a lso s h o w n to be due 

to increases in p H . H o w e v e r a p la teau, whe re no fu r the r increase in adsorp t ion is 

shown, occurs at approx imate ly p H 7.5. Th is p la teau increases w i t h increas ing meta l 

concent ra t ion and is at a m a x i m u m of approx imate ly 9 1 % fo r a total me ta l 

concent ra t ion o f 10.0 mg/1. 
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(b) Solids Cone. 31 mg/l 
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Figure 5.16: Cu adsorption in Final Effluent 
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Z n in R a w S e w a g e 

The g raphs genera ted f r o m this exper imen t s h o w that at p H va lues greater than 6.8, no 

increase in so luble meta l wi th increas ing total me ta l concent ra t ion , greater than 2 mg/1, 

was evident . T h e graphs o f CT VS. Cg ( f igure 5 .17 a-c) a lso ind ica ted increas ing 

adsorpt ion wi th bo th increas ing sol ids concent ra t ion and increas ing p H . Overa l l 

r emova l o f Z n in r a w sewage w a s f o u n d to b e in the r ange o f 3 0 - 9 0 % . 
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(b) Solids Concentrat ion B (322 mg/l) 

pH 6.8 

pH 7.0 

• • 

A 
^ 

pH 7.0-7.2 

A 

^ PH 7.5 ^ 
A 

0.5 

' pH 6.8 

1.5 

I pH 7.0 

2 2.5 
Ct (mg/l) 

ApH 7.2 ~ 

3.5 4.5 

xpH 7.5 X pH 7.7 

134 



4.5 

4 

3.5 

3 

D> 2.5 
E 
<0 ? 
O 

1.5 -

1 • 

0.5 -

0 -

(c) Solids Concentration C (668 mg/l) 

pH 6.8 

• • 

I pH 7.0 

• ^ pH 7.7 
X 

^ ^ 

0.5 

• pH 6.8 

1.5 2 2.5 

Ct (mg/l) 
3.5 4.5 

• pH 7.0 X pH 7.5 A pH 7.7 

Figure 5.17: Zn adsorption in raw sewage 
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Z n in P r i m a r y E f f l u e n f 

The g raphs o f CT VS. CS ( f igure 5 .18 a-c) genera ted by the resul ts o f this exper iment 

also indicate that at s o m e concent ra t ions no increase in so luble meta l wi th increas ing 

total me ta l concent ra t ion occurs . Increases in sol ids concen t ra t ion as wel l as increases 

in p H cause increased adsorpt ion. T h e g raph of p H vs. r e m o v a l % (in A p p e n d i x C) 

also s h o w s that the increase in r emova l wi th increas ing p H w a s s imi lar fo r all added 

meta l concent ra t ions . The m a x i m u m remova l (%) encoun te r ed w a s 9 0 % . 
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(c) Solids Concentration C (125 mg/l) 

pH 6.5-6.7 

0 0.5 
' ' 1 r— 

1 1-5 2 2.5 3 3.5 4 4.5 
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Figure 5.18: Zn in Primary Effluent 
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Z n in M i x e d L i q u o r 

The g raphs o f Q vs. Q ( f igure 5 .19 a-c) s h o w that fo r p H va lues less than 7.0, an L-

curve i so the rm is exhibi ted. The adsorp t ion of Z n in m i x e d l iquor is a lso posi t ively 

in f luenced b y increas ing p H and sol ids concent ra t ions , as s h o w n b y increased values of 

the adsorp t ion coef f ic ien t . H o w e v e r , the adsorp t ion capaci t ies ach ieved increased wi th 

decreas ing sol ids concentra t ion . T h e r emova l (%) w a s grea t ly i n f luenced b y p H . T h e 

m a x i m u m r e m o v a l (approx imate ly 8 0 % ) w a s s imi lar f o r all th ree sol ids concent ra t ions . 
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Figure 5.19: Zn in Mixed Liquor 
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Z n in F i n a l E f f l u e n t 

The resul ts o f this exper iment show that adsorp t ion increased w i t h increas ing pH. The 

graphs o f CT VS. CS ( f igure 5 .20 a) and CT VS. CNS ( f igure 5 .20 b) s h o w that the 

adsorpt ion capac i ty w a s reached at l o w meta l concent ra t ions fo r p H va lues lower than 

6.5. T h e g raph of p H vs. r emova l % ( f igure 5 .20c) a lso s h o w s an increase in r emova l 

wi th bo th increas ing added meta l concent ra t ion and p H , r each ing a m a x i m u m of 

approx imate ly 8 5 % remova l at p H 8.4. 
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(c) Solids Cone. 31 mg/l 
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Figure 5.20: Zn in Final Effluent 

Using this data, the va lues for the m o d e l coef f ic ien ts s h o w n in tables 5 .2 and 5.3 can b e 

derived. T h e adsorp t ion coef f i c ien t va lue (Kp) is ca lcula ted f r o m the initial s lope of 

the Cs vs. Cx graphs . T h e solubi l i ty l imits are der ived f r o m the C j vs . Cs g raphs , w h e r e 

the graphs s h o w n o increase in so luble meta l concent ra t ions w i t h inc reas ing total meta l 

concentrat ions. 

As can be seen f r o m tables 5.2 and 5.3, the statist ical s ign i f i cance o f the adsorp t ion 

coeff ic ients der ived f r o m the exper imenta l da ta is h igh . Th is s h o w s that the m e t h o d 

used for the der iva t ion of this m o d e l coef f i c ien t is su f f i c ien t ly rel iable . Whi l e these 

adsorpt ion coef f ic ien t s are s ignif icant they are on ly appl icable to the exper imenta l 

condit ions u n d e r wh ich they w e r e der ived. 
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Table 5.2: Experimentally-derived model coefficients for copper 

Process 

Stream 

Total 

Suspended 

Solids 

(mg/1) 

pH Solubility 

Limit 

(mg/l) 

Kp 

(I/kg) 

Ka 

(mg/kg) 
Langmuir-

derived 

Ka, 

(mg/kg) 

Significance 

of Kp value of 

Kp 

Raw 474 6.5 Not reached 634 Not reached 99% 0.98 
Sewage 7.0 Not reached 569 Not reached 99% 0.91 

7.3 Not reached 555 Not reached 99% 0.98 
322 7.0 Not reached 663 Not reached 95% 0.97 

7.3 Not reached 615 Not reached 98% 0.99 
8.0 Not reached 536 Not reached 99% 1.00 
8.5 Not reached 524 Not reached 

668 7.0 Not reached 376 Not reached 99% 0.79 
7.3 Not reached 433 Not reached 99% LOO 
7.8 Not reached 456 Not reached 95% 0.97 
8.0 Not reached 353 Not reached 99% 0.99 

Primary 94 6.3 6.10 4482 Not reached 90% 0.79 
Effluent 7.0 4.70 6382 Not reached 99% 0.81 

7.3 4.00 8966 Not reached 80% 0.80 
8.0 5675 Not reached 80% 0.75 

86 6.3 5.90 5663 Not reached 80% 0.84 
6.6 4.60 9703 Not reached 90% 0.69 
7.0 3.50 12644 Not reached 80% 0.64 
7.3 3.30 5167 Not reached 95% 0.96 
7.7 2.80 Not reached 

125 6.6 5.00 3095 Not reached 95% 0.97 
7.3 3.75 4093 Not reached 80% 0.80 

Mixed 1800 6.8 Not reached 516 2132 3333 90% 0.4 
Liquor 7.0 Not reached 541 2280 95% 0.98 

7.3 Not reached 495 Not reached 95% 0.93 
8.0 Not reached 2090 3333 

1058 6.8 Not reached 750 Not reached 5000 90% 0.5 
7.0 Not reached 723 3464 5000 90% 0.9 
7.3 Not reached 668 3321 5000 80% 0.14 
7.6 Not reached 3125 5000 
8.0 Not reached 3000 

8.5 Not reached 2878 5000 
2500 6.7 Not reached 503 2100 3333 95% 0.95 

7.0 Not reached 448 1900 3333 99% 0.61 
7.6 Not reached 389 1695 3333 95% 0.90 

Final 31 6.0 6.70 Not reached 
Effluent 6.4 3.60 Not reached 

6.8 2.10 34130 Not reached 80% 0.5 
7.2 1.20 Not reached 

8.0 0.80 Not reached 

8.7 0.70 Not reached 

Notes: Kp — adsorption coefficient 

Ka = adsorption capacity 
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Table 5.31 Experintentally-derived model coefficients for zinc 

Process 

Stream 

Total 

Suspended 

Solids 

(mg/1) 

pH Solubility 

Limit 

(mg/1) 

Kp 

(1/kg) 
Ka 

(mg/kg) 
Langmuir 

derived Ka 

(mg/kg) 

Significance 

of Kp value of 

Kp 

Raw 474 6.8 2.10 Not reached 
Sewage 7.0 1.75 Not reached 

7.2 1.10 Not reached 
7.5 0.70 Not reached 

322 6.8 3.30 1425 Not reached 99% 0.68 
7.0 2.00 1833 Not reached 99% 0.94 
7.2 1.30 2836 Not reached 99% 0.99 
7.5 1.00 3733 Not reached 90% 0.86 
7.7 0.65 Not reached 

668 6.8 1.80 Not reached 
7.0 1.40 Not reached 
7.7 0.60 Not reached 

Primary 94 6.7 Not reached 2270 Not reached 90% 0.91 
Effluent 7.0 2.60 2655 Not reached 99% 0.91 

7.6 1.15 9980 Not reached 90% 0.91 
8.5 0.60 Not reached 

86 6.5 Not reached 1867 Not reached 90% 0.77 
6.7 Not reached 2702 Not reached 98% 0.98 
7.3 Not reached 7710 95% 0.95 
9.0 0.40 Not reached 

125 6.5 Not reached 1683 Not reached 80% 0.85 
6.7 Not reached 1761 Not reached 90% 0.77 
7.0 Not reached 4853 Not reached 90% 0.74 

Mixed 1800 6.1 Not reached 1280 1429 
Liquor 6.4 Not reached 1362 17520 5000 95% 0.86 

6.7 Not reached 2269 Not reached 2500 95% 0.91 
1058 6.1 Not reached 1650 1667 

6.4 Not reached 1502 1680 5000 99% 1.0 
6.7 Not reached 1817 Not reached 95% 0.87 
7 Not reached 1982 Not reached 95% 0.69 
7.2 Not reached 3709 Not reached 99% 1.0 

2500 6.1 Not reached 1040 2000 
6.4 Not reached 1269 1360 2500 90% 0.65 
6.7 Not reached 1733 Not reached 2500 99% 0.72 
7.0 Not reached 2013 Not reached 1667 90% 0.65 
7.3 Not reached 2114 Not reached 5000 95% 0.98 

Final 

Effluent 
31 All Not reached 6854 Not reached 99% 0.79 

Notes: Kp = adsorption coefficient 

Ka = adsorption capacity 
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5.4.3 .1 A s s o c i a t i o n b e t w e e n m o d e l coe f f i c i en t s a n d c r i t i c a l p a r a m e t e r s 

Corre la t ion re la t ionships l inking the coef f ic ien t s der ived f r o m the adsorp t ion 

exper iments and the t w o m a i n pa ramete r s , p H and sol ids concen t ra t ion w e r e examined . 

The der iva t ion of these correlat ion re la t ionships w a s l imi ted by the fac t that solubil i ty 

l imits and adsorp t ion capaci t ies w e r e not r eached in all o f the exper iment s . The re fo re 

for Cu, corre la t ing p H and the solubi l i ty l imit w a s on ly poss ib le fo r the p r i m a r y and 

final e f f luen ts . Corre la t ion be tween p H and adsorp t ion coe f f i c i en t s ( K p ) w a s on ly 

poss ib le f o r r a w s e w a g e samples . In genera l it w a s f o u n d that K p va lues w e r e in the 

range of 388 -970 1/kg fo r solids concent ra t ions greater t han 3 0 0 mg/1 and in the r ange 

of 8200 -15000 1/kg fo r solids concentra t ions less than 3 0 0 mg/1. T h e adsorp t ion 

capaci t ies (Ka) w e r e on ly reached for m i x e d l iquor samples . Corre la t ions b e t w e e n K a 

values and p H s h o w e d a decrease in adsorp t ion capaci ty w i t h inc reas ing p H . K a va lues 

were also f o u n d to decrease wi th increas ing T S S concent ra t ion . 

!= 
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OT 3 

y = 315662x'®"'" 
R' = 0.9261 

y = -2.1472x +19.267 
= 0.8656 

5.5 6.5 7 
pH 

7.5 8.5 

• Final Effluent (SS 31 mg/1) • Primary Effluent (SS 86-125 mg/1) 

Figure 5.21: Relationship between pH and the solubility limit of Cu in Primary 
Effluent and Final Effluent 
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Figure 5.22: Relationship between pH and adsorption capacity of Cu in mixed liquor 
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Figure 5.23: Relationship between TSS and adsorption capacity ofCu atpH 7.0-8.0 

Correlat ing p H and the solubility limit fo r Z n was only poss ib le f o r r a w s e w a g e and the 

pr imary e f f luent . It was found that K p va lues were be tween 1330-9980 1/kg for all 

exper imental results , wi th the average and med ian be ing 2 4 7 3 and 1871 1/kg 
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respect ively . T h e va lues for the adsorp t ion capaci ty w e r e in the r ange of 1250-1680 

m g / k g in m i x e d l iquor. 
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Figure 5.24: Relationship between pH and solubility limit ofZn in Raw Sewage 
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Figure 5.25: Relationship between pH and solubility limit ofZn in primary effluent 
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5.4.4 C o m p e t i t i o n A d s o r p t i o n E x p e r i m e n t s 

In addi t ion to the adsorp t ion exper iments carr ied out on a s ingle meta l , compet i t ion 

exper iments w e r e conducted . These exper imen t s e x a m i n e d the e f f ec t on adsorpt ion of 

each meta l in the p resence of another meta l in solut ion. M i x e d meta l solut ions w e r e 

added in the s a m e concent ra t ions as those used in the s ingle-meta l adsorp t ion 

exper iments (namely , 2.5, 5.0, 7.5 and 10.0 mg/1 for C u and 1.0,2.0,3.0 and 4 .0 mg/1 for 

Zn). These expe r imen t s were carr ied out us ing al iquots o f the s a m e s a m p l e mater ia l , 

which had b e e n used fo r the solubil i ty and adsorp t ion exper iment s . Ana lys i s o f the 

results w a s carr ied out us ing the s a m e m e t h o d as w a s u sed fo r the s ingle me ta l 

adsorpt ion exper iments . The graphs genera ted can be f o u n d in A p p e n d i x C ( f igures 

C.82-C.161) . T h e m o d e l coef f ic ien ts der ived as a resul t o f these expe r imen t s are 

shown in tables 5 .4 and 5.5. In s o m e cases, the resul ts ob ta ined are no t suf f ic ien t to 

m a k e genera l s t a tements as to w h a t e f fec t the p resence of o n e meta l ha s on the 

adsorpt ion of the o ther meta l . T h e observat ions p resen ted are thus sub jec t to the 

l imitat ions p o s e d b y the resul ts obta ined. 

5.4.4.1 R e s u l t s a n d O b s e r v a t i o n s 

C u a n d Z n in R a w S e w a g e 

The adsorp t ion of C u in this exper imen t exhib i ted a C - t y p e adso rp t ion i so therm. 

Adsorpt ion w a s s l ight ly increased wi th increased sol ids concent ra t ion . W h i l e 

increasing p H did not grea t ly a f fec t the level o f adsorpt ion , it w a s s l ight ly decreased 

with increas ing meta l concent ra t ion . Z inc adsorpt ion , h o w e v e r , increased wi th 

increasing p H . The re was also s o m e prec ip i ta t ion o f Z n at h ighe r p H values . Genera l ly 

Zn remova l (40 -95%) was greater than that o f C u (10-30%) . 

In compar i son to the results of the single meta l adsorp t ion exper iments , the solubi l i ty 

limits fo r Z n w e r e s imilar in both exper iments . The adsorp t ion coef f i c ien t s f o r C u 

decreased b y u p to 8 % in compar ison to those obta ined f r o m the s ingle m e t a l 

exper iments . O n the other hand, Z n adsorpt ion coef f ic ien ts inc reased b y 6 0 - 1 0 0 % in 

the m i x e d meta l sys t em compared to the s ingle meta l sys tem. 

C u a n d Z n in P r i m a r y E f f l u e n t 

In this exper iment , bo th Cu and Z n exhibi ted some precipi ta t ion. F o r b o t h metals , 

increased p H resul ted in increased r emova l and the increase in r e m o v a l w i t h p H 
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increased wi th increas ing added meta l concent ra t ion . H o w e v e r , aga in in general , Z n 

remova l s ( 1 0 - 9 0 % ) were h igher than Cu r emova l s (10 -70%) . 

Compar i son of the resul ts of the s ingle meta l and compe t i t ion expe r imen t s shows that 

fo r bo th C u and Z n the solubil i ty l imits r eached at spec i f ic p H va lues w e r e greater in 

the s ingle me ta l exper iments . The solubil i ty l imits fo r C u s h o w e d a dec rease on 

average of 2 5 % in the compet i t ion exper iments . Z inc solubi l i ty at p H 7 in sol ids 

concentra t ion 94 mg/1 was decreased b y 4 0 % in the compe t i t i on exper iment s . It w a s 

found that the va lues fo r the adsorp t ion coef f ic ien ts w e r e d i f f icu l t to ob ta in to fo r bo th 

metals . 

C u a n d Z n in M i x e d TJq i i n r 

The results s h o w that C u adsorp t ion fo l lows a C- type i so therm. T h e p H of the solut ion 

had a s l ight ly nega t ive e f fec t on the adsorpt ion of Cu, ye t had a pos i t ive e f fec t on the 

adsorpt ion o f Zn . Inc reas ing sol ids concent ra t ion increased the adsorp t ion o f bo th 

metals. 

The compet i t ion expe r imen t s also s h o w e d a decrease ( 3 5 % ) in adsorp t ion coef f ic ien t s 

for Cu whi le no d iscern ib le t rend could be f o u n d fo r the c h a n g e in the Z n adsorp t ion 

coeff ic ients . 

C u a n d Z n in F i n a l E f f l u e n f 

The adsorpt ion of both meta l s fo l lowed a C - t y p e i so therm, wh i l e s h o w i n g s o m e 

precipitat ion. Adsorp t ion also increased wi th increas ing p H . 

5.4.4.2 C o r r e l a t i o n R e l a t i o n s h i p s 

The resul ts o f the compet i t ion adsorpt ion exper iments w e r e a lso u sed to de r ive 

relat ionships b e t w e e n the mode l coeff ic ients and the crit ical pa rame te r s . D u e to t he 

l imitations o f the data , only relat ionships be tween p H and the solubi l i ty l imi t o f b o t h 

metals w e r e obta ined . These are shown in figures 5 .26 and 5 .27. 
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Figure 5.26: Relationship between pH and the solubility limit ofCu in the presence of 
Zn 
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Figure 5.27: Relationship between pH and the solubility limit ofZn in the presence of 
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Table 5.4: Results of competition adsorption experiments (Cu) 

Process 
S t r e a m 

To ta l S u s p e n d e d 
Solids (mg/1) 

p H Solubil i ty 
L imi t 
(mg/1) 

A d s o r p t i o n 
Coef f ic ien t 
K p (1/kg) 

Signif icance 
of K p va lue 

R ' o f 
K p 

R a w 
Sewage 

474 6.4 Not reached 614 90% 0.88 
R a w 
Sewage 

474 

6.7 Not reached 537 99% 0.41 

R a w 
Sewage 

474 

7.0 Not reached 525 90% 0.83 

R a w 
Sewage 

474 

7.3 Not reached 486 99% 1.0 

R a w 
Sewage 

474 

8.0 Not reached 494 90% 

R a w 
Sewage 

322 6.4 Not reached 577 98% 0.96 

R a w 
Sewage 

322 

7.0 Not reached 678 90% 0.95 

R a w 
Sewage 

322 

8.3 Not reached 445 90% 0.90 

R a w 
Sewage 

668 7.0 

7.3 

8.2 

Not reached 

Not reached 

Not reached 

383 

360 

254 

90% 

90% 

95% 

0.95 

0.83 

0.98 
P r i m a r y 
Ef f luen t 

94 6.0 6.60 P r i m a r y 
Ef f luen t 

94 

6.3 5.90 

P r i m a r y 
Ef f luen t 

94 

6.5 4.10 

P r i m a r y 
Ef f luen t 

94 

6.7 3.80 

P r i m a r y 
Ef f luen t 

86 6.3 4.10 

P r i m a r y 
Ef f luen t 

86 

6.5 3.10 

P r i m a r y 
Ef f luen t 

125 6.3 5.35 

P r i m a r y 
Ef f luen t 

125 

7.0 3.35 
Mixed 
L iquor 

1800 6.3 Not reached 381 9 5 % 0.85 Mixed 
L iquor 

1800 

6.6 Not reached 377 9 0 % 0.89 

Mixed 
L iquor 

1800 

7.0 Not reached 352 9 9 % 0.79 

Mixed 
L iquor 

1800 

7.2 Not reached 429 80% 0.26 
1058 6.6 Not reached 522 9 9 % 0.48 1058 

7.0 Not reached 460 99% 0.72 

1058 

7.2 Not reached 458 99% 0.60 
2500 6.3 Not reached 346 90% OjG 

6.6 Not reached 334 99% 0.80 
7.0 Not reached 325 99% 0.80 
7.2 Not reached 308 80% 0.46 

Final 
Ef f luen t 

31 6.3 4.85 Final 
Ef f luen t 6.7 2.20 

Final 
Ef f luen t 

7.0 1.30 

Notes: Kp = adsorption coefficient 

Ka = adsorption capacity 
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Table 5.5: Results of competition adsorption experiments (Zn) 

Process 
S t r e a m 

To ta l S u s p e n d e d 
Solids (mg/1) 

P H Solubi l i ty 
L i m i t 
(mg/1) 

A d s o r p t i o n 
Coef f ic ien t 
K p (1/kg) 

Signif icance 
of K p va lue 

R ' o f 
K p 

R a w 474 6.7 2.60 
Sewage 7.0 1.85 2763 80% 0.41 

7.3 0.90 4988 80% 0.51 
7.5 0.50 

322 7.0 Not reached 3651 90% 0.94 
7.3 1.85 4773 95% 0.97 
7.5 0.70 
8.0 0.50 
8.2 0.40 
8.8 0.25 

668 7.0 1.60 
7.2 1.05 
7.5 0.85 6371 95% 0.99 
8.2 0.40 
8.8 0.30 

P r i m a r y 
Ef f luen t 

94 6.7 2.25 P r i m a r y 
Ef f luen t 7.0 1.45 

86 6.3 3.20 
125 6.7 2.50 

7.0 1.70 
7.3 0.90 

Mixed 
L iquo r 

1800 6.3 Not reached 1485 9 5 % 0.96 
Mixed 
L iquo r 6.6 Not reached 1762 90% 0.89 

7.0 Not reached 2258 9 9 % 0 j # 
7.2 Not reached 3538 9 5 % 0.98 

1058 6.6 Not reached 1674 9 9 % 0.26 
7.0 Not reached 2105 98% 0.61 
7.2 Not reached 3950 99% 0.99 

2500 6.3 Not reached 1288 80% 0.49 
6.6 Not reached 1667 99% 0.85 
7.0 Not reached 1951 99% 0.92 
7.2 Not reached 2346 90% 0.91 

Final 
Ef f luen t 

31 6.3 3.40 Final 
Ef f luen t 6.7 2.50 

7.0 1.80 

Notes: Kp = adsorption coefficient 

Ka = adsorption capacity 
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5.4.5 O v e r a l l D i s c u s s i o n s 

5.4.5.1 C o n c e p t u a l I d e a : 

As p rev ious ly men t ioned in sect ion 4.2 .3 , it is genera l ly though t that adsorp t ion of 

meta ls on to sol ids fo l lows a l inear i so therm wi th a character is t ic L-curve . T h e s lope of 

the curve is the adsorp t ion / par t i t ioning coef f ic ien t . A s s h o w n in f igu re 5.28, the 

initial a m o u n t adso rbed is large, this b e i n g the l inear reg ion o f adsorp t ion . T h e slope, 

and the re fore the va lue o f the adsorpt ion/ par t i t ioning coef f ic ien t , decreases as b ind ing 

sites b e c o m e satura ted. T h e asympto t ic l ine to this p lo t is the adsorp t ion capac i ty o f 

the adsorbate . T h e L a n g m u i r i so therm can be appl ied to this t ype o f behav iour . 

However , the L a n g m u i r i so therm cannot be u sed to de t e rmine the adsorp t ion capac i ty i f 

the exper imenta l data does not fal l wi th in the r ange w h e r e dec rease o f adsorp t ion 

occurs. 

Cx 

Cs 

Figure 5.28: L-type adsorption isotherm 

Another type o f adsorp t ion i so therm is the S - f o r m , as s h o w n in f igu re 5.29. 

Cx 

Cs 

Figure 5.29: S-type adsorption isotherm 
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In this case, adsorp t ion is p rogress ive ly increased due to in te rmolecula r at traction 

(Lawson et al 1984; U S E P A 1999). In the first reg ion of the g raph (I), su r face 

coverage is so sparse that adsorbed molecu le s canno t interact . Subsequen t ly (II), 

adsorpt ion is enhanced by the a l ready b o u n d molecu les , unt i l the b ind ing sites start to 

get sa turated and the s lope starts to decrease aga in (III). A n o t h e r exp lana t ion fo r the 

increased adsorp t ion behav iour is associa ted wi th the compe t i t i on b e t w e e n soluble 

l igands and the sol ids sur faces fo r b ind ing of the meta l ions. In the first r eg ion o f the 

graph (I), adsorp t ion occurs wi th compet i t ion f r o m soluble l igands fo r complexa t ion of 

metal ions. The rea f t e r (II), saturat ion of the so luble l igands leads to decreased 

compet i t ion f o r the me ta l ions, leading to increases in adsorpt ion . F ina l ly , sa tura t ion o f 

the solids b ind ing si tes wil l resul t in a decrease in adsorpt ion , unt i l the adso ip t ion 

capaci ty is finally r eached (III). 

However , i f p rec ip i ta t ion occurs b e f o r e adsorp t ion capaci ty , t hen the p lo t wi l l h a v e the 

fo l lowing shape ( f igure 5.30) . 

CNS 

or 

Cs Cs 

Figure 5.30: Precipitation occurring before adsorption capacity is reached 

An al ternat ive m e t h o d of plot t ing these i so therms uses the va lues o f non- so lub le me ta l 

concentrat ion and total meta l concentrat ion. In case 1, s h o w n in f igu re 5 .31(a) the 

solubility l imit is r eached before the adsorpt ion capaci ty occurs . T h u s if t he adso rp t ion 

capacity is reached , it wil l not be dis t inguishable since the prec ip i ta tes a re n o t 

d i f ferent ia ted f r o m the adsorbed fract ion. F igure 5.31(b) r epresen t s ca se 2 , w h e r e the 

adsorpt ion capaci ty is reached be fo re precipi ta t ion occurs . 
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CNS 

Cs 

(a) 
Cs 

(b) 

Figure 5.31: (a) Case 1: solubility limit occurring before adsorption capacity 

(b) Case 2: adsorption capacity occurring before solubility limit 

The pa rame te r that m o s t in f luences wh ich case occurs is the p H . A t lower p H values , 

the solubi l i ty l imit is expec ted to be h igh and thus the adsorp t ion capac i ty m a y occur 

before precipi ta t ion. W h i l e at h igher p H values , the solubi l i ty l imit m a y occur at qui te 

low concent ra t ions and thus b e f o r e adsorp t ion capaci ty is r eached . 

5.4.5.2 Parameters affecting metal removal from wastewater 

The mos t impor tan t p a r a m e t e r s a f f ec t ing the p rocesses o f me ta l r e m o v a l from 

wastewater h a v e b e e n f o u n d to be: 

1. p H 

2. solids concent ra t ion 

3. the meta l in ques t ion and its concent ra t ion as we l l as the p re sence o f o ther 

meta l s 

4. organic mat te r 

The fo l lowing d iscuss ion will p rov ide an examina t ion of h o w these pa ramete r s 

inf luence meta l r emova l both s ingular ly and interact ively, w i th r e fe rence to the resul ts 

of the adsorp t ion exper iments carried out in this research p ro jec t as wel l as to the w o r k 

of prev ious researchers . 

b H I 

The p H of the zero-poin t -of -charge of an adsorbant is the p H at w h i c h the su r f ace o f a 

material has a ne t su r face charge of ze ro ( U S E P A 1999). In theory , an increase in p H 

results in m o r e nega t ive charge on the sol ids, thereby increas ing ca t ion adsorpt ion 
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( M c L e a n and B ledsoe 1992; U S E P A 1999). M o s t o f the resul ts of the adsorpt ion 

exper iments agree wi th this, wi th the except ion of the expe r imen t on Cu in r aw sewage. 

Adsorp t ion w a s f o u n d to decrease wi th increas ing p H ( f igure 5.12). H o w e v e r , this 

behav iour m a y b e expla ined by the d issolu t ion of d i sso lved o rgan ic mat te r at h igh pH. 

Enhanced concent ra t ions of d issolved organic mat te r inc reas ing ly c o m p e t e wi th the 

solids for complexa t ion of the meta ls ( W a n g et al 1999, Grass i et al 2000) . A n o t h e r 

explanat ion o f this p h e n o m e n o n w a s g iven by M c L e a n and B l e d s o e (1992) . T h e y 

stated that at low p H , H ions compe te wi th the meta l ion fo r c o m p l e x a t i o n wi th the 

organic mat ter . A s the p H increases, m o r e o f the meta l can b e c o m p l e x e d wi th 

dissolved organ ic mat te r and less w a s there fore adsorbed b y the sol ids. 

In the exper imen t s tudy ing Cu in final e f f luent , increased p H w a s s h o w n to enhance 

adsorpt ion, unt i l a p la teau w a s reached , w h e r e no fur ther adsorp t ion occur red wi th 

increases in p H ( f igure 5 .15d) . T h e p la teau- type behav iour w a s a lso s h o w n b y Q u e k et 

al (1998) and W a n g et al (1999) . T h e level of the p la teau r eached also increased wi th 

increasing me ta l added concent ra t ion (firom 7 0 % at 2.5 mg/1 C u a d d e d to 9 0 % at 10 

Cu added) . T h u s the m a x i m u m adsorp t ion rat io increases w i t h inc reas ing meta l 

concentrat ion. 

Solids characteristics and concentration; 

The size, na ture and concent ra t ion of the sol ids de t e rmine the rates o f adsorp t ion and 

the resul t ing equi l ibr ium condi t ions . M o r e impor tan t ly , s ince adsorp t ion is a sur face 

phenomena , the rate and extent o f adsorp t ion are func t ions o f the su r face area o f the 

solids used. Fo r example , due to their h igh cat ion exchange capaci ty and h igh speci f ic 

surface areas, increas ing clay or organic mat te r content leads to an increase in 

adsorption. M o r e rapid adsorpt ion also takes p lace wi th smal le r par t ic les ( O ' C o n n o r 

and Connol ly 1980). The funct ional g roups on the solid sur face are a lso an impor tan t 

characterist ic o f the solids (Grassi et al 2000) . 

It wou ld be expec ted that the concentrat ion of solids in a so lu t ion w o u l d pos i t ive ly 

inf luence adsorpt ion . The exper iment on adsorpt ion of Cu in p r i m a r y e f f l u e n t is the 

only except ion to this principle ( f igure 5.13). Al though there is n o f u n d a m e n t a l basis 

for this behaviour , O ' C o n n o r and Conno l ly (1980) also f o u n d that the resu l t s of a vast 

number o f labora tory studies demons t ra ted an inverse re la t ionship b e t w e e n 
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concent ra t ion of adsorb ing solids and the adsorp t ion / par t i t ioning coeff ic ient . Possible 

explanat ions fo r this unexpec ted behav iou r h a v e been g iven in the 1999 U S E P A report 

on par t i t ioning coef f ic ien ts : 

1. Par t ic le in teract ions in sys tems wi th h igh sol ids con ten t m a y resul t in b locking 

of s o m e adsorp t ion sites and thus cause a dec rease in adsorp t ion . 

2. Ind iv idua l par t ic les in a solut ion wi th a h igh sol ids concen t ra t ion m a y have a 

t endency to coagula te and f loccula te into larger par t ic les , w h i c h h a v e less 

avai lable adsorp t ion sites than individual par t ic les . 

3. Adso rp t i on on to col loidal solids and insuf f ic ien t separa t ion t echn iques , 

resul t ing in the col loidal par t ic les s taying in so lu t ion and thus the adsorba te 

assoc ia ted wi th t h e m is inc luded in the analys is o f the so luble phase . 

4. C o m p l e x i n g agents (organic mat ter ) m a y desorb or d issocia te f r o m the sol ids 

and in tu rn c o m p e t e wi th the adsorba te fo r the avai lable sorp t ion sites. 

However, in my view it is more likely that the dissociated organic matter 

competes with the solids for complexation of the adsorbate. 

5. T h e use o f shor t - te rm labora tory m e a s u r e m e n t s that do no t a l low suf f ic ien t t ime 

for the adsorba te to d i f f u s e to the internal su r face adsorp t ion si tes, and thus a 

final equ i l ib r ium state is not reached . 

Another observa t ion that has been m a d e in m a n y of the adsorp t ion expe r imen t s (Cu in 

raw sewage, Cu in final e f f luen t , Z n in r a w sewage , Z n in p r i m a r y e f f luen t ) , shows that 

at a certain po in t fo r var ious p H values , any fu r the r increase in total me ta l does not 

cause an increase in soluble meta l . Th is behav iou r could indicate that ei ther: 

1. the solubi l i ty limit fo r Cu at that p H had been reached and thus precipi ta t ion is 

occurr ing; or that 

2. the adsorp t ion by the solids had sudden ly reached 100%. 

It is mos t l ikely that possibil i ty (1) is occurr ing. H o w e v e r , these solubi l i ty l imits a re 

approximate ly 10 t imes less than those previous ly de te rmined by the solubi l i ty l imit 

exper iments (sect ion 5.3.4). In their studies. Ne l son et al (1981) o b s e r v e d that f o r 

copper, precipi ta t ion in the unfi l tered exper imenta l reactors w a s o b s e r v e d (b lue 

precipitate) dur ing i so therm determinat ions at lower soluble concen t ra t ions than those 

observed in the filtered eff luent exper iments , fo r example at p H 7.0, C u solubi l i ty in the 

unfi l tered reactor e f f luen t was found to b e 6 .6mg/l in c o m p a r i s o n to 15 mg/1 in the 

filtered samples . T h e y concluded that nuc lea t ion sites on the sol ids and floe 

156 



e n m e s h m e n t led to lower soluble values , a l though r ema in ing supersa tura ted . Assuming 

that prec ip i ta t ion is occurr ing, the par t i t ion ing/adsorp t ion coef f i c ien t s can thus be 

der ived by s tudy ing the first por t ion of the graph , w h e r e adsorp t ion w a s the only 

m e c h a n i s m fo r r emova l . Howeve r , the L a n g m u i r m o d e l canno t be appl ied for these 

results. 

Another poss ib i l i ty to account for the precipi ta t ion occur r ing at l o w me ta l 

concentra t ions cou ld be due to the use o f sulphate meta l salts in the p repara t ion of the 

stock meta l so lu t ions used in the exper iments . I f anaerob ic cond i t ions h a d occur red 

during the exper imen t s , the meta l sulphates w o u l d have b e e n r e d u c e d to the h igh ly 

insoluble me ta l su lph ides and caused precipi ta t ion of the meta ls . H o w e v e r , to test this 

possibil i ty, m e a s u r e m e n t s o f the r edox potent ia ls dur ing the expe r imen t w o u l d have 

been required. It m a y be benef ic ia l to test this possibi l i ty in fu tu re exper iments . 

Metal concentration 

Within the l inear adsorp t ion i so therm range , an increase in m e t a l concen t ra t ion 

increases adsorp t ion . H o w e v e r , b e y o n d the l inear range , adsorp t ion dec reases wi th 

increasing me ta l s concent ra t ion . C h e n et al (1998) gave t w o exp lana t ions fo r this 

behaviour. Firs t ly, e f f i c i ency of meta l ion sorpt ion decreases as the me ta l ion 

concentrat ion increases , s ince by increas ing meta l concent ra t ion , the total a m o u n t o f 

sites avai lable fo r sorpt ion decreases . Also , the h igher su r f ace charge coverage 

enhances the act ivat ion energy fo r the sorpt ion react ions , the reby m a k i n g it m o r e 

difficult fo r the sur face to b ind meta l ions. 

The only exper iment , wh ich shows a decrease in adsorp t ion wi th increas ing meta l 

concentrat ion is that o f Cu in mixed l iquor ( f igure 5.14). This could be a t t r ibuted to the 

fact that meta l concentra t ions were beyond the l inear r ange of adsorp t ion and that 

increasing meta l concentra t ion wou ld result in decreased adsorp t ion d u e to the dec rease 

in b ind ing sites avai lable . 

The resul ts o f s o m e exper iments (Cu in r a w sewage and Cu in p r i m a r y e f f luen t ) s h o w 

two reg ions of adsorp t ion rates, one low adsorpt ion rate and o n e h ighe r adsorp t ion rate 

(f igures 5 .12 and 5 .13 respectively). Th is increased adsorp t ion at h i g h me ta l 
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concent ra t ions m a y be due to the saturat ion o f d isso lved organics b ind ing sites, leading 

to increased complexa t ion wi th the solids. 

M e t a l in q u e s t i o n 

Meta l character is t ics also in f luence the r e m o v a l behav iour . T h e ex ten t to w h i c h a 

meta l ion b inds to a l igand largely depends on the chemis t ry o f the me ta l ion and its 

p re fe rence to f o r m ionic or covalent bonds . T h e s t rength o f in terac t ion b e t w e e n 

divalent t ransi t ion me ta l s and donor l igands is g iven b y the I rv ing -Wi l l i ams series, as 

fo l lows: M n ( I I ) < Fe( I I )< Co(I I )< Ni( I I )< Cu(II ) > Z n (II) ( H u g h e s and P o o l e 1991). 

Meta ls such as Co , Ni , Hg , C u and Z n s h o w e d a p r e f e r ence fo r the N / S l igand g r o u p 

(Al -Hakawat i 1998). It has also been no ted that meta l s such as Cd and Z n do no t f o r m 

highly stable c o m p l e x e s wi th the d issolved organic mat ter , wh i l e Cu, P b and H g do 

( M c L e a n and B ledsoe 1992). The re fo re w h e n compe t ing wi th the sol ids for meta l 

complexa t ion , s ince C u has a h igh af f in i ty to soluble organics , the d i sso lved organic 

mat ter wil l p re fe ren t ia l ly c o m p l e x wi th Cu and resul t in its desorp t ion f r o m the sol ids, 

but the s a m e canno t be t rue fo r Zn. Th is can also expla in the obse rva t ion that in the 

exper iments carr ied ou t in this research p ro jec t the solubi l i ty l imits o f C u w e r e h ighe r 

than those o f Zn . 

Competition between metals 

Atkinson et al (1998) stated that specia t ion p l ays a s ign i f ican t ro le in adsorp t ion 

processes in a m i x e d meta l sys tem. Ions wi th l ower ionic radi i a re m o r e easi ly 

adsorbed. W h i l e ions wi th s imi lar ionic radii bu t h igher ionic cha rge are m o r e s t rongly 

attracted to the b iomass . Fo r ions o f s imi lar charge, the hydra ted radius de te rmines the 

order o f p re fe rence , w h e r e ions wi th smal le r radii be ing m o r e easi ly adsorbed (Bux et 

al 1994). 

It has been repor ted that the presence of Cu in ter fered wi th the adsorp t ion o f Z n and C d 

in soils, wh i l e the adsorpt ion of Cu was not a f fec ted s igni f icant ly b y a d d e d Z n ( K u o 

and B a k e r 1980 in M c L e a n and Bledsoe 1992). T h e s tudy by S a n c h e z et al (1999) 

showed that Z n u p t a k e by a b rown alga {Cymodocea nodosa) dec reased in the p re sence 

of Cu. Similar ly , C h o n g and Volesky (1995) showed that in the C u - Z n sys tem, the 

biosorbent (Ascophyllum nodosum) exhib i ted a net p re fe rence f o r the C u ion over Z n 

and the p resence of Z n did not s igni f icant ly interfere wi th Cu adsorp t ion . Other s tudies 
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(McBr ide and B las i ak 1979) found that Cu w a s ine f fec t ive in compe t ing fo r Z n 

adsorp t ion si tes and thus it w a s conc luded that Z n and C u w e r e preferent ia l ly adsorbed 

at d i f fe ren t sites ( M c L e a n and B ledsoe 1992). A t k i n s o n et al (1998) s h o w e d that 

adsorpt ion o f heavy meta ls by act ivated s ludge in m i x e d me ta l s t reams occurs in a non-

specif ic fash ion , w i th p re fe rence s h o w n towards those me ta l s that are p resen t in the 

greatest concent ra t ions . H o w e v e r the m e t h o d that they used fo r c o m p a r i n g adsorp t ion 

of d i f fe ren t me ta l s is quest ionable . T h e y c o m p a r e d the adso rbed me ta l concent ra t ions 

of a r ange of me ta l s as opposed to compar ing the adsorp t ion coe f f i c i en t s o r pe rcen tages 

of remova l . S ince in their exper iments Z n w a s or iginal ly added at the h ighes t 

concentra t ion, and exhibi ted the h ighes t adsorbed concent ra t ion , t hey conc luded that 

the compet i t ive adsorp t ion s eemed to be m o r e dependen t on load ing than on the 

chemical character is t ics o f the metals . The appl icabi l i ty o f the resul ts o f the s tudies 

named above are l imi ted fo r several reasons . First ly, it can be seen that w i th the 

except ion of the s tudy b y A tk inson et al (1998) , the s tudies w e r e carr ied out on non-

was tewate r adsorbents . These s tudies also focused on j u s t o n e type o f adsorbent . 

Was tewa te r s con ta in m a n y d i f fe ren t types o f l iving mat ter , e .g. bac ter ia , f u n g i and 

algae, each con ta in ing d i f fe ren t func t iona l g roups and thus d i f f e ren t m e t a l b ind ing 

propert ies . Fu r the rmore , these s tudies did no t cons ider the e f f ec t o f me ta l 

complexa t ion wi th so luble l igands, w h i c h m a y be s igni f icant in the r e m o v a l o f meta l s 

f rom solut ion. 

Due to the l imi ta t ions o f the exper imenta l da ta in the compe t i t ion exper imen t s carried 

out in this research projec t , it w a s d i f f icul t to reach a def in i te conc lus ion as to the e f fec t 

of each of the meta l s s tudied on the adsorp t ion of the other . 

Organic matfer 

The p resence of complex ing l igands (organic mat te r ) on sol ids enhances adso rp t ion 

onto the solids, w h e r e a s complex ing l igands in solut ion f o r m n o n - a d s o r b a b l e m e t a l 

complexes and h e n c e keep the meta l in solut ion. T h e organ ic ma t t e r a s soc ia ted w i t h 

the sol ids f rac t ion can be related to the volat i le suspended sol ids ( V S S ) concen t ra t ion . 

The d issolved organ ic mat ter ( D O M ) can b e represented b y t w o f rac t ions : 

(1) D O M init ially in r a w sewage, e i ther f r o m organic pol lu tan ts such as detergents , etc. 

or b io logical was te ; and 

(2) (2) D O M that w a s originally associa ted wi th the solids. 
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The amount of D O M can be expected to decrease th rough the act ion of biological 

t reatment processes . However , at the same t ime, the volati le suspended solids 

concentrat ion increases due to the format ion of b iomass . A n increase in p H can then 

lead to dissociat ion of some of the organic mat ter f r o m the solids, resul t ing in an 

increase in D O M , which will then be able to compe te wi th the solids f ract ion for 

complexat ion of the metal ions. Therefore the D O M mus t be related to the inf luent 

soluble substrate concentrat ion as measured by C O D / T O C , p H and the V S S 

concentrat ion. Samples of the fi l tered process s t reams used in the solubil i ty and 

adsorpt ion exper iments had been acidif ied and refr igera ted for soluble organic carbon 

analysis. These included samples of the original unf rozen samples and samples that 

had been f rozen and thawed for use in the experiments . 

Table 5.6: Results of Soluble Organic Carbon Analysis 

Sample Average Soluble Organic Carbon (mg/1) 
Raw Sewage Initial (16/6) 47.23 
Raw Sewage thawed (19/6) 34.17 
Raw Sewage thawed (20/6) 36.99 
Raw Sewage thawed (21/6) 34.23 
Raw Sewage thawed (23/6) 32.50 
Raw Sewage thawed (27/6) 64.49 
Raw Sewage thawed (28/6) 75.31 
Raw Sewage thawed (30/6) 77.92 
Primary Effluent (4/7) 22.27 
Mixed Liquor (4/7) 13.55 
Final Effluent (4/7) 8.92 
Final Effluent thawed (5/7) 9.14 
Final Effluent thawed (6/7) 8.44 
Final effluent thawed (11/7) 31.57 
Primary Effluent (20/11) 156.10 
Mixed Liquor (20/11) 0.64 

The results show that there are significant variat ions in the concentrat ions o f soluble 

organic carbon f r o m the same sample used at d i f ferent t imes. This mos t l ikely 

indicates that the original sample had not been homogenised wel l . H o w e v e r , in genera l 

it can be seen that the concentrations of soluble organic carbon in m i x e d l iquor and 

final e f f luent are lower than those for r aw sewage and pr imary ef f luent . T h u s as 

expected, meta l precipitat ion in final ef f luent samples occurs at lower concentra t ions 

than in the other process streams. 
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It IS r ecogn i sed that f r eez ing of the samples m a y cause cell lysis, w h i c h results in the 

release o f ce l lu lar mater ia l into solut ion (Hun t and W i l s o n 1986). This could account 

for the increase in the concentra t ion of so luble o rgan ic ca rbon in the t hawed samples . 

Yet , it w a s necessa ry to f reeze the samples used in these expe r imen t s to ensure 

cons is tency in the compos i t ion of the samples and r educe the var iabi l i ty associa ted 

wi th sampl ing at d i f fe ren t t imes. S ince all s amples that w e r e u sed fo r exper imenta t ion 

were p rev ious ly f r o z e n and thawed, this reduces the var ia t ion in the d isso lved organic 

mat ter content s ince all samples will have u n d e r g o n e s o m e degree o f cell lysis. This is 

considered a l imi ta t ion of the exper imenta l technique , s ince it resul ts in a h ighe r 

concentra t ion of D O M than w o u l d normal ly occur and m a y thus resul t in a h igher 

est imate o f me ta l complexa t ion wi th the D O M . This could in turn lead to the 

predic t ion o f solubi l i ty l imits that are h igher than those that occur unde r natural 

condit ions. L ikewise , it m a y also lead to an under -es t imat ion of the degree o f 

adsorpt ion, s ince dur ing the exper imen t s there is enhanced compe t i t ion wi th the D O M . 

5.4.6 Summary 

The results o f the expe r imen t s on the solubi l i ty and adsorp t ion of me ta l s in was t ewa te r 

carried out as par t o f this p ro jec t p rov ide an in dep th u n d e r s t a n d i n g of the p rocesses 

and pa ramete r s a f f ec t ing the fa te o f meta l s in mun ic ipa l w a s t e w a t e r t rea tment . In the 

solubility l imit exper iments , it has been s h o w n that due to the p r e s e n c e of so luble 

ligands, cons iderab le a m o u n t s o f meta l s m a y be p resen t in so lu t ion wi thou t 

precipitat ing. H o w e v e r , due to the p re sence of su spended sol ids, meta l s are r emoved 

f rom solut ion bo th by sorpt ion on to the sol ids and b y prec ip i ta t ion induced by the 

nucleation p rov ided by the solids. The extent o f meta l r emova l f r o m solut ion is 

governed b y crit ical parameters as descr ibed above . These interact ions are s h o w n 

schematical ly in figure 5.32. 

Calibrat ion of the meta l s mode l was another pu rpose o f the expe r imen t s ca r r ied ou t in 

this s tudy. It w a s ant ic ipated that correlat ion re la t ionships w o u l d b e de r ived to enab le 

the m o d e l coef f ic ien t s to be calculated for a g iven set o f condi t ions . W h i l e , it w a s 

possible to obta in s o m e of these relat ionships, it is r e c o m m e n d e d that f u r the r s tudies be 

carried out to de te rmine a complete set o f re lat ionships for a g iven W W T P . 
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zero point of charge? 

Nature of Solids 

Lower 
Higher 

Organic matter is adsorbed 
onto solids 

Adsorption increases with 
increasing pH 

Increase in organic matter on 
sohds leads to increased adsorption 

If pH decreases further, desorption occurs 
due to increased competition with ions. 

I 
At some high pH some organic 
matter is solubilised, leading to an 
increase in dissolved organic 
matter in solution and thus 
decreased adsorption 

Nature of Solids and 
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Increasing solids conc. 
increases adsorption 

Dissolved Organic 
Matter (DOM) 

The decrease in adsorption 
will depend on organic 
content of solids and 
dissolved organic matter 
concentration already 
present in solution, this will 
affect the amount of organic 
matter solubilised and thus 
the extent of competition 
between DOM and solids 
for complexation of metals 

Beyond the linear range of 
sorption, as the metal 
concentration increases, 
efficiency of adsorption 
decreases due to: 

• the occupation of the 
binding sites; and 

• the higher surface 
charge coverage 
enhances the activation 
energy for sorption 
reactions, making it 
more difficult to bind 
metal ions. 

Metal in Question 
and its Concentration 

In the linear 
adsorption 
range, metal 
adsorption 
increases with 
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metals 
concentration 

Depending on the 
metal 
concentration, the 
DOM may become 
saturated with 
metals, and thus the 
competition 
between it and the 
solids will cease 
leading to increased 
adsorption 

Depending on 
the metal in 
question, the 
metal may be 
desorbed from 
the solids to 
preferentially 
complex with 
the DOM 

Figure 5.32: Interactions between parameters affecting metal removal from 
wastewaters 
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CHAPTER SIX 

MODEL VERIFICATION 



6.1 Introduction 

The p rev ious chapte rs h a v e s h o w n the s tages of the d e v e l o p m e n t and cal ibrat ion of the 

predic t ive me ta l s mode l . This chap te r wil l detail the field da ta col lec t ion studies 

e a r n e d out to ve r i fy the m o d e l se t -up and outputs . T h e a i m o f the field s tudies carried-

out as par t o f this p ro jec t was to collect data on the par t i t ion ing o f me ta l s and sol ids 

th roughout an actual was tewa te r t rea tment p lan t ( W W T P ) . Th i s data w o u l d be used to 

compare the va lues genera ted by the deve loped mechan i s t i c m o d e l , g iven the p l a n t ' s 

opera tmg condi t ions . In addi t ion, this data w o u l d be u sed to de r ive the corre la t ions 

be tween the sol ids r emova l and flow, meta l s r emova l and flow, me ta l s r e m o v a l and 

influent me ta l s concent ra t ion and meta ls r emova l and sol ids r emova l . 

6.2 Millbrook WWTP Field Study 

The first field s tudy w a s carr ied out at Mi l l b rook w a s t e w a t e r t r ea tment plant . 

Mi l lbrook W W T P is the m a j o r t rea tment w o r k s in the ci ty o f Sou thampton , Eng land . It 

receives and treats was t ewa te r f r o m a domes t i c popu la t ion o f 138 ,000 p l u s t rade 

eff luents equ iva len t to a popu la t ion o f 20 ,000 . A t the works , the w a s t e w a t e r unde rgoes 

screening, gri t r emova l , p r i m a r y se t t lement and b io logica l t r ea tmen t (ac t iva ted s ludge) . 

The s ludge p r o d u c e d f r o m the t rea tment p rocesses , as wel l as s ludge impor t ed f r o m 

other was t ewa te r t r ea tment p lants in the area, is then t rea ted in the n e w on-s i te s ludge 

treatment centre , w h e r e it u n d e r g o e s th ickening , anae rob ic d iges t ion , cen t r i fuge 

dewatermg and the rma l drying. T h e final p roduc t is an o rgan ic -based fer t i l iser and soil 

condit ioner. T h e l iquors f r o m the s ludge t rea tment p rocesses are t rea ted in a 

sequencing ba tch reac tor ( S B R ) b e f o r e b e i n g re turned to the h e a d o f the works . The 

flow d iag ram f o r the W W T P is s h o w n in figure 6.1 

This s tudy took p l ace in Ju ly -Augus t 1999. 
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6.2.1 Procedure 

The field s tudy at Mi l lb rook W W T P w a s or ig inal ly in tended to p rov ide mass balance 

data fo r the sol ids and meta ls (Cu, Z n and Pb ) th roughou t the W W T P , in order to a l low 

the d e v e l o p m e n t o f an empir ica l ly-based mode l , s imi lar to that deve loped by Pat terson 

et al (1983) . U s i n g t w o por tab le au tosample rs ( A m e r i c a n S i g m a Corp . S t reaml ine 

800SL, U S A ) , the p rocedure for sampl ing invo lved tak ing h o u r l y s a m p l e s (250ml) for 

a per iod of 2 4 hours at the inlet and outlet o f one t rea tment p r o c e s s at a t ime. 

Subsequent ly the au tosample rs w o u l d be p laced at the out le t o f the p r o c e s s and the inlet 

of the nex t t rea tment process . Sample preserva t ion dur ing the s a m p l i n g p roces s w a s 

achieved b y p lac ing 1 m l o f concent ra ted HNO3 into the 2 5 0 m l s a m p l i n g bott le , so that 

the sample w o u l d be ac id i f ied as soon as it w a s col lected. T h e nex t day , the samples 

were be emp t i ed into other bot t les and taken b a c k to the lab fo r filtration. Spot samples 

were also t aken f r o m s ludge t rea tment p rocesses at the fo l l owing points : 

1. Indigenous primary/ co-settled sludge 
2. Imported Slowhill sludge 
3. Thickened sludge 
4. Digested sludge 
5. Centrifuge cake 
6. Final Product. 

These samples w e r e p l aced in crucibles and dr ied in an o v e n at 105°C overn ight . 

6.2.2 Problems Encountered 

Two weeks a f t e r s tar t ing this field s tudy, the objec t ives w e r e re -assessed and the 

procedure al tered. Th is w a s d u e to the p r o b l e m s that w e r e encoun te red ; namely , m a j o r 

faults wi th the au to - sampl ing equ ipmen t and p r o b l e m s wi th ob ta in ing accura te f l ow 

data from the on-s i te flow meters . There fo re , it w a s dec ided that instead of a t tempting 

a mass balance , the a i m of the field s tudy w o u l d be to collect data to a l low a correlat ion 

to be der ived b e t w e e n the meta l and V S S concent ra t ions th roughout the plant . This 

would e l iminate the need for flow data. Therefore , the n e w p rocedure involved t ak ing 

spot samples (250ml) f r o m each process inf luent and e f f luen t in bo th the n e w and old 

works on a daily bas is fo r 10 days. In addit ion, s ludge and superna tan t s a m p l e s from 

the S ludge Trea tmen t Centre , were also taken. Each day the s amples w e r e co l lec ted 

from 8:30-9:30 A . M . In the laboratory, the p H of each sample w a s m e a s u r e d and each 

sample w a s d ivided into 100 ml ( for T S S and V S S analysis and so lub le m e t a l analysis 

using the A A S , see sect ion 5.1.3 and 5.1.4) and 150ml (cen t r i fuga t ion and acid 

digestion of the resul tant solids for total me ta l analysis). T h e filtration w a s carried out 
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us ing W h a t m a n ™ G F / C fil ters. T h e filtrates w e r e ac id i f ied to a p H < 2 by add ing HNO3 

and ana lysed on the A A S . The s ludge samples w e r e dr ied and ac id d iges ted us ing the 

c losed tube m e t h o d . 

1. Crude sewage + Returned sludge liquors 

2. Influent into primary tank (old works) 

3. Primary effluent (old works) 

4. Influent into aeration tanks (old works) 

5. Mixed liquor (old works) 

6. Final effluent (old works) 

7. Influent into primary tank (new works) 

8. Primary effluent (new works) 

9. Influent into aeration tanks (new works) 

10. Mixed liquor (new works) 

11. Final effluent (new works) 

12. Return Activated Sludge (old works) 

13. Return Activated Sludge (new works) 

14. Thickener supernatant 

15. Centrifuge supernatant 

16. SBR influent 

17. SBR supernatant 

18. Primary sludge 

19. Slowhill Sludge 

20. Inlet to thickeners 

21. Thickened sludge 

22. Digested sludge 

23. Centrifuge cake 

6.2.3 Results & Findings 

Soluble Meta l Concen t ra t ions 

The results f r o m this t w o - w e e k field s tudy are s h o w n in A p p e n d i x D ( table D . 1). 

However , it can be seen that the concent ra t ions o f the me ta l s be ing cons idered are 

extremely low. T h e m e a s u r e m e n t s o f Cu and P b w e r e in the r ange of 0 .002-0 .005 mg/1, 

which is outs ide the opera t ing range of the A A S . On ly the soluble concentra t ion of Z n 

was wi th in the r ange of de terminat ion of the A A S . H o w e v e r , it later t ranspired that 

even for Zn , the samples had been contaminated , s ince the samples w e r e filtered us ing 

GF/C paper , w h i c h w a s d iscovered to severely con tamina te samples w i t h Z n ( M a y 

2000), see sect ion 5.1.3. There fore only the data for sol ids can b e u s e d f r o m this field 

study. T h e Z n concent ra t ions in the ac id-diges ted samples o f s ludge w e r e a l so o f 

value. 
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Resul ts f r o m S ludge Trea tmen t Cent re Samples : 

S ludge samples w e r e t aken across the S ludge T rea tmen t Cent re . C losed- tube acid 

extract ions w e r e carr ied out on these s amples to de te rmine the total me ta l 

concent ra t ions as s h o w n in table 6.1. 

Table 6.1: Total concentrations ofZn (mg/kg) in Sludge Treatment Centre samples 

Day Millbrook 
Primary 
Sludge 

Imported 
Slowhill 
Sludge 

Inlet to 
Sludge 
Thickeners 

Thickened 
Sludge 

Digested 
Sludge 

Centrifuge 
Cake 

09-Aug 4 9 2 . 5 9 41034 .97 63722 903 .76 2539.25 927 .66 
10-Aug 644 .24 26362 .16 714 .96 819 .06 1368.47 707 .14 
11-Aug 72&90 37406 .19 1105.87 721 .39 1547.68 75123 
12-Aug 559 .95 37826.48 919.96 860 .75 1563.74 736.92 
13-Aug 67&25 48185.22 704.26 645 .55 1362.07 718 .44 
16-Aug 594 .11 42575 .25 807.35 84182 897.74 819 .60 
17-Aug 606 .50 44131 .86 764 .99 850.25 1483.68 86&25 
18-Aug 814 .93 48233 .11 583.66 625 .34 2 7 5 2 . 9 0 773 .69 
19-Aug 1064.56 31673 .43 666 .94 704 .04 1629.38 Not determined 

20-Aug 757 .95 56730 .27 701 .81 833.63 1644.42 791 .82 
Average 694 .20 41415 .89 760 .70 780 .76 1678.93 788 .53 

Slowhill C o p s e S ludge 

The mos t impor tan t observa t ion obta ined f r o m these resul ts re la ted to the 

concentrat ions o f Z n in the impor ted Slowhil l s ludge . It w a s f o u n d that the 

concentrat ions o f Z n wi th in these samples w e r e cons is tent ly w i th in the r ange of 26000-

57000 mg/kg , w i t h an average concent ra t ion of 4 1 4 1 6 m g / k g . It w a s dec ided to 

investigate the or igin o f these exceed ing ly h igh levels o f Zn . T h e Slowhil l s ludge 

consists o f s ludge genera ted b y Slowhi l l Copse W W T P in M a r c h w o o d , as well as 

sludge f r o m P o r t s w o o d and W o o l s t o n W W T P s and s ludge f r o m plants serving ma in ly 

residential areas in the N e w Forest . Al l these s ludges are consol idated at S lowhi l l 

Copse W W T P b e f o r e be ing p u m p e d via p ipel ine to Mi l lb rook S ludge T rea tmen t 

Centre. P o r t s w o o d and Wools ton W W T P s are the on ly t w o plants , w h i c h r ece ive a 

relatively h igh propor t ion of industrial e f f luent . A site visit to each o f t hese p lan t s w a s 

carried out at the end of September and the beg inn ing of Oc tobe r 1999. S a m p l e s t aken 

at these t w o site visi ts did not show any h igh concentra t ions o f Z n . H o w e v e r , the 

records obta ined f r o m the trade e f f luen t g roup at Southern W a t e r P ic , s h o w e d that over 

the per iod of a year (1998) , levels o f Z n at Por t swood W W T P r a n g e d f r o m 395-17600 
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m g / k g . T h e F o r d M o t o r C o m p a n y at E a s t l i e g h is o n e o f t he m a j o r indus t r ia l 

d i scha rge r s t o P o r t s w o o d W W T P . T h e i r E n v i r o n m e n t a l O f f i c e r w a s con t ac t ed to see if 

h e c o u l d o f f e r a n y e x p l a n a t i o n as to the h i g h leve l s o f Z n . I w a s i n f o r m e d tha t 

t h r o u g h o u t t h e yea r , the e f f l u e n t f r o m the F o r d p l a n t is c o n t i n u o u s l y d i s c h a r g e d du r ing 

w o r k i n g h o u r s , h o w e v e r this d i s c h a r g e is l imi t ed t o 4 mg/1 f o r Z n . H o w e v e r , the Z n 

s ludge t a n k s a re c l e a n e d 2 -3 t imes a yea r , a n d a c c o r d i n g to h i m , th i s m a y c a u s e a p e a k 

in the c o n c e n t r a t i o n s o f Z n b e i n g d i s cha rged . T h e r e f o r e , it w a s c o n c l u d e d tha t 

P o r t s w o o d W W T P is t he p l an t tha t r ece ives a h i g h c o n c e n t r a t i o n o f Z n . T h i s w a s 

impor t an t in t e r m s o f o u r w o r k s ince va r i a t ions in t he i n f l u e n t m e t a l c o n c e n t r a t i o n s a re 

n e e d e d in o r d e r to p r o d u c e cor re la t ions b e t w e e n t he m e t a l c o n c e n t r a t i o n s a n d f a c t o r s 

a f f ec t i ng its b e h a v i o u r , s u c h as V S S c o n c e n t r a t i o n a n d p H . L i a s i n g w i t h F o r d M o t o r 

C o m p a n y , it w a s f o u n d tha t t he Z n s l u d g e t a n k s w e r e d u e to b e c l e a n e d in t he w e e k o f 

31 Ju ly 2 0 0 0 . It w a s t h u s d e c i d e d to ca r ry ou t t he f i e ld s t u d y at P o r t s w o o d W W T P at 

that t ime . 

6.3 Portswood WWTP Field Study 

P o r t s w o o d W W T P se rves a p o p u l a t i o n e q u i v a l e n t o f a p p r o x i m a t e l y 7 0 , 0 0 0 , o f w h i c h , 

7000 is t r ade e f f l u e n t . A t t he w o r k s , t w o p r i m a r y t a n k s a n d t w o a e r a t i o n l anes 

( fo l lowed b y 4 s e c o n d a r y s e d i m e n t a t i o n t anks ) a r e u s e d t o t rea t t h e w a s t e w a t e r . F i g u r e 

5.2 s h o w s t he f l o w d i a g r a m o f p l an t . 

Raw 
sewage 

Primary 
Sedimentation 

Activated Sludge Secondary 
Sedimentation 

Return activated sludge 

Final 
effluent 

Consolidation storage tank 

tanks Sludge loaded onto barge 

Figure 5.2: Flow Diagram for Portswood WWTP 
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6.3.1 Preparations: 

F l o w M e a s u r e m e n t : 

U l t r a son i c s enso r s ( M a s s a C o r p o r a t i o n , M a s s a S o n i c M - 5 0 0 0 / 9 5 , U S A ) , w h i c h m e a s u r e 

dep th , w e r e ins ta l l ed at t he inlet f l u m e o f o n e o f t he ae r a t i on t a n k s a s w e l l as at t he 

r e tu rned ac t i va t ed s l u d g e f l u m e f o r tha t a e r a t i on t ank . F i g u r e 6 .3 s h o w s t he p l a c e m e n t 

o f the u l t r a s o n i c s e n s o r in t he f l u m e . T h e m e a s u r e m e n t s t a k e n b y t h e s e s e n s o r s w a s 

d o w n l o a d e d o n to a p o r t a b l e P C a n d c o n v e r t e d t o f l o w r e a d i n g s b y c a l i b r a t i n g t he 

sensor aga in s t a f l o w s e n s o r a l r eady ins ta l l ed at t he p l an t , as s h o w n in f i g u r e 6 .4 . 

Existing plant flowmeter 

U " 

Ultrasonic meter 
U " 

A 

\i \ 
A 

\i 

1 
83 cm y / 

V 

1 
83 cm y / 

V 

25 cm 

97 c m 

Figure 6.3: Placement of ultrasonic sensor in flume 
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Figure 6.4: Calibration of ultrasonic sensor 
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B a c k g r o u n d M e t a l Concen t ra t inng-

A w e e k b e f o r e the ac tua l e x p e c t e d s lug d i s c h a r g e w a s due , s a m p l e s w e r e t a k e n ac ross 

the p l a n t o v e r a 2 4 - h o u r p e r i o d u s i n g t he p o r t a b l e a u t o s a m p l e r s . T h i s w a s to d e t e r m i n e 

the m e t a l c o n t e n t in the p l an t p r i o r to t he d i s cha rge . A f t e r t he s a m p l e s w e r e co l lec ted , 

t hey w e r e filtered ( fo r T S S ana lys i s ) a n d cen t r i f i iged (to o b t a i n so l ids f o r ac id d iges t ion 

to d e t e r m i n e the to ta l m e t a l conten t ) . D u e to p r o b l e m s a g a i n w i t h t he a u t o s a m p l e r s a n d 

p r o b l e m s w i t h t h e d r y i n g o f the c e n t r i f u g e d s a m p l e s , o n l y a f e w o f t h e m i x e d l i quo r 

s a m p l e s c o u l d b e a n a l y s e d f o r to ta l m e t a l con ten t . A s a m p l e o f p r i m a r y s l u d g e w a s 

a lso o b t a i n e d a n d d r ied f o r ac id d iges t ion to d e t e r m i n e t he to ta l m e t a l con t en t . T h e 

ave rage c o n c e n t r a t i o n o f Z n in the s l u d g e w a s f o u n d to b e 3 9 2 m g / k g , w h i l e t he 

ave rage c o n c e n t r a t i o n o f C u w a s 3 5 8 m g / k g . 

6.3.2 Field Study 31 July-3 August 2000 

6.3.2.1 Sample Collection 

The re ten t ion t i m e s w e r e ca l cu l a t ed u s i n g t he d i m e n s i o n s o f t h e t a n k s a n d t he a v e r a g e 

dry w e a t h e r flows p r o v i d e d b y t he p l a n t ope ra to r s . T h e s e w e r e u s e d t o d e v e l o p t h e 

fo l lowing t i m e t a b l e f o r m a n u a l s a m p l i n g . 

Table 6.2: Sampling timetable for Portswood Field Study 

Time S a m p l e 
8:30 RS 
9:30 RS 
10:30 RS 
11:30 RS, PE 
12:30 RS, PE 
13:30 RS, PE 
14:30 RS, PE, M L 
15:30 RS, PE, M L 
16:30 RS, PE, M L 
17:30 P E , M L 
18:30 P E , M L 
19:30 P E , M L 
20:30 ML, RAS, FE 

Notes: 

RS: raw sewage, sampled from the detritor tank 
PE: primary effluent, sampled from the effluent weir of primary sedimentation tank No. 2 
ML: mixed liquor, sampled from aeration lane No.2 
M S : returned activated sludge, sampled from the activated sludge channel on aeration lane No. 2 

effluent, sampled from the effluent weir of one of the secondary sedimentation tanks 
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In addi t ion to the m a n u a l sampl ing , carr ied out fo r 12 hours , au to - sampl ing was also 

used to o b t a m samples o f m i x e d l iquor and final e f f luen t , over the t ime per iod w h e n 

manua l s ampl ing w a s not poss ib le ( f r o m 21:30-7 :30) . T h e s e s amples w e r e acid 

digested to de te rmine the total meta l concent ra t ions in them. Th i s w a s d o n e ma in ly to 

track the expec ted s lug of Z n across the t rea tment p lant . 

Prepara t ion of the sampl ing equ ipmen t was conduc ted p e r the r e c o m m e n d a t i o n s o f the 

U K Stand ing C o m m i t t e e o f Ana lys t s ' Genera l Pr inc ip les fo r S a m p l i n g W a t e r s ( D o E 

1996) and the r ecommenda t i ons o f Hun t and Wi l son (1986) . In par t icular , the 

r ecommenda t ions wi th respect of the fo l lowing aspects w e r e adhe red to: 

1. Cho ice o f locat ions to obtain representa t ive samples o f the w a s t e w a t e r s t reams of 

interest . 

2. Choice and p repara t ion of s ample conta iners to avo id any con tamina t ion of the 

sample . 

3. Sample p rese rva t ion and t rea tment techniques , to p r even t any chemica l , phys ica l or 

b iological p rocesses , w h i c h can lead to changes in the c o m p o s i t i o n of the samples . 

The objec t ive o f this field s tudy w a s to col lect da ta r ega rd ing the par t i t ion ing of Z n and 

Cu in d i f fe ren t w a s t e w a t e r p rocess s t reams. T h e r e f o r e the concen t ra t ion of so luble vs. 

solids bound meta l at d i f fe ren t total me ta l and V S S concen t ra t ions w o u l d n e e d to be 

known. It w a s r e c o m m e n d e d that w h e r e d issolved f o r m s o f me ta l s w e r e to be 

determmed, the s a m p l e shou ld be filtered th rough a 0 . 4 5 - p m m e m b r a n e filter and 

acidified to p H < 2, by add ing H C l , to p revent any adsorp t ion o f meta l s by the 

containers. Ac id i f i ca t ion w a s carr ied out a f te r filtration to p reven t the dissolut ion of 

colloidal and par t icu la te meta ls , thus resul t ing in inval id data fo r the soluble metals . 

A mini- lab w a s se t -up on-si te to p rese rve the samples col lected fo r later analys is . A f t e r 

sampling f r o m the requi red points , the samples were t aken back to the min i - l ab f o r 

treatment as fo l lows: 

• Fo r soluble meta l analysis: Filter 50 m l th rough m e m b r a n e filter, a c id i fy filtrate 

wi th 0.1 m l HCl . 

• For total meta l analysis : Ac id i fy 2 5 0 m l of sample wi th 0 .5ml H C l . 

• For T S S analysis: Fil ter 100ml of s ample through p r e - w e i g h e d G F / C filter. 
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In addi t ion, s amples o f p r imary s ludge, f r o m the s torage tank, w e r e t aken on 31 July 

and 4 Augus t . In the Depar tmen ta l laboratory , the m i x e d l iquor and re turn act ivated 

s ludge samples w e r e cen t r i fuged and p l aced in crucibles fo r d ry ing in the oven . These 

samples and the l iquid samples w e r e set as ide fo r total me ta l analys is a f te r acid 

digest ion. 

6.3.2.2 Sample Analysis 

Soluble Meta l 

The so luble samples w e r e ana lysed direct ly on bo th the A A S a n d the H P L C . H o w e v e r , 

it was f o u n d that the concent ra t ions in the samples w e r e cons ide rab ly l ower than 

expected. Fo r Zn , the r ange of concent ra t ions w a s 0 .03-0 .2 mg/1. Ful l resul ts are 

shown in A p p e n d i x D (tables D .2 -D4) . 

Acid Ext rac t ion of Slndge-RnunH Mptalc-

Extraction of total meta l s m the dry sol id s amples and the l iquid s a m p l e s w a s ach ieved 

using a m i c r o w a v e ass is ted acid diges t ion m e t h o d ( C E M Corpora t ion , M A R S - X , 

Mat thews, N C , U S A ) . Fo r the so luble samples , an acid leach o f the me ta l s w a s 

accompl ished b y a d d i n g 5 m l o f HNO3 to 4 5 m l o f the l iquid s a m p l e and hea t ing the 

sample for 35 minu te s at 9 0 ° C us ing 50 m l po lyp ropy lene h igh - th roughpu t vesse ls 

(Coming, U S A ) . If there w a s any loss due to evapora t ion , the s a m p l e w a s b rough t 

back up to 50ml wi th de ion ised water . A c i d ext rac t ion of the me ta l s f r o m the dry solid 

samples was a lso carr ied out us ing the h igh- th roughpu t vessels . In this case, 0 .1-0.2g 

of the dried sol ids w a s ac id d iges ted us ing 10ml of HNO3 and r a m p i n g the temperature 

to 105 C over a 15 m i n u t e pe r iod and ho ld ing fo r a fu r the r 20 minutes . To determine 

the percentage o f me ta l s ext rac ted us ing this m e t h o d and compar ing it wi th the c losed 

tube acid diges t ion m e t h o d prev ious ly used (as descr ibed in chapter 5), a s tandard 

reference mater ia l o f act ivated s ludge wi th k n o w n concent ra t ions o f meta l s ( L G C 6 1 3 6 ) 

was acid digested us ing the two methods . T h e acid diges t ion w a s carr ied ou t in 

triplicate us ing bo th methods . The results and statistical analys is a re s h o w n in tab le 

6.3. 
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Table 6.3: Comparison of two acid extraction methods using a standard reference 
material (LGC6136) 

Acid Extraction Cu (mg/kg) 

Sample 1 2 3 Average Std Dev (%) 
Closed tube method 567.36 519.51 553.49 546.79 4.50 
Microwave-assisted 

method 

564.87 576.56 589.04 576.82 2.10 

Reference material total 

concentration 

480 

Acid Extraction Zn (mg/kg) 

Sample 1 2 3 Average Std Dev (%) 
Closed tube method 854.09 907.88 884.89 882.29 3.06 
Microwave-assisted 

method 

872.94 952.82 1004.50 943.4 7.03 

Reference material total 

concentration 

850 

6.4 Results and Discussions 

6.4.1 Analysis of results 

The resu l t s f o r e a c h p r o c e s s s t r e a m t a k e n o v e r t he f o u r d a y s o f s a m p l i n g w e r e 

combined . T h e so l ids b o u n d m e t a l c o n c e n t r a t i o n w a s t a k e n t o b e t h e d i f f e r e n c e 

be tween t he to ta l e x t r a c t e d m e t a l c o n c e n t r a t i o n a n d t he s o l u b l e m e t a l concen t r a t i on . 

Based o n t h e s e a n a l y s e s a n d ca lcu la t ions , p l o t s o f CT ( m g / k g ) vs . C x (mg/1) a n d 

L a n g m u i r p lo t s w e r e p r o d u c e d . T h e s e a r e s h o w n in f i g u r e s 6 .5 -6 .10 . 
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The L a n g m u i r p lo ts ( f igure 6.5, 6.6, 6.8 and 6.10) can be u s e d to predic t the adsorpt ion 

capaci t ies o f Cu and Z n in bo th r a w s e w a g e and m i x e d l iquor. These are s h o w n 

table 6.4. 
in 

Table 6.4. Adsorption capacities derived by applying the Langmuir Isotherm to field 
data 
Process Stream Cu adsorption capacity (mg/kg) Zn adsorption capacity (mg/kg) 
Raw Sewage 278 Low conc.: 81 

High cone.: 1430 

Mixed Liquor 250 455 

The adsorp t ion coef f ic ien t s in each p rocess s t ream w e r e ca lcu la ted us ing the fo l lowing 

equat ion: 

a 
- ^ - 1 

Kp = 
X 

where, 

Kp — adsorp t ion coe f f i c i en t (1/mg); X = volat i le su spended sol ids concen t ra t ion (mg/1) 

Cs — soluble meta l concen t ra t ion (mg/1); C j — total me ta l concen t ra t ion (mg/1) 

The adsorp t ion coe f f i c i en t s in each p rocess s t r eam w e r e f o u n d to b e h igh ly var iable . 

Table 6.5 shows the ave rage values . 

Table 6.5: Adsorption coefficients ofCu andZn (l/kg) derivedfrom the field data 

Process Stream Cu Zn 
Raw Sewage 181000 61000 

Primary Effluent 51232 2100 

Mixed Liquor 557300 59300 

Final Effluent 11837 8815 

Cpmpar ison be tween exper imental and field mode l coef f ic ien ts 

It can be seen f r o m the values in table 6.4 that the adsorpt ion capac i t ies de r ived f r o m 

the field data are cons iderably lower than those derived f r o m the labora tory ba tch 

experiments , whi le on the other hand the field adsorpt ion coe f f i c i en t s ( s h o w n in table 

6.5) w e r e marked ly h igher than the exper imenta l ly-der ived ones , as s h o w n in tables 5.2 

and 5.3. A poss ib le explanat ion of this d iscrepancy m a y be the fac t that the batch 
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exper iments w e r e conduc ted on was t ewa te r samples , w h i c h had b e e n f r o z e n and 

thawed. It has b e e n d iscussed in sect ion 5.4.5.2 that s a m p l e p rese rva t ion th rough 

f reez ing changes the na ture o f the suspended sol ids in the or iginal was t ewa te r sample . 

The f r eez ing p rocess m a y cause cell lysis, wi th the subsequen t re lease o f organic mat ter 

into solut ion. Th is increases the D O M concent ra t ion du r ing exper imenta t ion , wh ich 

can lead to an overes t imat ion of the solubi l i ty l imit as we l l as an unde res t ima t ion of 

adsorpt ion d u e to enhanced compet i t ion wi th the D O M fo r c o m p l e x a t i o n w i t h the meta l 

ions. F reez ing m a y a lso cause the suspended sol ids to separa te into smal le r s ized 

particles, t he reby increas ing the sur face area avai lable fo r adsorp t ion . Th is cou ld 

account fo r the h igher adsorpt ion capaci t ies der ived f r o m the exper imen ta l data 

compared to the field data. 

Moreover , in the analys is o f the field data it w a s imposs ib le to d i f fe ren t ia te b e t w e e n 

metals b o u n d to sol ids th rough adsorp t ion and prec ip i ta ted me ta l , w h i c h h a d b e c o m e 

associated wi th the sol ids. T h u s bo th f rac t ions w e r e t aken into accoun t in the 

derivation o f the field adsorp t ion coef f ic ien ts . 
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6.4.2 M a s s B a l a n c e C a l c u l a t i o n s 

In this s tudy, the re tent ion t imes at each p rocess in the t r ea tment p lan t w e r e calculated 

u s m g the p lan t data p rov ided by Southern W a t e r Pic. These w e r e ca lcula ted to be: 

• P r i m a r y sed imenta t ion : 3 .5 hrs 

• Aera t ion : 6 hrs 

• F ina l sed imenta t ion ; 2 hrs 

-Thus, it waa foimd that onernaaslxilance of the soHdk acid nietals across the xvhcde 

plant m a y be carr ied out on the samples col lected each day . T h e concen t ra t ion in the 

sample t aken at 8 :30 can be related to the concent ra t ion in the p r i m a r y e f f l uen t in the 

sample t aken at 11:30, the m i x e d l iquor samples t aken at 17:30 and the s a m p l e in the 

final e f f luen t t aken at 20:30. 

The calculations for the mass balance of Cu and Zn in primary and secondary treatment 

arc shown in tables 6.6-6.8. The load in the influent and effluent of each treatment 

process were compared to determine the removal of the total, soluble and solids-bound 

fraction of each metal. A final mass balance calculation was carried out on the 

secondaiy treatment data by comparing the primaty effluent metal load (as an influent 

stream) and the load in the final effluent and waste activated sludge, WAS (as the 

effluent s t reams) . 
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Table 6.6: Removal ofCu and Zn in primary sedimentation at Portswood WWTP 

(a) Total Metal Concentrations: 

Cu: 

Day Flow at Raw Sewage Load into Flow at Primary Load in Removal during 
8:30 total Cu primary 11:30 Effluent Primary primary 
(1/sec) (mg/1) sedimentation (1/sec) total Cu Effluent sedimentation 

(mg/sec) (mg/1) (mg/sec) (%) 
31-7-00 106.822 2.08 222.186 137.80 0.065 8.957 95.97 

1-8-00 106.822 0.121 12.925 124.89 0.018 2.248 82.61 
2-8-00 106.822 0.129 13.780 127.47 0.073 9.306 32.47 

Zn: 

Day Flow at Raw Sewage Load into Flow at Primary Load in Removal during 
8:30 total Zn primary 11:30 Effluent Primary primary 
(1/sec) (mg/1) sedimentation (1/sec) total Zn Effluent sedimentation 

(mg/sec) (mg/1) (mg/sec) (%) 
31-7-00 106.822 7.18 766.967 137.80 0.090 12.457 98.38 

1-8-00 106.822 0.191 20.435 124.89 0.091 11.377 44.32 

2-8-00 106.822 0.206 22.026 127.47 0.087 11.090 49.65 

(b) Soluble metal concentrations: 

Cu: 

Day Flow at Raw Sewage Load into Flow at Primary Load in Removal during 

8:30 soluble Cu primary 11:30 Effluent Primary primary 

(1/sec) (mg/1) sedimentation (1/sec) soluble Cu Effluent sedimentation 

(mg/sec) (mg/1) (mg/sec) (%) 
31-7-00 106.822 0.027 2.884 137.80 0.029 3.996 -38.56 

1-8-00 106.822 0.007 0.748 124.89 0.018 2.248 -200.64 

2-8-00 106.822 0.010 1.068 127.47 0.016 2.040 -90.94 

Zn: 

Day Flow at Raw Sewage Load into Flow at Primary Load in Removal during 

8:30 soluble Zn primary 11:30 Effluent Primary primary 

(1/sec) (mg/1) sedimentation (1/sec) soluble Zn Effluent sedimentation 

(mg/sec) (mg/1) (mg/sec) (%) 
31-7-00 106.822 0.080 8.503 137.80 0.070 12.457 -13.93 

1-8-00 106.822 0.057 6.035 124.89 0.062 11.377 -27.26 

2-8-00 106.822 0.056 6.003 127.47 0.076 11.090 -61.80 

180 



(c) Solids-bound metal concentrations 

Cu: 

Day Flow at 

8:30 

(1/sec) 

Raw Sewage 

solids bound 

Cu (mg/I) 

Load into 

primary 

sedimentation 

(mg/sec) 

Flow at 

11:30 

(1/sec) 

Primary 

Effluent 

solids 

bound Cu 

(mg/I) 

Load in 

Primary 

Effluent 

(mg/sec) 

Removal during 

primary 

sedimentation 
(%) 

31-7-00 106.822 2.053 219.302 137.80 0.036 4.961 97.74 
1-8-00 106.822 0.114 12.178 124.89 0.054 6.744 44.62 
2-8-00 106.822 0.119 12.718 127.47 0.057 7.266 42.84 

Zn: 

Day Flow at Raw Sewage Load into Flow at Primaiy Load in Removal during 
8:30 solids bound primary 11:30 Effluent Primary primary 
(I/sec) Zn (mg/1) sedimentation (1/sec) solids Effluent sedimentation 

(mg/sec) bound Zn (mg/sec) (%) 
(mg/1) 

31-7-00 106.822 7.100 758.465 137.80 0.020 2.770 99.64 
1-8-00 106.822 0.135 14.400 124.89 0.030 3.697 74.33 
2-8-00 106.822 0.150 16.023 127.47 0.011 1.377 91.41 

Table 6.7: Removal ofCu and Zn in secondary treatment at Portswood WWTP 

(a) Total Metal Concentrations: 

Cu: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

total Cu (mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0.008 1.040 88.38 

1-8-00 124.893 0.022 2.748 -22.23 

2-8-00 215.249 0.006 1.291 86.12 

Zn: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

total Zn (mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0.025 3.212 74.21 

1-8-00 124.893 0.048 5.982 47.42 

2-8-00 215.249 0.045 9.751 12.08 
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(b) Soluble metal concentrations: 

Cu: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

soluble Cu 

(mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0 0 100 

1-8-00 124.893 0.008 0.999 55.55 

2-8-00 215.249 0.002 0.430 78.89 

Zn: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

soluble Zn 

(mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0 0 100 

1-8-00 124.893 0.040 4.983 35.12 

2-8-00 215.249 0.044 9.557 1.61 

(c) Solids-bound metal concentrations 

Cu: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

solids-bound Cu 

(mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0.008 1.040 79.03 

1-8-00 124.893 0.014 1.748 74.07 

2-8-00 215.249 0.006 1.291 82.23 

Zn: 

Day Flow at 20:30 

(1/sec) 

Final Effluent 

solids-bound Zn 

(mg/1) 

Load in final 

effluent (mg/sec) 

Removal during secondary 

sedimentation (%) 

31-7-00 130.506 0.025 3.212 -15.98 

1-8-00 124.893 0.008 0.999 72.97 

2-8-00 215.249 0.001 0.194 85.93 
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Table 6.8. Mass balance calculations for Cu and Zn in secondary treatment at 
Portswood WWTP 

(a) Total Metal Concentrations: 

Cu: 

Day WAS Flow at 20:30 (1/sec) WAS total Cu (mg/1) Load in WAS (mg/sec) Mass Balance 
31-7-00 5.25 8.48 44.52 -36.60 
1-8-00 5.25 4.04 21.21 -21.71 
2-8-00 5.25 7.68 40.32 -33.31 

Zn: 

Day WAS Flow at 20:30 (I/sec) WAS total Zn (mg/1) Load in WAS (mg/sec) Mass Balance 
31-7-00 5.25 10.30 54.05 -44.81 
1-8-00 5.25 6.8 35.7 -30.41 
2-8-00 5.25 45.55 -44.21 

(b) Soluble metal concentrations: 

Cu: 

Day WAS Flow at 20:30 (1/sec) WAS soluble Cu (mg/1) Load in WAS 

(mg/sec) 

Mass Balance 

31-7-00 5.25 0.007 0.037 3.96 
1-8-00 5.25 0.01 0.053 1.20 
2-8-00 5.25 0.093 0.488 1.12 

Zn: 

Day WAS Flow at 20:30 (1/sec) WAS soluble Zn (mg/1) Load in WAS 

(mg/sec) 

Mass Balance 

31-7-00 5.25 0.029 0.154 9.53 
1-8-00 5.25 0.093 0.488 2.21 
2-8-00 5.25 0.094 0.495 -0.34 
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(c) Solids-bound metal concentrations 

Cu: 

Day WAS Flow at 20:30 (1/sec) WAS solids-bound Cu (mg/I) Load in WAS (mg/sec) Mass Balance 
31-7-00 5.25 8.473 44.48 -40.56 
1-8-00 5.25 4.03 21.16 -16.16 
2-8-00 5.25 7.59 39.83 -33.86 

Zn: 

Day WAS Flow at 20:30 (1/sec) WAS solids-bound Zn (mg/1) Load in WAS (mg/sec) Mass Balance 
31 -7-00 5.25 10.27 53.90 -54.34 
1-8-00 5.25 6.71 35.21 -32.51 
2-8-00 5.25 8.582 45.05 -43.87 

The c o n c e p t o f m a s s b a l a n c e ca lcula t ions is c o m m o n l y a c c e p t e d as a m e t h o d f o r 

de t e rmin ing t he f a t e o f con taminan t s in w a s t e w a t e r t r e a t m e n t u s i n g field co l l ec t ed 

samples . N e v e r t h e l e s s , t hey are subjec t to l imi ta t ions d u e to t he p r o b l e m s a s s o c i a t e d 

with o b t a m m g rep re sen t a t i ve samples and c o n s e q u e n t l y it h a s b e e n s h o w n tha t s m a l l 

errors m m e a s u r e m e n t m a y lead to large errors in the m a s s b a l a n c e ( G o l d s t o n e a n d 

Lester 1991) . 

The resul ts o f t he m a s s ba lance calculat ions in th is s t u d y s h o w tha t in p r i m a r y 

sed imenta t ion , r e m o v a l o f bo th Cu and Z n w e r e g r ea t e r t h a n t h e a v e r a g e r e m o v a l s 

reported m the l i t e ra ture (as s h o w n in chap t e r ] ) . T h e a v e r a g e r e m o v a l o f C u in p r i m a r y 

sed imenta t ion w a s r epo r t ed to be 4 5 % , whi le in th is s t u d y tota l c o p p e r r e m o v a l r a n g e d 

from 3 2 . 5 - 9 6 % . L i k e w i s e , the average r e m o v a l o f Z n in p r i m a r y s e d i m e n t a t i o n w a s 

given as 4 4 % , a n d th i s s tudy s h o w e d up to 9 8 % r e m o v a l o f to ta l z inc . O n the o the r 

hand, the so lub le m e t a l concent ra t ions of bo th m e t a l s s h o w e d a n i nc rease d u r i n g 

pr imary s e d i m e n t a t i o n . Th i s is not be l ieved to b e d u e to so lub i l i sa t ion o f t he m e t a l s , 

since p r e v i o u s r e s e a r c h e r s h a v e shown that the w a s t e ac t iva t ed s l u d g e a n d r e t u r n s l u d g e 

liquors r e tu rned to t he p r i m a r y sed imenta t ion t ank r e su l t ed in m o r e s o l u b l e m e t a l 

b e c o m i n g a d s o r b e d on to the solids (Go lds tone et al 1990) . It c a n b e s e e n tha t t h e 

soluble m e t a l concen t r a t i ons are very n e a r t he de tec t ion l imi t o f t h e ana ly t i c a l 

equ ipment u sed , t h u s t he reliabil i ty o f t he se m e a s u r e m e n t s is q u e s t i o n a b l e . 
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T h e resu l t s o f th i s s t u d y a lso s h o w tha t d u r i n g ac t i va t ed s l u d g e t r e a t m e n t , t he ave rage 

r e m o v a l o f C u w a s h i g h e r ( 8 7 . 2 5 % ) t h a n t he v a l u e s r e p o r t e d b y o t h e r r e s e a r c h e r s 

(62 .25%) , w h i l e a v e r a g e r e m o v a l o f Z n w a s s l igh t ly l o w e r ( 4 4 . 5 7 % ) t h a n t he r epo r t ed 

ave rage ( 5 4 . 6 7 % ) . 

6.4.3 Model Verification 

T h e field d a t a w a s a l so u s e d to ve r i fy the m o d e l ' s ab i l i ty t o a c c u r a t e l y p r e d i c t t h e 

par t i t ion ing o f h e a v y meta l s . T h e va lues o f the a d s o r p t i o n c o e f f i c i e n t s a n d a d s o r p t i o n 

capaci t ies d e r i v e d f r o m the field data w e r e en t e r ed in to t he m o d e l c o d e a n d t h e m o d e l 

was r u n u s i n g t he f l o w , s u s p e n d e d sol ids a n d p H da ta e n c o u n t e r e d a t t h e p l a n t d u r i n g 

the field da ta co l l ec t ion . T h e so luble me ta l c o n c e n t r a t i o n s in t he ac tua l s a m p l e s w e r e 

used as a g u i d e to a s ses s the solubi l i ty l imit o f the s a m p l e s . T h e c a l c u l a t e d v a l u e s o f 

total, so lub le a n d so l ids b o u n d meta l w e r e c o m p a r e d w i t h m e a s u r e d va lues . T h e i n p u t 

values are s h o w n in t ab le 6 .9 and the ca lcu la ted v a l u e s a n d t he m e a s u r e d v a l u e s a re 

shown in t ab le 6 .10 . 

Table 6.9: Input values for model simulation 

Parameter Value 
Raw sewage flow (1/hr) 490973 
Raw sewage total solids (mg/1) 476 
Raw sewage volatile solids (mg/1) 380.8 
Raw sewage total metal (mg/1) 2.1 (Cu): 7.1 (Zn) 
Raw sewage pH 7.8 
Primary sludge total solids (mg/1) 25000 
Efficiency of solids removal in primary sedimentation 0.6 
Primary effluent pH 7.8 
Soluble substrate of primary effluent (mg/1) 150 
Initial mixed liquor total solids (mg/1) 1740 
Initial mixed liquor volatile solids (mg/1) 1392 
Mixed liquor pH 7.0 
Net sludge yield 0.50 
Recycle ratio 1.4 
Efficiency of solids removal in secondary sedimentation 0.985 

_^condary sludge total solids (mg/1) 3000 
Soluble substrate of final effluent (mg/1) 10 
Final effluent pH 7.0 
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Table 6.10: Comparison between measured and predicted values of Cu andZn usins 
data from first day of sampling 

Parameter Cu Zn 

Predicted 

value 

Measured 

value 

Predicted 

value 

Measured 

value 

Raw sewage total metal (mg/1) 2.1 

Raw sewage solids bound metal 

(mg/kg) 

278 

Raw sewage soluble metal (mg/1) 0.03 

Raw sewage precipitated metal 

(mg/1) 

Primary effluent total metal 

(mg/1) 

1.94 

Primary effluent solids-bound 

metal (mg/kg) 

Primary effluent soluble metal 

(mg/1) 

Primary effluent precipitated 

metal (mg/1) 

Primary sludge total metal 

(mg/kg) 

0.05 

117.21 

0.03 

0.78 

278 

Mixed liquor total metal (mg/kg) 

Mixed liquor solids bound metal 

(mg/kg) 

Mixed liquor soluble metal (mg/1) 

Mixed liquor precipitated metal 

(mg/1) 

Secondary sludge total metal 

(mg/kg) 

378.58 

250 

0.02 

0.21 

500 

Final effluent total metal (mg/1) 

Final effluent soluble metal (mg/1) 

0.004 

Final effluent solids bound metal 

(mg/kg) 

Final effluent precipitated metal 

(mg/1) 

126.2 

2.1 

278.18 

0.027 

0.065 

246.58 

0.029 

257.00 

367.13 

366.65 

0.01 

404.77 

0.008 

246.94 

7.1 

1430 

0.10 

6.32 

0.19 

646.6 

0.07 

2.2 

1430.00 

608.3 

455.00 

0.1 

0.19 

455 

0.05 

47.2 

7.1 

961 

0.088 

0.090 

167.12 

0.066 

766.00 

443.44 

436.28 

0.149 

491.46 

0.016 

390.44 
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The m o d e l ou tpu t s h o w s that m o d e l p red ic t ions c lose ly m a t c h the m e a s u r e d 

concentra t ions . T h e relat ively smal l errors encoun te red sugges t that the m o d e l is 

reasonably robust . T h e except ion w a s the sol ids b o u n d me ta l concen t ra t ion in the final 

eff luent . It w o u l d be expected that the adsorp t ion coe f f i c i en t in the f ina l e f f luen t is 

similar to that o f the m i x e d liquor. H o w e v e r , as can be seen, it w a s ca lcu la ted to be 

considerably lower . This leads to the ca lcula ted va lue o f the sol ids b o u n d me ta l to be 

lower than the real value. A possible explanat ion fo r this d i f f e r e n c e m a y be due to the 

ext remely l o w meta l concentrat ions encountered . It is sugges t ed that t he adso rp t ion of 

metals in the f ina l e f f luen t be investigated fu r the r to enab le accura te de te rmina t ion of 

the adsorp t ion coef f ic ien t . 

Al though the field s tudy had been designed express ly to c i r cumven t this p r o b l e m , b y 

t iming the s a m p l i n g per iod with an expected h igh concent ra t ion d ischarge , this d id no t 

occur. S ince the me ta l concentrat ions in the samples w e r e in m a n y cases b e l o w or ve ry 

near the de tec t ion l imit o f the analytical instruments , this r ende r s the m e a s u r e m e n t s 

unreliable. 

6.4.4 Limitations of the model 

Quant i fy ing the uncer ta int ies in mathematical m o d e l s is essent ia l f o r m a k i n g re l iable 

predict ions in c o m p l e x systems. The uncertaint ies and l imi ta t ions assoc ia ted wi th 

model l ing m a y be d iv ided into three categories ( W i l l e m s 2000) : 

• Uncer ta in t ies o f the mode l input variables ( input uncer ta in t ies ) ; 

• Uncer ta in t ies o f the mode l parameter values (pa ramete r uncer ta in t ies ) ; 

• Uncer ta in t ies or ig inat ing f rom the imperfect descr ip t ion o f the phys ica l real i ty by a 

l imited n u m b e r o f mathemat ica l relations (model - s t ruc ture uncer ta int ies) . 

These are s h o w n in f igure 6.11. 
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Model output 
uncertainty 

Additional data collection / 
implementation cost / 
accuracy of model results 

Model input and 
parameter uncertainties 

Model structure uncertainties 

Model detail 

Optimal model detail 

F i g u r e 6 . 1 1 : Balancing different types of uncertainties to determine the optimal model-
structure detail (after Willems 2000) 

Since the m o d e l d e v e l o p e d in this pro jec t is b a s e d o n t he f u n d a m e n t a l c h e m i c a l a n d 

physical p r o c e s s e s w i d e l y recognised as be ing i m p o r t a n t in t h e r e m o v a l o f h e a v y 

meta ls f r o m w a s t e w a t e r , uncer ta in t ies re la ted to t he m o d e l s t r u c t u r e a r e no t r e levan t . 

Hence , app l i ca t i on o f t he m o d e l is subject m a i n l y to i n p u t a n d p a r a m e t e r uncer ta in t ies . 

The " inpu t u n c e r t a i n t i e s " are associated wi th the co l l ec t i on a n d inpu t o f da ta b y the 

user o f t he m o d e l . M a n y o f the input data r equ i r ed ( s u c h a s m i x e d l iquor s u s p e n d e d 

solids c o n c e n t r a t i o n ) a re rout ine ly measu red at m o s t w a s t e w a t e r t r e a t m e n t p l an t s . T h e 

remain ing p a r a m e t e r s requ i red are also easi ly m e a s u r e d . T h i s m i n i m i s e s t he i npu t -

related unce r t a in t i e s . T h e "pa ramete r unce r t a in t i e s" re la te t o t h e ca l ib ra t ion o f t h e 

mode l w i t h r e spec t t o the deve lopmen t o f r e l a t ionsh ips co r r e l a t i ng t h e m o d e l 

coef f ic ien t s w i t h t he inpu t parameters . Fu r the r s tat is t ical a n a l y s e s o n t h e m o d e l 

predic t ion e r rors wi l l n e e d to be p e r f o r m e d to ascer ta in t he m o d e l ' s sens i t iv i ty . 

The resu l t s o f th is s t u d y highl ight t he d i f f i cu l t y in a p p l y i n g b a t c h e x p e r i m e n t a l da ta to 

a h ighly d y n a m i c s y s t e m such as w a s t e w a t e r . T h e d i f f i cu l ty in o b t a i n i n g accura te da ta 
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for the calibration or verification of this type of model is also shown. Therefore, in 

addition to calibrating the model at each given WWTP, care must be taken to ensure 

that the process of calibration is representative of the actual conditions at the plant. It 

can be concluded from the model verification results that the model configuration is 

correct and that it is possible to accurately predict the partitioning of metals in 

wastewater treatment, given that the model calibration is conducted under conditions 

that meticulously represent those that actually occur in the field. 
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CHAPTER SEVEN 

CONCLUSIONS & 

RECOMMENDATIONS 



7.1 Conclusions 

• A review of the literature examined the main factors and mechanisms influencing 

the fate of heavy metals in wastewater and sludge treatment processes. Based on 

the fmdmg that the fate of suspended solids was crucial to the distribution of heavy 

metals, a model was developed to calculate the mass balance of solids in a 

wastewater treatment plant. 

• The dominant mechanisms influencing metals partitioning are complexation with 

soluble ligands and adsorption onto the suspended solids. Thus metal removal 

during wastewater treatment takes place through direct precipitation or adsorption 

onto the wastewater solids. 

• It was judged that a mechanistic approach to modelling would offer the most 

suitable approach for the development of a predictive model for heavy metals. 

Combined with the general adsorption isotherm, which employs the concept of the 

adsorption / partitioning coefficient, this type of approach allowed the model 

coefficients (adsorption coefficient, adsorption capacity and solubility limit) to be 

determined for a range of significant factors. 

• The model coefficients were greatly influenced by factors such as pH, suspended 

solids concentration, metals concentration, and soluble organic ligand 

concentration. General theoretical values, such as solubility and stability products, 

available in the literature were not suitable and these values must be derived 

experimentally. 

• Previous research had shown the difficulties associated with the adjustment of pH 

for experiments dealing with wastewaters. The experimental methods provided in 

the literature were found to be ineffective, prompting an experimental methodology 

to be developed. 

• The results of experiments carried out on filtered samples of raw sewage and final 

effluent show that the filtered portion of wastewater is capable of complexing 

considerable amounts of copper and zinc, without saturating the soluble ligands 

present. The complexing of metals by soluble ligands is believed to increase the 

solubility of the metals by rendering them less likely to precipitate if bound in this 

manner. 

• The results showed that the final effluent might contain a high concentration of 

unfilterable colloidal solids. While these solids bind metals and technically remove 
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them from solution, these solids are not settleable under field conditions and thus 

metals bound to colloidal solids should be considered as remaining in the aqueous 

phase. 

• Laboratory experiments provided data, which enabled the derivation of some of the 

model coefficients. The correlations between these coefficients and the crucial 

parameters influencing them, together with the results from the adsorption 

experiments provided an in-depth understanding of the parameters influencing 

metal removal and the way they interact with each other. In conclusion, the 

interactions of these parameters may be summarised as follows: 

- At low pH values, organic matter is adsorbed onto solids, thereby increasing 

metal adsorption. If metal loading is increased, both dissolved and solids bound 

metal concentrations will increase. Initially these increases will be proportional 

to metal loading, however, if metal loading increases further, more and more 

surface sites will become occupied by metal ions. Once the metal concentration 

is beyond the linear adsorption range, adsorption will decrease. 

- At high pH values, desorption of some of the organic matter on the solids will 

occur. Thus competition between the dissolved organic matter (DOM) and the 

solids will result in a decrease in adsorption. If metal loading is increased, 

saturation of DOM sites will take place (usually binding sites on DOM are less 

than those on solids). Once DOM sites are saturated, increased uptake by the 

solids will take place. The pH also affects the solubility of the metal. 

- Thus at lower pH values, the solubility limit is expected to be high, and 

consequently the adsorption capacity may be reached before precipitation 

occurs. While at higher pH values, the solubility limit is expected to be low and 

thus precipitation may occur before the adsorption capacity is reached. 

• In terms of providing a full calibration of the model, the laboratory experimental 

results could not be used to derive all the coefficients and correlations needed. 

Likewise, a complete set of empirical equations correlating the model coefficients 

with pH and suspended solids concentrations could not be derived. 

• It was possible to obtain some estimates of the adsorption coefficients and 

adsorption capacities for both metals in raw sewage, primary effluent, mixed liquor 

and final effluent under field conditions. 
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Comparison of the model coefficients derived from the batch experimental tests and 

the field study revealed that the field adsorption coefficients were considerably 

higher than the experimental adsorption coefficients, while the field adsorption 

capacities were much lower than the experimental ones. It is hypothesised that this 

could be due to the sample preservation technique used in the experiments. 

Consequently, this resulted in the overestimation of the solubility limits and 

adsorption capacities as well as the underestimation of the adsorption coefficients. 

In the analysis of the field samples, the difference between precipitated metal and 

solids-bound (adsorbed) metal could not be discerned. Thus the adsorption 

coefficients derived from the field data are based on both precipitated and adsorbed 

metal fractions. 

Verification of the model s ability to accurately predict the partitioning of heavy 

metals, using the field-derived model coefficients, showed that the predicted values 

calculated by the model closely matched the measured values. This indicated that 

the model equations and configuration are correct. 

Since the model developed in this project is based on the fundamental chemical and 

physical processes widely recognised as being important in the removal of heavy 

metals from wastewater, uncertainties related to the model structure are not 

relevant. Hence, application of the model is subject mainly to input and parameter 

uncertainties. 

The "input uncertainties" are associated with the collection and input of data by the 

user of the model. Many of the input data required (such as mixed liquor 

suspended solids concentration) are routinely measured at most wastewater 

treatment plants. The remaining parameters required are also easily measured. 

This minimises the input-related uncertainties. 

The "parameter uncertainties" relate to the calibration of the model with respect to 

the development of relationships correlating the model coefficients with the input 

parameters. This project has shown the difficulties relating to the model 

calibration. To ensure that the experimentally-derived model coefficients 

accurately predict the partitioning of heavy metals in the field, it must be ensured 

that the experimental conditions closely represent the field conditions. 

The work described in this thesis has addressed the need for a greater understanding 

of the factors and mechanisms affecting heavy metal partitioning in wastewater 
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treatment. It presents a predictive model, which has been shown to accurately 

predict the fate of heavy metals. 

7.2 Recommendations 

• To obtain a fully workable model, further adsorption experiments will need to be 

carried out, usmg the methodology developed in this project. The objective of these 

experiments would be to verify the model coefficients obtained in this project and 

develop further correlations between the model coefficients and crucial parameters 

that affect metal partitioning. 

• Modelling of the anaerobic sludge digestion process also needs to be considered. 

• The resulting metals predictive model may be used as a module for the existing 

integrated sewer, wastewater treatment plants, receiving water system models such 

as the UPM model SIMPOL (Foundation for Water Research) or Hydroworks 

(Wallingford Software). 

• Using the methodology developed, metals modelling may also be performed on any 

water in the urban wastewater system, for example to model metals removal from 

raw sewage during sewer transport and also in the modelling of the metals in the 

watercourse receiving a wastewater treatment effluent or combined sewer overflow. 

In these cases other important factors, such as flow, need to be taken into account. 

• Thus further research will need to address fully calibrating the model as well as 

examining the suitability/ feasibility of integrating the metals model into existing 

integrated urban wastewater simulation models. The resulting model will be a 

valuable management tool, aiding in the establishment of heavy metal trade effluent 

standards. 
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APPENDIX C 

EXPERIMENTAL RESULTS 



Table C.1: Equilibrium Time Experiment: 
Copper in Primary Sedimentation 

Time (min) 
0 

SS conc 970 mg/l 
2.00000 

SS conc 1670 mg/l 
2.00000 

SS conc 3500 mg/l 
2.00000 

No Solids 
2 oooon 5 1.46429 0.86429 0.12143 212857 10 0.71429 0.46429 0.05000 2 24286 15 0.54286 0.12857 0.04286 2.27143 20 0.40000 0.10714 0.06429 2.19286 25 0.43571 0.11429 0.05714 1.90714 30 0.41429 0.08571 0.08571 1.95714 60 0.15000 0.04286 0.04286 2.13571 90 0.09286 0.07143 0.06429 1.84286 120 0.10000 0.06429 0.10000 1.87143 150 0.08571 0.05000 0.07143 1.90000 

Table C.2: Equiiibrium Time Experiment 
Copper in Activated Siudge 

Time (min) SS Conc 1500 mq/l SS Conc 2000 mq/l SS Conc 3000 mq/l No solids 0 2.00000 2.00000 2.00000 2.00000 5 0.21429 0.17143 0.13929 1.95000 10 0.13393 0.16607 0.15000 1.96071 15 0.13393 0.13393 0.15536 1.85893 20 0.14464 0.17143 0.13929 1.90714 25 0.12857 0.20893 0.16071 1.92857 30 0.11786 0.16607 0.16607 1 88571 60 0.15536 0.17679 0.15000 1.88036 90 0.16071 0.16607 0.13929 1.96071 120 0.16071 0.17143 0.14464 1.89643 150 0.17143 0.18750 0.17143 1.92857 180 
240 

0.15536 
0.16071 

0.16607 
0.16071 

0.19286 
0.19286 

1.82143 
1.92321 



Table C.3: Results of Solubility Limit for Zn in Raw Sewage 

Zn addition (mg/l) Soluble Zn (mg/l) pH 
1( ) 9.25 B 6.59 
1( 9.14 3 6.89 
1C 11.50' ̂  6.97 
1C 9.4i: ̂  7.25 
1C 8.44/ 7.31 
1C i 12./ 7.35 
1C 8.33J 7.91 
1C 6.22^ 8.2 
1C 4.862 8.32 
10 4.324 8.44 
10 7.306 8.58 
10 4.852 8.74 
10 4.608 8.86 
10 5.586 9.04 
10 8.398 9.08 
20 16.294 6.05 
20 20.421 6.55 
20 17.144 6.76 
20 16.594 6.78 
20 19.31 6.8 
20 18.038 7.12 
20 12.077 7.12 
20 11.066 7.16 
20 9.986 7.17 
20 7.994 7.4 
20 7.502 7.5 
20 15.408 7.75 
20 17.87 8.09 
20 12.243 8.25 
20 12.12 8.28 
20 13.56 8.36 
20 11.636 8.4 
20 11.598 8.47 
20 16.992 8.7 
20 9.85 8.88 
30 25.462 3.74 
30 27.465 5.93 
30 27.433 6.33 
30 25.778 6.38 
30 27.005 6.5 
30 21.508 6.65 
30 25.714 6.7 
30 27.23 6.71 
30 23.068 6.85 
30 22.912 6.87 
30 19.344 7.05 

___ 30 22.556 7.08 
30 18.424 7.09 

- 30 16.874 7.17 
30 24.094 7.2 

- 30 19.964 7.36 
30 20.248 8.58 
30 27.73 8.98 

— 30 18.48 9.3 



30 15.846 10.05 
40 33.894 3.06 
40 40.892 3.34 
40 39.823 4.26 
40 37.636 5.57 
40 40.97 5.95 
40 39.21 6.18 
40 33.626 6.31 
40 41.55 6.33 
40 30.362 6.44 
40 39.426 6.47 
40 30.66 6.72 
40 28.46 6.77 
40 19.334 7.22 
40 22.47 7.55 
40 29.832 7.67 
40 11.912 7.79 
40 26.518 7.95 
40 11.544 8.56 
40 22.336 8.71 
40 20.276 9.42 
50 50 6.12 
50 44 6.51 
50 32.854 6.88 
50 33.394 7.18 
50 27.598 7.5 
50 29.676 7.74 
50 9.772 7.75 
50 20.916 8.75 
50 16.028 9.28 
50 18.586 9.4 
60 26.652 7.58 
60 14.352 8.2 
60 11.036 9.11 
60 13.328 9.7 
60 12.806 10.3 



Table C.4: Results of Solubility Limit for Zn in Final Effluent 

Zn addition (mg/l) 
10 
10 
10 
10 
10 
20 
20 
20 
20 
20 
30 
30 
30 
30 
30 
40 
40 
40 
40 
40 
50 
50 
50 
50 
50 

Soluble Zn (mq/l) 
6.022 
5.052 
5.462 
3.764 
5.372 
9.908 
7.498 

5.46 
6.076 
8.966 
13.03 

9^ 
13.002 
10.492' 
7.938" 

18.394" 
16.976" 
18.71 " 
11.08" 
6.604 " 

22.224 " 
19.848' 
21.95 
8.506 

13.956 

PH 
7.91 
8.18 
8.72 
8.94 
9.13 
7.35 
8.16 
8.22 
8.36 

8 ^ 
7.52 
8.52 
8.75 
8.16 
9.67 
7.56 
8.04 
8.16 
8.63 
9.31 
7.47 
8.17 

9 
9.19 
9.32 



Table C.5 Results of Solubility Limit for Cu in Raw Sewage 

Cu addition (mg/l) 
10 
10 

10 
10 
10 

19.8 
19.8 
19.8 
19.8 
19.8 

20 
20 
20 
20 
20 
20 
20 
20 
20" 
20" 
30" 
30" 
30" 
30" 
30" 
3 0 ' 
30" 
30 
30 
30 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

Soluble Cu (mg/l) 
11.2 

10.645 
10.25 
10.51 

10.655 
18.705 
18.42 
18.03 

18.385 
18.33 
20.26" 
18.26" 

20.025" 
19.78" 
19.29" 
20.25" 
16.87" 
18.23 
17.78 

17.505 
27.845 
27.96 

26.605 
25.35 
27.59 
27.93 ^ 

24.785 
26.42 

24.745 
25.225 
27.92 

26.815 
27.665 
27.95 

29.665 
28.715 
28.055 
25.675 
28.245 
30.395 
34.39 

30.515 
31.045 
27.01 
30.29 
29.21 

29.03 
21.215 

27.04 
25.125 

PH 
6 7 ^ 
7.28 
7.7 

7.72 
7.8 

6.42 
6.78 
7.12 
7.47 

8.3 
6.75 
6.89 
6.93 
7.14 
7.3 

7.43 
7.62 
8.21 
8.92 

9.2 
6.36 

6.9 
6.92 

7.1 

7.58 
7.7 

~ 8 : ^ 

" " 6 7 ^ 
" T i m 
"~T:m 
"T74^ 
~874^ 

6.55 
6.6 

T o ^ 

" 8 7 m 
" a s m 



Table C.6 Results of Solubility Limit for Cu in Final Effluent 

Cu addition (mg/l) Soluble Cu (mg/l) PH 
10 9.01 7.23 
10 7.605 7.37 
10 6.515 7.94 
10 6.335 7.72 
10 5.885 7.91 
20 10.46 7.05 
20 7.125 7.24 
20 5.845 7.54 
20 8.97 7.7 
20 6.535 7.71 
30 10 7.03 
30 12.14 7.15 
30 9.575 7.46 
30 10.93 7.62 
30 7.425 8.28 
40 13.255 6.92 
40 11.82 7.16 
40 9.295 7.56 
40 14.625 7.45 
40 9.1 7.84 
50 15.37 6.91 
50 18.965 7 
50 17.75 7.62 
50 14.69 7.7 
50 16.905 7.2 



Table C.7 Results of Solubility Limit for Pb in Raw Sewage 

Pb addition (mg/l) Soluble Pb (mg/l) PH 
10 11.54 7.55 
10 11.62 7.79 
10 11.04 8.16 
10 10.8 8.6 
10 10.74 8.78 
20 21.08 7.48 
20 20.14 7.74 
20 20.6 8.15 
20 20.78 8.43 
20 20.44 8.94 
30 29.78 7.56 
30 30.12 7.86 
30 29.02 8.47 
30 29.3 8.56 
30 29.52 8.8 
40 38.08 7.56 
40 38.1 8.06 
40 37.72 8.43 
40 37.88 8.6 
40 39.08 8.83 
50 48.42 7.35 
50 47.28 8.24 
50 43.46 8.49 
50 46.4 8.55 
50 46.8 8.73 



Table C.8 Results of Solubility Limit for Pb in Final Effluent 

Pb addition (mg/l) Soluble Pb (mg/l) 0 
10 19.76 7.35 
10 11.24 7.38 
10 11.06 7.74 
10 10.44 8.18 
10 9.38 8.53 
20 23.14 6.9 
20 20.66 7.41 
20 19.66 8.25 
20 18.94 8.28 
20 17.76 8.55 
30 25.88 7.31 
30 26.8 8.17 
30 23.04 8.53 
30 24.8 8.6 
30 25.06 8.65 
40 35.64 7.59 
40 35.3 8.03 
40 34.74 8.39 
40 30.24 8.51 
40 33.06 8.75 
50 40 7.7 
50 40.36 8.26 
50 39.34 8.67 
50 31.28 8.94 
50 32 8.95 



Table C.9 Effect of Final Effluent Concentration on Solubility limit of Cu 

Cu addition (mg/i) soluble Cu (ma /n PH % F E 
10 20.69 4.5 22.5 
20 8.725 6.71 22.5 
30 19.855 6.18 22.5 
40 35.39 5.6 22.5 
50 41.875 4.36 22.5 
10 7.48 6.94 45 
20 6.81 7.19 45 
30 16.88 6.86 45 
40 22.34 6.39 45 
50 33.76 6.18 45 
10 5.99 7.07 67.5 
20 9.84 7.78 67.5 
30 8.43 7.18 67.5 
40 16.25 6.8 67.5 
50 30.81 6.64 67.5 
10 9.925 7.52 90 
20 11.35 7.58 90 
30 14.33 7.52 90 
40 14.655 7.15 90 
50 18.12 6.88 90 
10 12.34 Acidified 0 
20 18.965 Acidified 0 
30 27.375 Acidified 0 
40 36.43 Acidified 0 
50 43.325 Acidified 0 
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m cŝ  

in 
00 

00 

N 

I 
CO 
+ 

to 
n-' 

X 
q. 

in 
(d 

n 

I 
c\j 
X 

II 
> . 

N 

I 

o 
o o 

o) 
o 
co 

o 
h-

o 
CO 

o 
in o 

CD 
o 
CO 

o 
eg 

{%) i b a o u i e y 



t 
I 

I 
I 
I 
I 

f 
w 

d 

£ 
3 
0) 
iZ 

(l /bui) a i q n i o s o 



in 

t 

I 

1 
I 
I 
1 

I 
n 

6 

2 
3 
o) 
i l 

n. 
n.' 
X 
Q. 
x 

lo 
CO 

• • • • 

CO 

u5 

X 
Q. 
X 

X < 

I f ) 

cvi 2" 
o> 
E 

J 

cn4 
n 
X q . < 

in 
o 
n." 
X 

XII 

in 
o 

in m CO in 
CO c\i 

—i— 
CNJ 

00 
CO 
X 
CL 
• 

in in 
o 

3|qn|os-uou3 



CO 

If) 

I lo 
cn 

Q. 
X 

I 

I 
I 
I 
I 

I 
d 

£ 
3 
o) 
i l 

CM 

u5 

to 
o 

CM 
n 
X-q. < 

U) 

E 

u 

o 
t̂ " 
x 
q. 

(d 
X 
q. 

o 
o 
o 
CM 

o 
o 
o 
o 

o 
o 
o 
00 

o 
o 
o 
CO 

o 
o 
o s 

(B)|/Buj) xo 



en 

I 
I 

1 
I 
I 
I 

I 
d 

s 
3 
o) 

to 
od 

N 

E 

X 

00 

lo 
CO 

c 
N 

I 
CO < 

U 5 

n." 

c 
N 

f 
CM 
• 

C 

N 

t 

o 
o 

o 
o) 

o 
00 

o o 
CO 

o 
m 

o o 
CO 

o 
CM 

—r— 
o 

CO 

(o/o) iBAOiuay 



I 
i 

I 
1 
I 
1 

I 
o 
l o 

d 
2 
3 
o) 

c 

(l/Bui) 8|qn|oso 



iq 

I 
i 

<j x • • 
n. 
n! 
X 
Q . 

4 

I 
I 
I 
I 

I 
•5 
lo 

6 

2 
3 
o) 

u5 
CO 

• • 

CO 
in 
n 
X 
Q . 

X 

• « • 

lo 
cvi 

o) 
E 

J 
m 

o 
n 
X 
Q. 

in 
d 

iq 
ti-

m 
00 

CO 
—i— 
m 
eg 

00 
CO 

X 
Q . 
• 

eg in u5 
d 

(l/Bui) 8|qn|os-uouo 



CO 

t 
I 

in 
CN 

CO 

n 
X q. < 

I 
I 
I 
1 

I 
a 
d 

2 
3 
o) 

CM 

lo 

tn 
d 

o) £ 

o 

0 
n 
1 
Q. 

n 
CO 

X 
Q . 
• 

o 
o 
o 
CM 

o 
o 
o 
o 

o s 
00 

o 
o 
o 
CD 

o 
o 
o 

§ o 
CM 

(B>|/Biu) xo 



o> 

c 
N 

I IT) 

00 
X 

I 

1 
I 
I 
I 

I 
in 
6 

£ 
3 
o) 

CO CO 

o q; 

CO 

n 

I 
CO < 

U3 
n 

X 
cl 

in 
CO 

n 

I 
cn 

N 

I 
I I 

> , 

o 
o o 

o) 
o 
CO 

o 
1̂  

CO 
o 
CO 

o 
m o o 

CO 
o 
CM 

(%) i b a o i u a y 



. 0 5 
O 

o) if) 
L§'° 
C I 

N 

I 
| f l 
l i i 
n 

fsi 
• 2 

o 
(/) 
< 

• O ) 

i « r 

& ( N 
C ^ 

N 

- 2 
oi 

I 
CO 

D ) CO 

1 
0) 

a 
i d 

0 w 
™ I 
3 ro 

1 

O ) 0 5 
o o 
i n i n 
o o 

CNJ CO 
CD CO 
CO o 
O CM 
T f CO 
i n i n 
CO i n 
CO CN 
o , 
i n CO 

o) o) 
p o 

c\j 00 CO 
O) 

o O) (O 
If) 00 00 00 Tj- c\i u> s. 

CO 

C) 

I 
I 
I 

O) 

i e 

0) 
"O 
< 

N 

Z 
Q . 

O ) 
o 
i n 
o 
o 

co 
( 0 

3 
o 

• o 

« .2 
r t 
O re 

f Q 

O ) 

E 

•O c 
q) n 

re o 
re _ 

i s 
Q £ 

a» 

Q . 

E 
, re 
| ( 0 

re 
a i 
u 

< i < 

o 
o | « t 
CNJ CO 

m co 
00 co 
cd eg 
o Id 

O) CD 
CD CO 
O i i n 
N CO 
"4- CO 
CO r - . 
CD CO 
CO | t ^ d 

m 

CM 

N (J) 

^ ro «P 
I CD 

i'd-, , 
O i <35 CD 

CO 
CM 

CM CM CM 

CO - f 
CD 
tv." N. 

st 
CD CD S CD 

m CD 
i n N 

TT G) 
(N N. 
U) N 
s. (0 
CO ro G) 
G) N N 
o CN 
(O o to 
o CNJ CN 

co 

< l < < < l < 
CO 

CO 

O) 

CO 

CD 

CO 

CD 

CD CD 
o o in in q q 
tt- I'd-

0 0 i n CO 
CO 0 0 CD 
CD r ^ 
O I CD 

q h. 
3; k 
CD CO 

CD 0 0 

CM i n 

CD CD 
CM 

, N 
CD CM 

-• I m | o 
, c o O ) 

o o o 
00 

CD N - O ) 
O 0 0 
0 0 o i c o 

, i n 0 0 
CM T f 
CO 0 0 CO 
CM 0 0 CSJ 
i n CD | i n 

c) id 

CD CM ICD 
0 0 o ) |t— j o o 

, 0 ) CD 
CO KL-
CD k r 

ovjitv. 
CM CD CNI 
i n CO i n 

CO CO CM 

f n" nj-

,C3) 0 0 
CD O 

CD CD N 

CD O ) 

CO CD 
i n CD 
m cd 
00 00 
CM N -
m n 
oo' k f 
CM O 
;?• s 

CD 

CM CM 

h -

00 N-
CD CM 
CD CD 
"4- r-
N - CM 
i n h -

d d 

Q? I CO 

. 1 
i n CM 
" CM 

CO 
d 

CO 
CO CO 
CD O 
i n Tj-
CO o 

CD 
CO CO 
N - 1 i n 

C O ' ^ 

00 

CD |0> 
o 1 
i n i n q 

CM I CO 

CD CNJ 
CD |N -

0 0 I CNJ 
0 0 CO 
i n 
-4" I i n 
rg co 
d d 

00 

CD I 

' f k f N - CD I CD 
CD CD CD 0 0 0 0 

CM 

m m 

CO 0 0 
CO 0 0 
00 00 
CD CD 
00 00 

CO 

mim 

rr 00 
CO CM 
00 00 
x: 
o i n 
m o) 
O CD 
0 0 CD 

CNJ CM 

00 
in 
CD N 

,CNJ 
in 00 
CNJ CM 
O) CO 

c o , : 
CM 

CN CO 0 0 

c o l s ' ' ^ 

m 
CM l o o 
0 0 CNI 
O CM 
CD O 
_ ,o 
TF CO 
CM N 

d Id 

m cd 00 
N - | T - CD 

, N CD 
CD N 
CM CO CM 
CD O CO 
2 cm nf 
00 CO o 

CO 

CM CM CO 

CM 0 0 
"4- 00 
N CM" 

CD CD CD CD CD 
0 0 CO CO 0 0 0 0 

CNJ CM 

m m 
CM CM I CO 

00 m CO 

CO CO 

CO 
,CD 

CM O 
CD CD 
CD CD 

CO 00 
00 l̂ f 

,in 
m CO 
CO CD 

i n I CD 
f , 
i n CD 

,CD 
CM 0 0 
CO 
CM O ) 

m r t 
CM O 

m 
in 

00 
CO 

s 
8 
CO 

CO 

CD C D [ m 
00 00 00 



O) 

e 

n 

I 

. O ) 
o 
LO 
o 

I 
e 

N 
% 

0 

1 
o> 
e 
c 
N 
• o 
o •s s < 
o i l 
B 
c 
N 
« 
jO 
3 

o 
(A 

re 
3 
•d 

I 

CD 

CO 
CD 

CO 

00 

o 
00 

o) 
CO 
CO 
CO 

I 
< 
N 

o) o) 
o o 
I f ) I D 
o o 

00 

00 O) 
uo 

i n o 
CN d 

CO 
O 00 
CO N 

O) CD 
O I 
io|u> 
o 

0 0 CM 
CD CSJ 
a > CD 

CO o) 
(N CO 
(O CM 

o 
00 

n 
CD 
(o 
00 
n. 
§ 
o) 
CD l o 

CO 
CO 
CO loo 

CD O 
N -

o o 

X 
a CD 

CD 
00 

(0 
(0 

0> 

Q. 

e 
w 

is 

i < 
CO 

t 
CO 0 0 

O) 
CN 

O) 

lo m 
CN CM 

o o 

CD s . 
0 0 CM 
m cd 
lo 00 

CD 
0 0 CM 
O ) o 
CD CD 

o d 

CO 

3 | ° 

CSJ 
CNJ 0 0 
tn n" 
CO 
d l o 

CN CSJ 

CO CD 
U ) a O 
O ) c r CM 
G ) 0 0 
0 0 c N . 
s . a 

CL CD 
0 0 CD 

0 0 CD 

CD I CD 

in in 
CSJ CSI 

CSJ 

o3 

CSJ 

CD CD CD 
o o o 
m m i n 
o o o 
co ur n t 

s 
s 

CSJ N l oo 
CN CD 
CSJ h t m 
o CO o 
o CD m 

c s j i d o ( O 
CO T— T— CO 
CO | o ) CSJ 0 0 

,CSJ N 
CSJ CSJ TJ-1 CD 

CD 
O 
m 
o 

CSJ CSJ 

m h t CD 
CSJ CD CD 
m o> o 
N ^ CD 
CO T - CD 
N T - m 
N . CO ( D 

m m CD 

c \ i I d I d l o 

CSJ m 
CN N 
^ M -
CD CSI 
o m 
m CO 
CD N 

o k 
o 

CO 
CO CO 
o o) 
00 CO 
N CSI 
CD m 

, m 
m CO 

coico 

§ 

S 

csi 

CO CO CO I CO ^ ^ 

( N CO 
LO 

001 CD 
CD CD 

00 CD 

in LO iio 
CVJICN CM 

iO\ 
CM 

o 

c 
Q) 
3 

1 

m 
e 

• c 
a 
c 

c f 
s 

• o 
(0 
c 
N 



I 
I 

1 
I 
I 
i 

I 
3 
6 

£ 
3 
o) 

(l/Bui) eiqnioso 



u5 

I 
• • 

in 
00 
x 
q . 
H 

I 

1 
I 
I 
I 

lo 
co 

< • 
co 

CO 
n.' 
X 
Q . 

X 

lo 
(n 

cvj 

o) 

E 

1 

n . 
x q . 
< 

I 
U> 
6 
2 
3 
o ) 
iZ 

lo 

* X <n 

lo 
cd 

n 
CO 

X 

l o 
CO 

X q . • 

iq if) 
CO 

CO m 
c\i 

cni 
—1— 
u5 

(l/Biu) a |qn |os -uouo 

if) 
(5 



I 
a 

lo 
CO 

m 
CO 

X 
q. 

1 
I 
I 
I 
I 

CO 

in 
<n 

CN 

CO 

n 
x 
a 
X 

o) 

e 

o 

o 
n 
X q. < 

m 

n 
CO 

X q. • 

(o 
l a 

d 

£ 
3 

. 9 
u . 

in 
d 

x 
lo 
CO 

X 
a. • 

o o o o O o o o o o o o o o o o o o o o o o IT) o m o t o o CO CO (N CM 

o 
o 
o 
in 

(B)j/Buj) xo 



I 
lo 
ai 

c 
N 

I 
X 

1 
I 
i 
f 

I 
n 
u) 
d 

£ 
3 
o) 

i z 

o) 

m 
00 

CO 

n 
3 , 
E 

CO 
< 

lo 
n." 

• • 

j? 

m 
(d 

N 

1, 
E 

CM 

N 

I 

o 
o) 

o 
00 

o 
1̂  

o 
CO 

CO 

g o o 
co o 

cm 
% ) i B A O u i a y 



I 

in 
"4-

I 

I 
I 
I 
I 

I 
00 
m 
d 

£ 
3 
o) 

t l 

lo 
CO 

m 

in 
cn 

c o 

m 

X • 

o) 
& 

i 

o) 
X 
cl 

lo 
00 

X 
Q. 
X 
CO 

ni 
X 
Q. 
X 

csi 

in 
d 

in in 
CO 

—i— 
CO in 

eg 
cn in in 

CD 

(l/Biu) eiqniosQ 



iq 

I 

o 
o) 
x 
Q. 
• 

I 

! 
I 
I 
I 

I 
6> 
if) 

6 

2 
3 
o) 

u5 
CO lo 

CO 
x 
Q. 
X 

CO 

in 
csi 

CO 
n 

X 

« i 

o> 

e 

1 CM 

in 

# x 

in 
o 

o 

X q. < 

n. 
c6 
X 
Q. 

in 
(d 
X 
Q. 
• 

in 
—i— 
in 
CO 

CO m 
csi 

cm 
—i— 
in 

—i— 
m 
d 

(l/Bui) a|qn|os-uouo 



t 
I 

1 
I 
i 
I 
I 

U3 
CO 

o 
O) 
x 
Q. 
x 

- CO 

CO 
s." 
X 
Q. 
X 

m 
CM" 

CM I 
o 

o 
n." 
X 
a. 

m 

n-
cd 
X 
a 

o 
(o 
d 

£ 
3 
o) 

x 

lo 
o to 

(d 
X 
Q. 
• 

O O o o - o o o o o O o o o o o o o O o o o o o o o lO o If) o m o m "4- CO CO CM (N 
m i 

m 

(6)|/6lu) x o 



I 
i 

I 
I 
I 
I 
1 
(o 
6 
£ 
3 
o) 
iZ 

( % ) I B A O u i a y 



I 

in 

o 
o> 
x 
Q. 
• 

1 
i 
I 
I 
I 
u 
6 
£ 
3 

.s> 
u . 

in 
CO 

* x 
m 

m 
csi 

• B X 
(n 

lo 

in 
d 

in 
00* 

X 

CO 

I 
Q . 

X 

I 

I 
0 
si 
1 
a. < 

n. 
CO 

X 
Q. 

in 
CO 

I 
a. • 

in in 
co 

CO m 
csi 

—i— 
cvj in 

—i— 
m 
d 

(l/Biu) aiqniosQ 



in 

I 
§ 

1 
I 

I 
f 

I 
m 
(o 
d 

£ 
3 
o) 
i l 

if) 
CO 

CO 

If) 
c\i 

X < ! • 

1 
I 

c\j 

o 
o) 
X 
Q. 
• 

If) 
CO 

x 
q. 
X 

CO 
n 
x 
Q. 
X 

o 

X 
Q. 
< 

If) 

# # 

n 
CO 
X 
Q. 

If) 
d lo 

(d 
X 
q. • 

If) 
"4-

in 
CO 

CO If) CM lO 
C\i r 

(l/Bui) a|qn|os-uou3 

—r-
If) 
d 



t § 
m 

o 
o) 
x 
q. 
x 

CO 

1 
i 
1 
f 

I 
3 
d 

2 
3 
o) 

c 

00 

x 
Q. 
X 

to 
CM" 

CM I 
u 

0 
n 
1 q. < 

U5 

U5 

o 

00 
CO 

I 
q. 

to 
CO 

X 
q. 

o 
o 
o 
o 

o o o o o o o 
o 
o 

o o o o o o o 
o 
o o o o o o o 
o 
o 
o LO o lO o lO o LO 

CO CO ( N CN 
LO 

(B>|/Biu) xo 



I § 
If) 
o) 

n 

E 

X 

I 
1 
I 

o) 

< < if) 
CO 

c 
N 

I 
CO 

4 

00 

! 

I 
1% 
(d 
d 

2 
3 
o) 

z 

if) 
n 

N 

I 
CM 

X 

X 
If) 
(d 

N 
'b) 
E 

CD 

o 
o 

o 
o) 

o 
00 

o 
h-

o 
CO 

o 
If) 

o o 
CO 

o 
CM 

%) iBAouiay 



— cn 

1151 

i f i 
l e g 

latR 
"o (o 

I 
o| 

I 

5> o) 

CN 
N 
' ' 

l a i 

s 
< 

O) CD 
CO 

CO 
CD 
If) O 
CD h-O) 

z: (d 
rs)2 
IE 

"100 

s l ° 
1_3 
I o| 
(0 
ra 
3 

m 

i 

I 
! 

I I 

O) 
E. 

ro « 
ro 
< 

N 

X, o. 
o 

o c\j 

CN 

, o 
^ o 

00 D> 
E 

1(0 I 
(0 

3 
o 
•o « o 

d (5 

I a 
f q 

O) 
E 

O N 

g o 
ra _ 
a -2 
re .•= 
O = 

•2 Q. 
E re 

I t o 

re 

l l < 

st 
C35 CO 
LO CD 

CO in 
in o) 

CNi 

co 

CM CM CM CM 
CD CD CD CO 
CO CO CO CO 
CO CO CO CO 

CNJ cn 

CNJ 
CM c\i 

CNJ 

00 h-
' 00 

CO 

CNI CO 

CO CO 

If) CD 
n n. 

CO CO 

CO 

o o o 
o o o 
CO CO CO 

CO 

c\j CO 
CO T,-
CO CO 

O) 
If) 

8 8 00 00 

C3) 
00, . 
in cj) 
00 00 
CO 

CNi CM CNJ CNJ CNJ 
CD CO CO 

00 co 
CNJ CNi 

m 

m in 
o o 
CO N-

,00 
"4- CO 
^ n t 
Tj- (J) 
00 co 
CO M" 

C3) CO 

CO C35 
o ovj 
CO N-N 
<J> I CD 
CO in O) 

00 00 
in in 
o o 

CO 

00 CO in m 
o o 

CNI 

CO 

N CO 
C3) 
OOlCNJ 
00 CD 
in CO 
"4- CNJ 
O I CO ,(0 
co 00 

co m-
O CD N 

, o 
Tf CO 
CO CO 

00 
m cj) 

o o 

CNJ CNI CNI CNJ 

00 Tf |co 
"4; '4- CO 
00 CD CO 

CO 

00 

CO 00 
m in 
o o 

CO 

T 
(n (n 
cd m 

CO CO 
If) 

o o 

(n (n 
m m 

CO CO CO 

(N 

CO 

s 
CO 

CO col G) 
If) 
m 
I 
if) 
if) 

N O 

in 
CD 
CD O 00 
cni 

CD 

00 
If) 

t -
t 
d m 



s 
CO 

If) 

o) 
CD 

5 lo 

00 
o) 
00 
o 
CD 
o) 
n 
CD 

CNJ 

cvj cm cm 
CD CD CD 
CO CO CO 

^ |lo 
00 

i 
5 . 
in o) 
CD O 

CO 
to h t 

(n 
o 

c\! 

CD 
in 
CD 

00 
lo 

(o 

CO m o 

O) If) 
If) N. 
CM o 
CO o 
CD If) 
CNJ O 
cm (n 
CD CO 

o 

o>\^ 
CO N 
00 CD 
CM CO 
CD 00 
CM O) 
o o) 
(M 
d [ o 

If) CM If) 
CM 
CO 

(M 

CM 

o o o 
o o o 
If) If) LO 
(M CM CM 

coi^ 

o i 6 

CM (M CM CO CO CO 

u) 
00 CO 
g 
o 
(o, 
<35 00 

csi 
CM |o) 

s 

O) CNJ 
in cd 
" s 
^ o) 
co co 
o 00 
CM CO 

^ , 0 0 
00 

00 CO 
co co 
lo 
CM loo 
i t 
^ CD 

CO 

"4- nf 

CD 

s s 
CO CO 

cm co 
• t o 
cd in 

CO 
00 CD 
n n 
O CD 
•4- m 

in CM co 00 
co m 
CD 00 
00 
in CD 
h- 1 1 
CD C3) 

in 
co i co 

in 00 
CD 
CO o | 
co i . 

z 
O) CD 

n 

CM 
n. 

lo 
o 
LO 
CM 

3 

0 
3 .sr 

1 
E 
.£ 
c 
o 

e-
o « 
t3 
(0 
C 
N 



lo 

t 
I 

in 
"4-

CM 

n 
x 
q. 
x 

1 
I 
i 
I 

f 
w 
(o 
d 
£ 
3 
o) 
iZ 

in 
CO 

• c m 

o 
n 
x 
a. 
X 

• <h( 

CO 

o> 
m 

1 

CNJ 

h. 
CO 

x 
Q . 
<j 

in 

X-0 

CO 

CO 

X 
q. 

tn 
C3 

0 
CO 

1 q. • 

—i— 
in m in 

'4-
CO 

—p-m —i— 
CM m 

CO CN 

(l/Biu) eiqnioso 

—1— 
in 
d 



If) 

I 
I 

iq 
CNJ 

n 
x 
Q. 
x 

I 
! 
I 
I 

I 
<o 
d 

£ 
3 
o) 

i z 

lo 
CO 

o 
n 
X 
Q. 
X 

CO 

o> 

If) • § . 

1 
CM 

(d 
i 
Q. 
4 

in 

<X 

lo 
o 

CO 
(d 
X 
Q. 

<o 
X q. • 

in in 
"4" 

—1— 
m CO m CM 
CO CM 

(l/Bui) 8|qn|os-uouo 

in in 
o 



CO 

I in 
c\i 

CNJ 

n." 
I 
Q. 
x 

I 

1 
I 
i 
vi 

I 

I 
00 
(o 

d 

£ 
3 
o) 
i l 

CM 

0 
n 
1 
q. 
X 

to 
o) 

& 

o 

<d 
X 
a . 
< 

CO 

X q. • 

< 
X 

X 

in 
CD 

(o 
X 
a. • 

o O o o o o o o O o o o o o o in o in o in o "4- CO CO CN CNJ 

o 
s 

(BmBiu) xo 



o) 

I 
If) 
00 

N 

E 

X 

I 

1 
I 
i 
I 

I 

00 

N 

1. 
E 
CO 

4 

Z 
a 

4 

4 X m 
CO 

N 

E 
CM 

CO 

s 
d 

£ 
3 
o) 
iZ 

lo 
lo 

N 

E 

lo 
o 
o 

o 
(J) 

o 
00 

o o 
CO 

o 
in o o 

CO 
o 
CN 

—i— 
o 

%) ibaouiay 



m 

t 
I 

in 
"4-

cvj 
n 
X 
q. 
x 

1 
I 
I 
I 

f 
d 
n 

6 

£ 
3 
o) 
i l 

lo 
CO 

CO 

o) 
u) >§> 
CM 

M X X I 
cn 

o 
n 
X 
q. 
X 

n 
CO 

X 
Q . 
< 

in 

X X 

in 
d 

m in in 
CO 

CO m 
cm 

CNJ in 

CO 

CO 

X 
q. 

o 
<d 
X 
o . • 

in 
d 

(l/Buj) eiqnioso 



lo 

t 
i 

I 
I 
i 
i 

t 

if) 
"4-

< • 

If) 
CO 

<am • 

CO 

I f ) 

cn 
x x 

CNJ 

CM 
n 
X 
Q. 
x 

o 
n-' 
X 
Q. 
X 

o> 
& 

i 
(d 
X q. < 

I f ) 

X X 

CO 
CO 

X 
Q. 

n 

d 

2 
3 
o) 
i l 

if) 
o 

o 
(d 
X q. • 

If) I f ) I f ) CO 
—1— 

I f ) eg I f ) 

CO CNJ 

(l/Biu) eiqnjos-uouQ 

if) 
o 



co 

I 

co 

I 
cl x 

in 
cm" 

I 
hq 

1 
I 
i 
I 

I 
d 

£ 
3 
o) 
iZ 

cm 

0 
n." 
1 
q. 
X 

in 
o) 

E 

o 

(d 
I q . < 

< 
< 

x 

I f ) 
c> 

(d 
X 
q. 

CO 

i 
q . • 

o o o o o O o o o o o o O o o m o U5 o m o 
CO CO CN CN 

o o 
m 

(6)|/6iu) XQ 



o> 

I 
1X5 

od 
n 

I 
X 

I 
(x) 

I 
I 
I 
I 

I 
n . 

d 

£ 
3 
o) 
i l 

oo 

I f ) 

1^ 

• 

X 

m 
(d 

CO 

lo 
lo 

n 

E 
CO < 

- i 

n 

E 
CM 

N 

1 

§ o 
o) 

o 
00 

o 
n 

o 
CO 

o in o o 
CO 

o 
cm 

—f- lo 
o 

%) iBAomay 



I 
i 

1 
i 
I 
I 
I 
d 

£ 
3 
o) 

CM 
s! 
x 
a. * 

o 

x 
Q. 
X 

CO 

X Q. < 

co 
CO 

X 
q. 

o 
CO 

X 
a. • 

CO CM 

(l/Biu) 9|qn|oso 



in 

I 
1 

in 
CM 
n 
x 
q. 
x 

1 
i 
t 
1 

I 
i n 
h . 
d 

2 
3 
o) 

c 

in 
CO 

• • 

CO 

in 
eg 

<U 

0 
n 
1 
o. 
X 

o) 
e 

I 
n 
CO 

X 
Q. < 

eg 

m CO 
CO 

I 
Q. 

in 
d 

0 
CO 

1 q. • 

in 
—i— 
in m 

—1— 
CO m CNJ m 

CO CVJ 1 

(l/Bui) a|qn|Os-uou3 

in 
CD 



CO 

I 

CO 

n 
X 
o. 
x 

u5 
csi 

i 

1 
I 
I 
I 

I 
(o 
n 

6 

£ 
3 
d) 

i l 

CNJ 

o 
n." 
X 
q. 
X 

lo o) 

e 

u 

CO 

X 
Q . 
< 

4 

5 
< 

lo 
d 

CO 

X a. 

H 

CD 

X q. • 

o O o o o o o o O o o o o o o in o m o m o 
"4- CO CO CM CM 

o o 
m 

(B>|/6iu) XQ 



t 
i 

I 
I 
i 
v i 

I 

I 
n 
n 
d 

£ 
3 
o) 
i l 

• X 

• 

if) < 

o) 

in 
00 

c 
N 

I 
X 

CO 

m 
s-' 

N 
=§, 
E 

CO 

<j 

- =s. 

in 
CO 

c 
N 

t 
CM 

CO 

m 
in 

N 

1 

in o o o 
cm 

o 
CO 

o o 
CO 

o 
m 

o o 
CO 

%) ibaouiay 



o> 

E 

I 
E 

I 
O) 

\e 
ro 

I s < 
O) 

I -
ro 

0) 

• 2 
0 in ro 
n 

1 
O) 

IE 
c 
N 
Ig) 
l a 

3 
O 
(0 
re 
3 

• o 

I 

I 
I 

tif 
.c; cm co 
N 

O) 

E 
ro 

0) 
rn 
< 

N 

X 
Q. 

3 

1(0 

3 
O 

k 1 

U ra 

a B 
f q 

D) 

E| 
•b c 

« ! : 

s | 
q = 

a> 

a 

E 
re 

w 

re 

I < 
( X CO 

(N 

O) o 
^ co 

(N 

' t T-cm 0 oc 
T-isi 

id "4- c\ n 35 h. 00 n 0 n h-. in lo tf) 
0 0 0 

CO 

< l< 

cn 

(n (n 

CO CO CO 

(n (n 
CO CO 

CO 

CO 

CO 

( 0 | G ) 
( N 

^ ,rr 
O O) 
CO CNJ 
m N 
CO CO 
o> ~ 
o 
C5 lo 

(O 
CO IN. 

, i o 
o o 
CO N . 
t o CSJ 
CO CO 
CO CO 

G) 
I CO 

^ h r 

co i 
CM C\j 
CO CO 

•*- CM 

(O 
lio m 
00 
00 

CO CO 

cvj co 

m 00 m 

u1 cnj 
( N (O 
00 

CO 

00 o 

lf> 
CO 
( N 

s 
CO 
N . 
o 
cdlo 

| ( N 

CO IG) 
co ui 

CO CO 

• r 
m m 

cn 

CO 

( N 

co 

( N 

CO 

3 1 3 1 3 
(O CO 

CO CO 

CO 

m 

O) CVJ 
CO CO 
CO CM 

m 
3 1 0 o o) 
N I CO 

10) 
00 G) 

m 
N 
in 100 
10 
N 
t t 
d 

I f ) 

s 

s 
s 
co 
N 
O) 
N 
CM 

un 

loo 
CO 

CO 
o 

m i cm 
^ O) 
CM 
^ , 
^ CM 
CO I f ) 
m co 
CM CM 

colco 

CO 

o) o) 
CM (O 

I f ) 
tf" 

CO CO 

o co 
N 
o 

N 
00 

s 
G) 

5 
O) 
co 

10 in 

(o CO 

2 



in 

X XX 

I 

I 
1 
I 
I 

I 
00 
n-
d 

£ 
3 
o) 

u5 
m 

XXK 
CO 

in 
c\i 

xxaec 

e 

i 
CM 

I f ) 

>ack 

u) 
C3 

IT) m 
CO 

CO if) 
csi 

cm lo to 
d 

(l/Biu) eiqniosQ 



iq 

I 

1 
I 
i 
I 

I 
6> 
n-
d 

£ 
3 
o) 

in 
CO 

CO 

lo 
csi 

CNJ 

in 

o 
n." 
x 
q . 
X 

If) 
CO 

X q. < 

o) 

e 

1 
CO 

CO 

X 

m 
CD 

o 
CO 

X 
q . • 

in 
—i— 
in 
00 

CO in 
cvi 

CM in in 
C ) 

(l/Bui) 3|qn|os-uouo 



iq 

I 
s . 

1 
i 
I 
1 

I 
d 
00 

d 

2 
3 
.5> 
i l 

0 
n 
1 
Q . 

X 

in 
CO 

CO 

if) 
(d 
X 
Q . < 

lo 
cvi 

d) 
& 

o 

CM 

co 
CD 

X 
Q . 

lo 

m 
d 

o 
CO 

X q . • 

8 
o 
o 
CO 

o 
o 
o 
o 
in 

8 
o 
o 

§ 
o 
CO 

8 
o 
o 
CM 

8 
o 
o 

(B>i/Buj) xo 



I 
V. 

1 
i 
I 
I 

I 
00 

d 

£ 
3 
o ) 

n 
3 , 
E 

X 

N 

E 
00 
< 

N 
1) 
E 
cnj 

c 
N 

I 

(%) iBAOuiay 



I 
I 

1 
I 

lo m 
O) O) 
CO CO d> 

"̂ |<N |C\J 
3 

o 

i i | ® s 
ss p" 
1 ^ 1 

15 i 
ro 

I 
S I < 

• lo lo 
i o) 0) 0 in E|oo|co 

T— 
CO 

CVJ 10 00 N. 
CO ̂  O) U) ^ 0 C) X 

1) ^ 
00 3 (N N "0 ^ G) ^ I- CO 

(N 

3 
p 
ro 
m 
•s 
0 

1 

• o o 

CM 

. Im c\j 
N ^ l s 
\e 
3 I 

p 
irn 

3 
o 
(o 
w 

I 
1-^ m lo 
& 

fg 
< 

3 
o 

1"̂  m 
(3) 
CO 

I I 
§s 
O) Q. 

| < « 
•^1 o)h" 1"̂  

o o 

3 
o 
•o 

3 a 
f q 

n-
o (o 

In 

a 
E El 

o o 

m _ 

q 5 

j ) 
a. 
E 
ra 
(o 
w 
3 CM 

u 
< ! < ! < 

CM 

m in 
CM 

in in m 
O) C3) CR 

colcb 
in I in ||sJ 

CM CO 
CO CM 
O) CO 

00 
CO o 
M. CM 
I in ^ ,co o 00 

CM CM 

CM 
CO 
m in o 
in 

co c:) N. o 
CM CO 

m in in m 
o) 03 cj> c75 

o c3 cd cd 

CM 

in in m in m 
CO CJ) <33 CO O 
<35 in O CO CM 
00 001 CM |t— I CO 
cd <d 

CO hi- in CM Na-
S H2 S M hi" 
O Kf CJ3 CM CO S- in CM CM 
C3) O kf CvJ CM 
00 Is. <Z) CM <3) 
_ cn kf 
CM CM CJ) CM O 
CO 00 CO Is. o 
CM It}- 1'̂  TJ- TJ-

m (m 
<3) |C3) 
CO CO 
cmIcm 

in in in 
C3) cm <3) 
CD 
CM I in I in 

N- in I CO in in CO 
m 00 cm 
M- C3) N-
in 00 (X) 

CM Nt 
CO lo CD 

,CM O 
O <3) C3) 
CM 

CO 

CO 
m. 
CM 

OO 
00 
n-
CM 

d in CM 
00 

CM 

in 00 CM CM in in C33 CO 00 CM Ih-CM CO ht in CO 
^ kf CO CO CD 

in m 

C3) in 

m I in I in in m 
|n^ |h-

ininmin|in|in|in|in 
oolcrn-h^oocococm 15 t" o 00 in in o 100 jo IM- in in in 

CM 

in in in CO Kr in 
CO T— C3) 

in CD in CM o o o o o o 

COICM |N- |N . |CO|00 | i n |<3) s c) co co in 7— CO T— ̂  
CO led |oC> |0C3 |oC) I CM I CM I CM 

in r-. I CO 
m n- (3) in in 
CM |Tf 

in in 

o o o o in i in i in 
CM I CM CM 

in in 

CM CM 00 
CM CD CO <3) I 
N oc) CO CD 

CM 

"4" nf n" 

CM CM CO 

<l< < 
Cvj CO 

co co 
<l< 

001 CO led 
CD 100 i CO 
CO C3) in 

cd h-' 
in|cM 
CD CO 
00 |od I CD 

CM CM 
00 co 

^ !;?• 1^ I'̂ ICM I CM I CM I CM 
^ r : ^ CM CM cm CM 
'^l'^|'^|'<4-hfcocococo 

CM CM 
CM CM 
CO CO 

CM CO •<f I •7 I CM I CO 

? | ? | ? | T r 7 r 7 r " l ^ l ^ 
< |< |< i< |< |DQ ICQ |DQ |DD m 

m 

O) CM (O (O o> OC 0 If) 0 CO <y> 
00 00 O) CD Tf CO 
CD 0 cn 
00 0 CNJ (N CO CO 

in 00 
O CD 

cd cd 

m m in in 
n-' n 

00 

<d 
o) 

1 

I 

c 
o 

I (d 
§ 

& 
E 
8 
N 
•a 
c 
CD 
3 
o 



o) 
E 
3 
0 

1 

o) 
E 

o 

m IT m 
a> a O) 
o o o 

o 

w 

o) 

O 

o) 

X 
a 

d) 
E 
(0 
(0 

0) 
q. 

I 
15 
3 

o o 

m lo id 
G) 0> O) 
CD CD CD 
eg csi csi 

CD CD 
CD h -
i f ) CD 
CO 00 
00 k 
co co 
CM CNJ 

in in in 
"4- in N-

h- o) 
N CD CD 
(3 l o l o o 

"4-
CO 1-4-

. , ,CJ) 
O) lo |C3) 

CNJ 

s - in 
co co 

in in in 
csi c\i cvi 

^ I CO 
CD O 
|h~' oc) 

CN 00 00 00 
CN CO CO CD 
CO CO CD CO 

cvj co 

o o o 

in 

m in 
cm c]) 
CO CO 

in 

CNJ CM 

6 6 

m 

^ ,co 
O) in 
co cm 

o) n 
d o 
co co 

in m m mlv- lo 
( 0 | ^ 
T f O 

m 
G) 

CO 
n 
LO 

00 

Oi 
CNJ 
o 

s 
00 
00 
o) 
in 
g 

i 
cvi 

m 

o 
(n 

eg m 
CD M 

CD 

CO 00 
CO CD 
CD CD 

m m 

n co eg eg 
N 00 

00 00 
CD CD 
CD CD 

s 
(n 
00 00 

8 
CO 
co 

in 

o 

(N CO 

CO CO 

6 6 

in 
CO 
CO 
co 
CO 
CO 

4 
o 3 

0) 

I 
I 
c 

I 
o </> TD 
CO 

f 
8 
N 
T3 
C 
(0 
3 
o 



o) 

N 

d> 

N 
ro 

I 
0 

1 

o> 
E 
c 
N 
(u 
z 
3 
O 
(0 
re 
3 
t j 

I 
O) 
E 

"O 
0) 

ro 
< 

N 

I f ) 
CD 

LO 
CD 

LO 
CD 

LO LO LO l O 

LO If) If) 
O) 

(N 

I f ) 

c\f (N (N 

CM OG Cf 
T- 01 cc 
lO r t c \ 
CD IT. 
N O o 
CD 00 
CJ) ^ 00 N lO Tj-

CVJ CO 
CN CO t o 

cn 

CO (n (n w (\l 

m 
CD 
m 

CO 

if) 
CO 
lo 

CO 
CO 

5 
CO 
CO 
00 o 
CO 

CD 

(o 

CO 

CD 
CO 
CO 

lo o 
CD 

CO 
CO 

a 
I f ) 
00 
UD 

§ 
CO 

o) 
CO 

00 (N 
n. 
(n 

s 
n 
CO 

t t 
CO 
G) 
G) 
cm 

CD 
o 
o) 
CO 
CO 
(O 

s 
CO 
CO 

O) 
oi 

CO 

lo 
g 
CD 

I f ) 

CO 
I f ) 
csi 

in 

s 
CD 
CO 

if) 
N 
00 
N 

I f ) 

N 
I f ) 

00 
(N 
00 
o 

CO 

00 

LO 
O) 
CD 
O) 

I f ) l O t f ) 

s 
cvi 

lo 
P! 

O) 
CO 
00 
CN 

I f ) 
I f ) 

I f ) 
N. 
I f ) 

(N 
i 
d 

O) 
00 

CO 

I f ) o 
CO 

(N 
CO 
d 

O) s o 
CO 

CO CM CM CM CM CO CO CO CO 

(D 
O) 

1 

i 

c o 

8 
X) 
CO 

& 
e 
8 
N 
t3 
C 
ro 
3 
u 



i " 
o) 
E 
c 
N 
T3 
0) 
•s 
o 

o) 

CN 

d) 
E 
c 
N 
0) 
5 
3 

o 
(0 

m 
3 

00 

o) 

if) m 
O CD 

00 
n-

lo o) 
•t o 

o) 00 
CNJ 

<n 

CD CM CD 
00 tf c3) 

CD o) CM 

CNJ 

CNJ CN CN CO oo 

i n l O m 
CO CO CO 
t o t o «5 t o 

CO CO 

m 
CO 
1x5 

CO ( 0 00 
G) CO N 

CO T— 
l O CO 
00 CO T ' 
m 00 CNJ 
o ai 
O) O) CO 
( N 

in CO 

CO 

0) 
o> 

i % 

c 

I 
I 
CO 

i 
E 
8 
N 
•o 
c 
CO 
3 
o 



I 
I 
!1 
li 

I 
t o 

I 

li 
a 
csi 
00 

d 

£ 
3 
o) 

c 

(l/Bui) aiqnioso 



<\l 
CO 

x 
a + 

I 
i 
; 

I! 
I I 

I II 
a 
00 

d 

2 
3 
d) 

c 

o 
00 
X 
Q . 
• 

00 uj 
r-' 
I 
Q . 

x 

Oi 

I 
CM 
n 
x 
q. 
X 

o 
n 
X 
Q . < 

(d 
X 

cn 

(o 
X q. • 

CM O 00 CD Tj-

(l/Gui) a|qn|os-uouo 

CNJ 



05 

00 

o 
00 
X 
q. 
x 

1 
i 

P 
4 I 

I J 
; 
a 

CO 

CO 

n 
x 
Q. 
X 

lo 

>(< 

o) 
& 

o 

o 
n 
X 
Q. < 

CO 

CO 

oo 

d 

£ 
3 
o) 

X 
CM 

CO 

X q. • 

o 
o o 
CO 

o o o m 

o o o 
o o o 
CO 

o o o 
CM 

o o o 

(b j | /bu j ) x o 



1 
1 
II 

a 
in 
00 

d 

2 
3 
o ) 

(%) i b a o u i a y 



I 
tl 
11 

I I 
I II 
d 
(o 
00 

d 

2 
3 
o) 

e 

(l/Buj) aiqniosQ 



CM 

CO 
00 

x 
Q . 

1 
It 

I 
I 
I II 
a 

n 
00 

d 

£ 
3 
o) 

i l 

00 

o) 

. i 
I 

CNJ 

CM 
00 

i 
Q. 
+ 

o 
00 
X 
d • 

in 
n 
i 
q. 
x 

CM 
n 
I 
a. 
X 

0 
n.' 
1 q. < 

n 
(d 
X 
q. 

lo 
(6 
X q. • 

CM O 00 CD Tj-

(l/Bui) a|qn|os-uouo 

CM 



^ o 

o> 

o 
o) 
x 
a 

I 
li 

1 
a 
do 
00 

d 

2? 
3 
o) 

l l 

00 

<D 

CO 

00 

x 
q. 
x 

CO 

(n 

o 
00 
X 
Q . 

I f ) 

o) 
& 

o 

(o 
is! 
X q. < 

o 
n 
X 
q. 

(d 
X 
a . • 

o o o 
CO 

o o o 
lo 

o o o 
'4' 

o o o 
CO 

o o o 
CN 

§ o 

(bjj/bui) xo 



to 
o) 

3 
o 

o) 

o) 
E 
o 
o 

1 
ll 
li 

1 I 
ll 
a 

in 
00 

00 

3 
0 

1 
lo 
s! < 

in 

o 

E 
o 
it) 

o> 
oo 
d 

£ 
3 
d) 
iZ 

< 
x 

in 
co 

3 
0 

1 
lo 
(n • 

o o o 
o) 

o 
00 

o o 
co 

o to o o 
CO 

o 
csj 

—t— 
o 

co 

(%) i b a o u i a y 



1 
ll 

I 
I J ; 
a 

o 
o> 
d 

£ 
3 
O) 
il 

(l/Buj) eiqnioso 



CM 

00 
00 

X 
q. 

• >« 

1 
1} 
ft 
IS 
I 

(0 

I 
I II 
a 

00 

d) 
» § 

I 

CNJ 

00 

X q. 
+ 

o 
00 
X q. • 

in 
n 
X 
Q . 

x 

CM 
h-' 
X 
Q. 
X 

o 
n-' 
X 
Q . 

4 

o> 
d 

£ 
3 
o ) 

i l 
CM 

n 
(d 
X 
q. 

u) 
(d 
X q. • 

CM O 00 CO T f 

(l/6ui) a|qn|os-uouo 

CM 



o) 
o) 
od 
x q. * 

I 
!i 
li 

CO 

I 
.s: 

I 
a 

eg 
00 
x 
q. 
x 

CO 

if) 
o) 

& 

u 

CO 
n 
x 
qL 
< 

CO 

CO 

x 
Q. 

8 
d 

£ 
3 
o) 

CN 

o 
n 
x q. • 

o 
o 
o 

o o 
m 
CO 

o o o 
co 

o o 
m 
CM 

o o o 
CM 

8 
m 

o 
8 

o o in 

(bj j /bui) x o 



o) 

I 

• • 

< 
X 

00 

zs 
0 

1 
o 
d 

I 
I 

1 
a 

00 

d 

E 
in 

4 

m X 
a 

3 o 

E 
o 
to • 

CO 
o> 
d 
£ 
3 
o) 
i l 

u5 
<d 3 o 

E 
if) 
c\i • 

o o 
CO 

o 
o) 

o 
00 

o o 
CO g o 

•t 
o 
CO 

o 
cn 

(%) i b a o i u a y 



I 
fl 
s 

I 
I II 
o> 

d 

£ 
3 
o) 
iZ 

(l/Bui) aiqnioso 



in 
tf 

• • 

CM 
06 
i 
Q. 
+ 

I 
s 

I 

| i 
10 
o> 
d 

£ 
3 
o ) 

to 
CO 

o 
CO 

X q. • 

CO 

CNJ 

10 

m o 

IT) 

n 
X 
Q . 
X 

10 
CNJ 

d) 
& 

I 
CM 
n 
X 
q. 
X 

o 
n-' 
X 
Q. < 

n. 
CO 

X 
Q. 

10 
d m 

CO 

X q. • 

10 u5 
CO 

CO to 
c\i 

CM 10 t -
—i— 
10 
d 

(l/Bm) a|qn|os-uouo 



CO 

0 
00 
1 
Q . 

m 

u5 
CN 

1 
!? { 
; 
<b 
o) 

d 

£ 
3 
o ) 
i l 

CM 

CO 
n 
x 
a 
X 

in 
o) 

B 

o 

o 
n 
X 
Q. < 

• 
<3 

o 

m. 
CO 

X 
q. 

(o 
X 
a. • 

o o o o o 
CO 

o o o 
If) 

o o o 
o o o 

"4- CO 

(B>|/Biu) xo 

o o o 
CM 

§ o 



(%) iBAouiay 



I 

1 I 
I 

1 
do 
o) 

6 

2 
3 
o ) 
\L 

u5 
"4-

+ • 

X m-

<m' 

m 
00 

CO lo 
csi 

—r— 
cnj 

lo 

CO 
00 

X 
Q. 
• 

- "4-

CM 
CO 

X 
Q. 

m + 
CO 

O 
CO 

X a. 
- CO • 

in 
s! 

lO X eg — _ Q. 
K O) K 

E 

" 5 

o 

o CM 

- c\ N 

X 
Q. 
X 

in o 
N 

X 
Q. 
< 

N 
(d 

X 
Q. 
• 

in 
o 

in 
( d 

X 
Q. 
• 

- o 
in T- w 

o 
(l/Bui) eiqniosQ 



u5 

00 
00 

X 
Q. 

1 
l l 
I 
I 

I II 
o) 
o> 

d 

£ 
3 
o ) 

m 
CO 

' + 

co 

4# X 

if) 

& 

1 
o 

CM 

I f ) 

' »<c 

CM 
CO 

X q. + 

o 
00 
X 
Q. 
• 

I f ) 
t^' 
X 
Q . 

x 

CM 
n 
X 
CL 

X 

o 
n." 
X 
Q. < 

n 
CO 

X 
Q. 

I f ) 

CD 

I f ) 

CO 

X 
Q . 
• 

I f ) 
"4-

If) 
CO 

CO If) 
c\i 

CM lo I f ) 

o 
(l/Biu) e|qn|os-uouo 



m 
CO 

00 
00 
X 
Q. 
+ 

CO 

I 
| | 
i ' m 

. 1 1 

1 I 
II 

CO 
00 

x i 
a. I • 

in 
csi 

o 
00 
x 
Q. 
H 

cn 

o) 
& 

o 

u5 

CD 

X 
a. 
X 

CO 

X 
a < 

o 
o 
t -

d 
£ 
3 
o) 
iZ 

1X5 

d 

X 

x 

o 
n." 
X 
Q. 

(o 
X q. • 

o 
o 
o 
CD 

o 
o 
o 

o o o 
CM 

§ 
o 

o o o 
00 

o o o 
CO 

§ o i 
CM 

(B>|/Bui) xo 



1 
ll 
• l l 

I 

II 
o 

£ 
3 
o ) 
iZ 

(%) i b a o u i a y 



in 

x 

00 
co 
I 
Q. 

I 
| | 
1 1 

• s s 

!( 
8 
t— 

d 

2 
3 
o) 

m 
CO 

+• 

co 

cnj 

< X + ' 

cnj 

in 

o) 

e 

i 

CM 
00 
X 
q. 
+ 

o 
od 
X 
q. 

lo 
n 
X 
q. 
x 

eg 
n 
X 
q . 
X 

o 
n 
X q. < 

n 
(d 
X 
q. 

in 
o 

lo 
co 
X q. • 

in in 
CO 

CO m 
r«i 

cnj in 
—i— 
in 
d 

(l/Biu) aiqnioso 



in 

I 
Ii | | 
l i 

fi 
CO 
o 
V -

d 
£ 
3 
o ) 
i l 

< • 

in 
CO 

CO 

in 
cn 

• + 

cnj 

I f ) 

o) 
e 

I 

00 
CO 

i 
a • 

CNJ 

00 
X q. 
+ 

o 
00 
X 
Q . 
• 

U5 

X 
q. 
x 

CM 

n 
X q. 
X 

o 
n." 
X 
Q . 
< 

CO 

X 
£3. 

in 

lo 
d 

—1— 
in co 

CO m 
c\i CM in 

(l/Biu) 3|qn|os-uouo 

in 
c> 

lo 
CO 

X 
Q. 
• 



CO 

CO 
00 
X 
q. 
x 

I 
II 
II & I ; 
ti 

cn 

CO 
00 

X 
Q . 

X 

o) 
& 

o 

(o 

X q. < 

oo 
d 

CO 
d 

CO 

n." 
X 
Q. 

3 

d 

2 
3 
o ) 

d 

x 

eg 
(3 

o 
n 
X 
q. 

o 
o 
o 

o 
o 
o 
CO 

o 
8 
m 1 § 

"4" CO 

(B>|/Buj) xo 

o 
o 
o 
CM 

o 
o 
o 



o) 

I 
It 
l l 

|.i 
I q : 

I ! 
I I 

in 
o 

d 

£ 
3 
o) 

o 
o 

< 
X 

u5 
od 

n 

I 
X 

00 

c 
N 

I 
CO 
< 

in 
1̂ ' 

X 
a 

n 

E 
eg 

lo 
CO 

CO 
o 
cm 

o 
00 

o o 
CO 

o 
if) 

o 
•t 

o 
CO 

N 

t 

(%) i b a o i u a y 



I 
I 
I 
I 

o > 

p 
ni 

O ) 

D ) 

p 

•2 
0 

1 
O ) 

3 
u 

" O 
0) 

• 2 

s 
< 

O ) 

E 

3 

P 
— 
• Q 
3 

o 
Un 

I 

lo 

cnlo) (n 
I f ) O 

" S . 

U) ( N Tj-
(N CO O) 

(N 
cd co 
00 n. cd 

cn 0 0 00 
0 (o lo 0 00 (N 

O ) 

ro 
< 
3 

o 

X 
Q -

0 5 Q . 

| g g 

CM O ) 
CD O 
o m . _ 

o I ra 

1(0 

e e 

z a 

( 2 Q 

" O 3 
o o 

# 3 

I ! 
I I 
Q = 

c 0) 
N o . 

1 
! l 

O ) 
CO 
i n 
00 

e g csi 

o) lo 
O ) LO 
cd n 

cjj |m 

cm co 

< < 

co o) 
o o) 
co co 

i n 
00 

co co co 

l O 

c\j 

i n in in in 

t o CN 

CD 

. ^ ^ 

cj5 c35 05 c3) 

CM 

cm cm 
cd cd 
i n m 

cm cm cm 
cd cd cd 
o o o 
o | o o 

0 0 CO i n 
n- t - cd 
o c35 o 
o) cd o 
cm k cm 
cj> o i n 
2 3 0 
o o cd 
"4" cd co 

m 

CM I CM 
CM CJ5 
cn I CM 
o 

o 

N- 00 

;r sy 00 m m 
00 N - 00 CD O ) CO 
o) Kf Kf Uj- 00 in 

I ' 4 -1 -4 -1 CO I CO 

001%-1 go Itj- Its. irv. 
gj o c3) cd cm 
r co 

^ | co j cd cd 10 

LO 10 | i o | o | o | o 
n in in 

CD 
CD N f 
CNJ CD 
CD O 

o " 
00 ic:) 
CO 

m 
CM 

m cm cm c35 
i n r T - o 

cd n n cd 
i n 00 
CM CO 
CD CD 

5 n" |->s-1'̂  •«j-, ̂  
c35 c3) cj) cd cd cd 

cm colrj-
co cd co |'*t 
<l<l< < 

512 
^ I CD o) co 

5 • < 0 0 

CD 
CD 100 
CD 

CM 

m 

CM CM CM 
CD CD CD 
C ) CD (=) 
i n i n i n 

i i n i CO 
O CD o) 00 00 

CD 00 
CM N -
Cd ICO 

CD I CM 

N CO T f 
LO CD N . 
LO 1 0 CO 

m o) 
CN 

CD CD 
CO 

10\in 
csi 

O) 00 
m cnj 
00 cd 

CO 

m 

CD CD 
00 00 

• r 
m m 

i n CD 00 
o 0 5 0 0 in 
CO CO led 

s 
i n 
r>-" 

cd cn (n co n. n 0 0 n 
cd co c\ i6 csi 
cd tf- s 
0 00 cd cd cn 

cm 

00 00 

cd 

i n m m 

CD CD i n 
CD m 

CD 

CD CD 
00 00 

CM CSJ 

m m 

CM 

CD 

co co 
m m 

CM 
CD 
o 
CZ> 

s 
00 

n 
CD 
o 
cm 

10 
CO 
10 

(o 

s 

00 

LO 
10 
id 
CD 
00 

5 
3 
% 
ro 
E 

"C 
Q. 
c 
c 
o 

o 
CO 

% 

0) 
a. 
E 
8 

n 
"o 
c 
CD 
3 
o 



^ CNJ CN 
= CO CD 
rap r 
E |o |o 
3 I 
u 

I 
•^00 
™|(o 

ml"! 
o 

. o 
3 

p 

•2 
o 
(/) 
< 

o> 

3 
u 
"o 

I 
0 

1 

I 
3 
u 
-2 

l o 
3 

t o CD 
If) t o 

O to 

00 
W 00 

00 
CO \Tt 

LO 
CO 
G) 
CO to 

o) 
o o 

CM CO 
^ n" 
O CO 
CD CD 

cm|0) o 
o) 

lo 
cvi 

t o CD 
CO 

CD I CD 

CO CD CO to 
00 |00 00 CM 

CNJ CM CM 
CO CO CD 
to t o t o 
CN CM I CM 

CD CO I 
lO CO 
lO CO 
t o CO 
lO CO 
to CO 
lO CO , 
G) t o lO o U-
t o CD CD 

CM CM 
CO CO 
o o 
t o LO 

to 

ICO lo 
lO 
lO 
lO 
lo 
CO 
lO 

CM ICM 
t o 0 0 O) 
CO CD CD 
o o o 

CMlCO 
o) (m 
to N 

o) loo loo 
00 

I N |G) 
n" CO 
i c ^ h 

CO 

in in in m |in 
c\i c\i c\i 

CM N 
in CO 
CO CD 

cn |co 

m co 00 u 

00 00 
00 i in ha-

00 CD CD 

n 
CD 
CO , _ 
CD CO 
CO CM 
CD 

ai 

CO in 
CM CM 
CM O) 
CM CM 

CD h-
00 CO 
CO CO 
in 

m in in in 
i^li^ 

in Un in 
CM CM CM 

CM CO 
CM CM 

o i o i o 6 | o 

in m 
CM CM 

m CM in 
CO CO 

in in 
CM CM 

. ^ r ? 
CO CO CO 

6 6 6 

s 
o 

I 
I 
in 

00 
in 

s 
CO 

in 

CD 

o 

CO O) 
CD 
CD CD 

m 
CM 

t 
t 
o 

i 
1 
ra 
t 
c 
c 
o 

•o 
CD 

I 
Q. 

i 
c 

N 
•o 
c 
CO 
3 
o 



N 
n 

o> 

o> 

N 

0) 

(0 

< 

d) 

N 
•u 
0) 
•s 
< 

o) 

N 
o 

I 
o) 

N 

G) G) 
co 
LO 

cm cm cn CM CO 

00 o> o 
CO O) 
eg 

CO CO CO 

CO 
CD 

a> 

o) 

eg 

CM 

CO CO 
I f ) 

s 

00 

CO 
CO 
o 
00 
n. 
G) CO 
CO CO 

G) G) G) O) O o O o 
u> l O m 
o o o o 
CO CO CO 

CM 

CM CM CO CO 

G) G) 
C\ 

G) cc 

CM o 

CO CO 

c 
0) 
3 
% 
ro 
E 
q. 
C 
C 
o 

0 w 
"o 
CO 

1 
Q. 
E 
8 
N 
-o 
c 
(0 
3 
o 



CT) 

TO 
e 
c 
N 
•d 
0) 

TO 

o) 

o) 

o) 

If) ^ 

(n 

o) cn 
O 

CO CO 
cvi CN 

CNJ (n CO 

a> O) O) O) O) o o o o o u> m in m o o o o o 
CO ^ "4-

o) 

CO CO 

5 
3 

1 

ro 
E 

c 
o 

o m 
% 

32 

& 
E 
8 

N 
"o 
c 
CO 

3 
o 



eg 

1X5 

00 

X 
Q. 

1 
I 
l | 

II 
a 

• • • X 

I 
s 

II 
d 
< £ > 

o 

00 

• < 

mxkx 

0 
n 
1 
q. 
x 

n 
CO 

X 
Q. 
X 

o) 
E 

co z r 

I 
m 
(d 
I q. < 

CO 
CO 

X 
Q . 

O 
£ 
3 
d) 

eg 

o 
CO 

X 
a • 

CM 00 CD Tj-

(l/Biu) aiqnioso 

CNJ 



CNJ 

m 
00 
X 
Q. 
• 

1 
1 
11 

I 

• 

I § 

I 
.5: I 
! : § 

I a 
n 
o 

I 

o 
n 
x 
a. 
x 

00 

CO 

X 
Q . 

o> 
E 

co z r 

I 
in 
(d 
X 
Q. 
< 

CO 
CO 

X 
a. 

o 

£ 
3 
d) 

e 

CM 

o 
CO 

X 
Ql • 

cn 00 CO Tj-

(l/6iu) e|qn|os-uouo 

CM 



o 
n! 
x 
q. 
x 

CO 

I 

1 
1 
li 
II 
11 
I a 

lo 
n-
CO 

x 
q. 
X 

d) £ 

o 

m 
CO 

X 
Q. 
< 

CO 

cvj 

CO 
CO 

X 
q. 

00 
o 

d 

£ 
3 
o) 

0 
CO 

1 
a. • 

o 
o 
o 
o 
00 

o 
o 
o 
o 

o 
o 
o 
o 
CO 

o 
o 
o 
o 
lo 

o 
o 
o 
o 
"4-

8 
o 
o 
CO 

s 
o 
o 
CM 

i o 

(B)|/Buj) xo 



05 

I 

I 
I 
11 
II 
II 
I 
a 
o> 
o 

m 
00 

3 
0 

1 
o 
d 

00 

u5 
n 

0 

1 
in 
t«-' < 

u5 
CO 

3 
0 

1 
o 
if) • 

CO 

o 

£ 
3 
o ) 
iZ lo 

ui 

0 

1 
if) 
cvi • 

o o 
lo 

o 
o) 

o 
00 

o o 
CO 

o 
m 

o o 
CO 

o 
CM 

%) lEAOuiey 



CM 

in 
od 
X 
Q . 

I 
I 
I 
I § 
d 

^ 1 

I 
ll 
I 
a 

I 

o 
n 
X 
q. 
x 

00 

< X X 

in 
<d 
X 
Q. 
X 

d> 
E 

co z r 

I 
CO 

CO 

X 
q. 
<j 

o 
CO 

X 
q. 

o 

£ 
3 
d) 

c 

eg 

lo 
lo 
I q. • 

CM 00 
—i— 

CO 

—r— 
CM 

(l/biu) e i q n i o s q 



c\j 

If) 
od 

x 
oL 
• 

I 
I 
I. 
! 

I 
I 

I 

I 
a 
I 

00 

X X < 

o 
n.' 
X 
Q . 
x 

lo 
CO 

x 
Q. 
X 

o> 
» & 

I 
CO 

CO 

X 
Q . 
< 

o 
CO 

X a. 

o 

£ 
3 
o ) 

cvj 

CM go co -4-

(l/Biu) a|qn|os-uouo 

i 
eg 



o) 

00 

1 

if 
ll 
•5 a 

II 
I 
a 

(o 

m 

m 
CD 

X 
Q. 
X 

CO 

CO 

i q. < 

o) 

o 

CO 

o 
CD 
X 
q. 

cn CM 

o 

£ 
3 
o ) u5 

to 
X 
q. 

o o o o o o o o o o o o o o o o o o o o o o o o 
O) CO N CO I f ) 

§ 
o o 
CO 

§ 
o o 
CM 

8 o o 

(B)|/6tu) xo 



o) 

1 
I 
I 
I 
I 
d 
5: 

u j . 0 

I 
• s I 
I a 
I 

m 
00 

03 

lo 

lo 
(d 

3 
o 
"o) 
E 
o 
o 

CO 

3 
0 

1 
uj 
n < 

X a 

3 
o 

ra 
E 
o 
in 

o 
0) 

o ) 
iZ lo 

in 

3 
o 

t 
in 
CM' 
• 

o o o 
o) 

o 
00 

o 
r^ 

o 
CO 

o 
m 

o o 
CO 

o 
CNJ 

—r-
o 

tn 

%) ibaoiuay 



CM 

00 
n 
i q. • 

1 
I 
I 

X X 

t § 

I 
I 
1 
I 

I a 
(0 

o 
n 
X 
a. 
x 

00 

n 
(d 
x 
a. 
X 

o> 

» I 
I 

on • lo 
(d 
i q. < 

CO 

CO 

I 
q. 

o 

£ 
3 
o) 

cvj 

0 
CO 

1 q. • 

—i— 
o cm 0 0 CO 

(l/Biu) 9|qn|oso 

CM 



co 
n 
x 
Q. 

i 
1 
1 
I 
I 

X X 

I § 

I 
I 

I a 
•n 

o 
n 
X 
q. 
k 

00 

<o 
i 
Q . 

X 

o) 

I 
• m 

uj 
CO 

x 
Q . 
< 

CO 
(d 
X 
Q . 

o 

£ 
3 
o ) 

i l 

CM 

o 
(b 
X q. • 

CM 
—i— 
o 0 0 CD Tj-

(l/Biu) e|qn|os-uou3 

cm 



CO 

00 

i 
Q . 
• 

I 
I 
I 

m 

t 

$ 

I 
I. I I 

I a 
( £ > 

CO 
si 
X 
Q. 
x 

< X 

o 
s-' 
X 
Q . 

X 

CO 
o) 

e 

o 

cvj 

n-
CO 

X q. < 

lo 
CO 

X 
Q . 

o 

£ 
3 
d) 

CO 

CO 

X q. • 

o 
o 
o 
o 
CD 

o 
o 
o 
o 
m 

o 
o 
o 
o 

o 
o 
o 
o 
CO 

o 
o 
o 
o 
CM 

s 
o 
o 

(B>|/Bui) xo 



o) 

1 
1 
I 
I § 

I 
I 
1 

, 1 

I 
8 

in 
00 

00 

1x5 

if) 
co 

< 
X 

3 
0 

1 
o 
d 

3 o 
3 , 
E 
lo 
< 

X 
q. 

3 
o 

3 , 
E 
o 
u7 

co 

o 

£ 
3 
o ) 

lo 
ui 

d 

I 
lo 
cvi • 

o o o 
05 

o 
CO 

o o 
co o in o 

"4-
o 
CO 

o 
cvj 

—t— 
o 

in 

%) ibaoiuay 



iq 

• • • 

m 
00 

X 
q. 

1 
1 
I 
I 
5: 

u j . 5 

I 
|:§ 

I 

00 

I 

lo 
co 

CO 

lo 
cvi 

• >« 
CM 

in 

o 
n." 
X 
q. 
x 

n 
CO 

X 
Q . 

X 

o> 
E 

i 
in 
CD 

X 
Q. 
< 

<k 

CO 
CO 

X 
q. 

o 

£ 
3 
o ) 
iZ 

in 
d o 

CO 

X q. • 

iq m 
CO 

CO in 
cvi 

CM in 
—r— 
in 
C3) 

(l/Biu) 9|qn|oso 



in 

o 

2 
3 
o ) 

• 

in 
00 
x 
Q. 
• 

I 
I 
I 
I 

II 
I 

i 
I 

a> 

in 
co 0 

n." 
1 
q. 
x 

CO 

m 
cvj 

X< 

in 

n. 
CO 

X 
Q. 
X 

I 
I 

CM 

in 
(d 
I 
Q. < 

x c 

CO 
CO 

I 
Q. 

in 
o 0 

CO 

1 q. • 

in in 
CO 

CO 
—i— 
in 
(\i 

cm 
—1— 
in m 

o 
(l/Biu) 3|qn|os-uou3 



U5 
CO 

I 
I 
I 
I 

s i 

I 
I 

I 

00 

cnj 

CM I 
o 

o 
n 
X 
Q . 

x 
n. 
CO 

X 
d 
X 
if) 
CO 

X 
o. 
4 
CO 

CO 

X 
a. • 

o 
CO 

X 
Q. 
• 

x 

o 
cm 

d 

2 
3 
o ) 

x 

U5 
d 

o o o o o o o o o o o o o o o o m o If) o 
CO CM CM 

§ 
s 

(6>|/biu) x o 



1 
I 
I 

t 

5 
k i a 

I J 
II 
I 

m 
o) 

o) 

lo 
00 

00 

lo 

43 

c 
N 

I 
X 

N 

1, 
E 
co < 

X 
a 

< 
X 

lo 
co 

N 

E 
cm 

CN 

o 

2 
3 
o) 

co 

lo 
iri 

N 

E 

o o o 
o) 

o 
00 

o o 
co 

o 
lo 

o o 
co 

o 
cnj 

—i— 
o 

—t- lo 
o 

%) iBAOiuay 



in 

in 
CO 

x 
Q. 
• 

1 
I 
I 
I 

i 
i 

I 

n 
CM 
t -

d 
£ 
3 
d) 

c 

in 
00 o 

n 
x 
Q. 
x 

CO 

in 
cm" 

< m x 

in 

<B< 

in 
o 

in 
co 

I 
Q. 
X 

I 
I 

cm 
co 
co 

I 
q. 
4 

o 
co 

X a. 

in 
in 
X q. • 

in 
—i— 
in 
co 

CO in cj m 
csi 1-: 

(l/Biu) aiqnjoso 

in 
d 



lo 

m 
00 
X 
q. 
• 

1 
I 
!i 
" I 

I 
I 

i 
I « 
CM 

m 
co 

CO 

lo 
(\i 

x k < 
cm 

it) 

o 
n 
x 
a. 
k 

lo 
co 

i 
q. 
X 

I 
1 

co 
co 

x 
q. < 

x < 

o 
co 

X 
q. 

o 

£ 
3 
o ) 

i l 

u) 
d lo 

to 
X q. • 

— I r— 

-4- in 
co 

in 
"4-

co m 
cvi 

cn in 

(l/Biu) 8 | q n | o s - u o u 3 

in 
d 



1 
I, 
li 
. 1 

II 
I 

if) 
CO 

CO 

lo 
cvi 

eg 

x x 

lo 

in 
(d 
I 
q. 
X 

co 
co 

x q. < 

o) 
E 

o 
(d 
X 
q. 

o 

£ 
3 
D) 

i l 
lo 
o 

u) 
u j 
X 
q. 

o 
o 
o 
00 

o 
o 
o 
CO 

§ 
o 
"4-

o 
o 
o 
cm 

o 
o 
o 
o 

o 
o 
o 
CO 

o 
o 
o 
CO 

§ o i 
cm 

(bij/biu) x o 



o) 

1 
I 
I 
II 
I 
i n 
(M 

I 
I 

lo 
00 

c 
N 

I 
X 

00 

u5 
n 

N 

I 
CO < 

X 
a 

if) 
(d 

CO 

N 

t 
cm 

o 

£ 
3 
o ) 

X 
< in 

if) 

c 
N 

t 

o 
o 

o a> o 
00 

lo 
o o 

CO 
o 
in 

o 
"4-

o 
CO 

o 
CVJ 

%) ibaoluey 



in 
"4-

CO 
n 
X 
Q. 
• 

1 
I 
i 
I 

I 
I 
I 
(o 
CM 

m 
00 

CO 

lo 
c\i 

<XH 
csi 

lo 

o 

X 
q. 
x 

n. 
(d 
X 
q. 
X 

o) 
e 

I 
if) 
co 

X 
Q. 
4 

CO 
(d 
X 
Q. 

o 

£ 
3 
o) 

i l 
lo 
d o 

(d 
X q. • 

in 
—i— 
in 
CO 

CO in 
eg 

cm in 

(l/Btu) aiqnioso 

in 
d 



o 

£ 
3 
o ) 

in 

CO 
n 
x 
q. 

I 
i 

§ 
a 
• s 

I 
I 
I. 
I 
s 

I 
n 
CM 

«0 

m 
CO o 

n-' 
x 
q . 
x 

CO 

in 
cn 

n 
(d 
I 
Q. 
X 

x x 4 

o) 

e 

1 cnj 

in 

in 
(d 
X q. < 

• x 

CO 
CO 

X 
q. 

m 
o o 

(d 
X q. • 

—i 1— 
in 
CO 

in CO in 
c\i 

CNJ m 
—i— 
m 
d 

(l/Bui) a | q n | o s - u o u o 



in 
co 

lo 
00 

X 
q. 

CO 

1 
1 
I 
t 

I 
I 
I 
I 
I <0 

in 
cvi 

co 
s." 
x 
q. 
x 

cn 

o 
n." 
x a. 
X 

o) 

e 

u 
m n. 

co 
X 
q. 

m 
(d 
X 
Q. 

o 

£ 
3 
o ) 

in 
c=> 

co 
co 

X a. • 

o 
o 
o 

o 
o 
o 
o 
cm 

8 
§ s 

o 
o 

o 
o 
o 
in 

(gx/gui) x q 



o) 

1 
I 
I 
I 

I 

I 
n 

I 
1 

lo 
00 

CO 

n 

c 
N 

I 
X 

m 
co 

< 
X 

co 

N 

E 
CO 
4 

i 
q. 

N 

3 , 
E 

CM 

o 

2 
3 

_0) 
iZ lo 

lo 

N 

t 

o 
o 

lo 
o o 

00 
o o 

co g o 
•t 

o 
CO 

fo) ibao iuay 



i 
I 

I 
i 
I 

o o 
o o 

LO 

I 
< co o 

CO 

5 s 
" Q 

o) o) 
E E 

# 5 
« ! l 

^ : l 
Q = = < 

CO 

f 
3) 
E 
3 
o 
•d 
o 
.q 
o 
(/) 
73 

d) 
E 
3 
o 
"u 
a> 
n 
o w) 
•d 

00 
m CO 

m in 
i n 

in in in in 

m 

o) 

o) 

CO 
m 

CO CO 

c\j co 

in 00 
00 
CD 

m 

i n 

i n 

(n CO 
cn 

n 
CO G) 

cn cn 

§ § 00 00 

cn CO 

m 

CD CD 

^ CD 
CD ^ 

(o 

CO 
(N CO 

33 

CO CN 

5 -

CO 

(n 

CD CD CD 

CM 

m in 

(o 

CO 

m 

(n 

o) (n 

in 
in 
m 
CD 

w 
g) 
o 
(o 
o 

in 
n 
CO 

(n 
CD 

00 in 
o 

CO 

00 
t 
CO 

"o <d 
x 
E 
c 
c 
o 

o (0 "d (u 

I 
0) 
Q. 
E 
o 
u 
c 
N 
"o 
c 
(u 
o 



o) 
E 
3 

p 

i 
o) 

IE 
3 
u 
ro 

I 
8 < 

I O) o 
CO 

J 3 ' 

0 
"o 

1 o 
(0 

< 

O) 
-

3 
p 
l® 
•q 
3 

I 
re 
3 
•o 

I 

cm 
s 
s 
o) 
CO 

1x5 
ico 

CO CO 

in 

m if) CD in 
00 m 
CN| 
CO I CO 

CO 

E 

o> 
E 
(0 
(o 

0) 
o-
E 
re 
(0 
re 
3 

< 

in CD in 
CD <35 
CN CO 

o o 

h- 00 
CD 
CD I 

cd 

00 00 in in o o 

CO 

t i l 
m m o 

in m 

m in 

m in 
o) 

c3> o) 

in in 

in in m 

cd 
cnj 

m in in 

CM 

in m 
ovj 

in 

CNJ O) 
m 

CD 

in m 

o 

cn co 

cm cvj cn 

6 6 6 u 

m 

CM 

to if) if) 
o) (D i r 
J) m cc 
o n (O 
co 

m m 
m m 
m m 
o d 

1 
CO led o) 00 
00 00 

m m 
cr 00 m kj-
CM CM 

CM I CO 
, o l 

CM CO 
CD CD 

o 

o o 

CM 

o 

00 
cd 

o 
o 
m 
CM 

t 
t 
o 

g . g 

I 
E 
.e 
c 
o 

i 

I 
8 
c 
N 
•d 
c 
CO 
3 
o 



o) 

N 

o) 

o) 

N 
•d 
0) 

(0 
•o 

o) 

N 
•d 

s 
< 

o) 

. co 
lo 
c\j 
o 

c 
N 
0) 
n 

(0 

ra 

o) 

0) 

N 

CNJ ^ 
^ 00 o) 

(m 
o 

CNJ 

G) CO 

cm 

(m CO CO CO 

cn CO CO 

CO CO 
LO 00 
o 

co m 
C\ j |G) 

o 

CM CNJ 

s 
CO 

CN CNJ CO 
§ 
CO 

s. 

o) 
00 
CO 
CO 
00 
N. 
g 
n 
CM 

CO 

o o 
s 
CD* 
00 

CO 

CM 

CO 
CM 
00 

CM 

CM CM CO CO CO CO 

0 
3 . g 

1 
E 
.e 
c 
o 

o 
CO 
X) 
CO 

I 
0) 
Q. 
E 
8 
n 
"o 
c 
CD 

3 
o 



s 
CO 

N 

s 
o 

o) 
E 
c 
N 
•o 
0) 
€ 
o m •u 

co 
s 
n 
00 
CO 
00 
C\! 

CO 

00 

00 
lf> 
CO 
n. 
(n 

(o 
lo m 
m 
lo 
m 
oi 
lo 

d) 
E 
c 
N 
"o 
0) 

0 

1 

' CM 

If) 
o 
CD 
CN 

00 
CN 

d> 

N 

V) 
ra 

o) 

0) 

N 

co 

J L 

00 ^ 
N G) 

00 CM 
CO lO 

g) 
00 
00 
00 
00 
00 

co d 
N. CO 
00 00 

t- t-
(M CM CM (N 
CO CO CO CO 
C) CO CO CO 
CO CO CO CO 

o) 
CO 
CO CO 
G) CO 

csi 

(m (m 

CM 

o 
n 
d o 

(m CM CO CO 

-r-
(M CM CM CM 
CO CO CO CO 
CO CO CO CO 

"4" 

lo 

CO 

(m 

CO CO 

0 

t 
1 
E 
c 
c 
0 

1 

I 
E 
8 
n 
•o 
c 
TO 



xm* 

cm 
n 
X 
Q. 
x 

1 
I. 
a 
•s 

I 

i 
• h 

I 
.g: 

I 
II 
d 

o 
n-' 
r 
Q. 
X 

00 

o) 

I 

co 
(d 
X 
a < 

co 

X 
Q. 

o 
to m 

o 

2 
3 
o ) CM 

q 
co 

X 
q. 
• 

cm 00 CO -

9 | q n | o s o 

CSJ 



CM 

• k k 

CNJ 
n! 
x 
Q. 
X 

I 

a 
I 

I 
I 
If 

<8 I 
d 

00 

o 
n." 
X 
Q. 
X 

o) 

I 
CO 
CO 
I q. < 

CO I 

X 
Q. 

CO m 

O 
2 
3 
o ) CM 

§ 
• 

CM 00 CD M-

(l/Biu) a|qn|os-uouo 

—r— 
cm 

—f- o 
o 



00 

CM 
n 
I 
q . 
X 

1 
I, 
I 

a 

•5 

i f v i 

I 

I 
I 
a 

cd 

m 
0 
n 
1 
a. 
< 

o> 

e 

o 

CO 

co 
co 

X 
Q. 

CN 
CO 

cn 

o 

2? 
3 
o ) 

o o o 
o o in 
CO 

o o o 
CO 

o 
o % 

o o o 
CM 

o 
o 
m 

o o o 
o o 
m 

CO 
CO 

X q . • 

(Gx/Giu) xo 



o) 

1 
a 
• s I 
"si 

I 
If 
a 
CO 

d 

£ 
3 
o ) 
iZ 

• • 

• 
• 

< 
X 

1< 

m 
00 

3 
0 

1 
o 
d 

00 

m 
(d 

3 
o 

t 
in 
< 

lo X 
CL 

3 
o 
=§, 
E 
o 
irj 

0 

1 
u) 
cvi • 

o 
o 

(o 
o 
o) 

o 
00 

o o 
(D 

o 
in o o 

CO 
o 
(n 

(%) i b a o l u a j y 



1 
a 
• s I 

5 v i 

I 
I 

d 
% 

d 

£ 
3 
o) 

cn 
n-' 
I 
q. 
X 

o 
h-' 
X q. < 

co 
(d 
I 
Q. 

2 
• 

00 co 

(l/Biu) eiqnioso 



I 
I I v i 

I 
.5: 

I 
II 
a 
l o 
CO 

T-
d 
£ 
3 
o ) 

eg 
n 
X 
q. 

o 
n 
X 
q. < 

co 
(d 
X 

<o 
X q. • 

00 CD -a-

(l/biu) a | q n | 0 s - u 0 u 3 



1 
I; 
i 
I 

I 1 
1 
a 
(b 
CO 
t— 

6 
2 
3 
o) 

e 

I 

cm 
n 
X 
q. 
< 

d) 

E 

o 

o 
s! 
X 
Q. 
• 

co 
co 

X 
a. • 

(6)j /buj) x q 



! 
I 
1 I 
• s 

I 
II 
a 
< £ > 

CO 

d 

£ 
3 
o ) 
iZ 

(bjj /bui) x o 



in 
00 

3 o 

t 
o 
d 

I 
I 
J | i > -
II 
a 
n 
co 

00 

< 
X 

xk 

3 
0 

1 
lo 
n 
4 

3 
o 

E 
o 
u5 

o 

2 
3 
o ) 

e 

lo 
co 

d 

I 
in 
cm' 
• 

o o 
o 
o) 

o 
00 

o o 
CD 

o 
m 

o o 
CO 

o 
cn 

—f co 

o 

(%) i B A o i u a y 



cn 

c\j 

X 
q. 
X 

1 
h 

.1 
I 
• s 

I 
II 
d 

x<m CO 

<a 

o 

X 
Q. < 

o) 
» f 

f 

co 
co 

X 
q. 

00 
CO 

d 

£ 
3 
o ) <n 

co 

X 
q. 
• 

cnj 
—r— 

00 co 
—r-

cm 

(l/biu) e i q n i o s o 



cm 

1 
cnj 
n 
X 
q. 
X 

11 

b k 

1 
I 
I 
• 5 

I 
II 
d 
6) 
CO 
t -

d 
<1> 

00 

o 
h>.' 
X 
q. 
<1 

mw 

d) 

<0 § 

I 
co 
co 

X q. • 

d ) cm 

co 

I 
cl 
• 

—i— 
o cm co cd 

(l/Biu) 3|qn|os-uou3 

cm 



00 

cn 
n 
I 
a 
X 

I co 

!. 
i 

I f 

I 
I 1 
# 1 <8 I 
d 

if) 

n. 
i 
q. 
4 

o) 

e 

o 

CO 

(o 
(d 
X 
a. 

cm 

o 

£ 
3 
o ) 

CO 
(d 
X q. • 

o 
§ 

o 
o 
in 
co 

§ o 
o 
in 
cm 

o 
o 
o 
cm 

o 
o 
in 

o 
o 
o 

o 
o 
m 

(bj|/bui) x o 



j 
I 
^ 5: i 
11 

i a 

o 

£ 
3 
o ) 

3 
0 

1 
o 
d 

0 

1 
lo 
n < 

3 
0 

1 
o 
ui 

0 

1 
to 
cm' 
• 

(%) i b a o i u a y 



I 
I 
% 

a 
• s I 

1 
.g: 

ft 
"t— 

6 
2 
3 
D) 

WXX 

cm 
n! 
x 
Q. 
x 

o 

x 
a. 
X 

co 
co 

X 
a. 
4 

co 

X q. 

0 
(d 
1 q. • 

CO CM 

(l/Buj) eiqniosQ 



! 
I 
a 
• s I 

1 
}l 

d 

£ 
3 
o> 

xxa 

eg 
n 
X 
Q. 
x 

o 
n 
X 
CL 

co 
co 

X 
o. < 

co 

X 
Q. 

2 
• 

3|qn|os-uouo 



1 
t, 

I • s 

•>4 

I 
I 
1 

3 
d 

2 
3 
o ) 

I 

(Bjj/Biu) x o 



I 
P 

fi 

li 
in 

d 

£ 
3 
o ) 
iZ 

I 

N 

3) 

"4-
X 

N 

I 
CO 

4 

n 

I 
CM 

N 

I 

o/o) IBAOlUa^ 



1 
I 

II 
I 
•^1 v i 

I 
I 

(o 

t— 

d 

£ 
3 
o ) 

<8 

— r 

in CM 

N 

X 
Q . 

X 

-

U5 

CO 

o 
N 

I 
Q . 

- CO < 

ro 

l O 
E 

l O 

c\i 
5 
o 
4-" 

o 

- CM CO 
CO 

X 
Q . 

• 

I f ) 

CO 

X 
U5 Q . 

d • 

- o 

CM 

e i q n i o s o 



1 
I 
; 
.11 •>4 

I 

% 

d 

2 
3 
o ) 

e 

I 

CNJ 

n 
X 
CL 
X 

0 
n 
1 
Q . 

CO 

CO 

X 
CL 

CO 

X q. • 

CO CM T-

(l/6ui) e|qn|os-uou3 



1 
I 

I I 

I 
I 
§• ;§ 

I 
9 
6 
£ 
3 
o ) 

CM 
s." 
I 
q. 

o 
1^ 
X 
a 

CO 
(d 
X q. • 

(6x/6iu) x o 



1 
I 
II 
a 
9 
v 
d 

£ 
3 
o ) 
iZ 

.5: 

if) 
CO CO 

c 
N 

TO 
E 

X 

- 00 

c 
N 

TO 
E 

lO 
CO 

N < 

X a 

c 
- N N 

TO 
E 

CM 
• 

lO 
( d 

C 
N 

" T O 

E 
T— • 

- CO 

%) i b a o l u a ^ 



i 
I 
I 
P 

II 
II 
o 
m 

d 

£ 
3 
o) 

—r lO 

in 
CM 
N 
X 
a. 
X 

- "4-

iq 
CO 

o 

X 
a. 

- CO < 

O) 

in 
E 

in 
csi 

3 
o 

* * 

u 

- CM CO 
CO 
X 
Q. 
• 

in 

• ^ 

CO 
X 

U) Q. 
d 

- o 

• 

CM 

3 | q n | o s 3 



1 
a 
• s 

"""j 

I 
.5: 

I 
II 
if) 

d 

£ 
3 
d) 

CM 
n 
I 
a 

o 
n 
X q. < 

d) 

E 

I 
CO 
CO 

X 
q. 

CO 

X 
Q . 
• 

u 
00 cm t-

(l/Biu) e|qn|os-uou3 



1 
It 
i 

">4 

1 

|i 
d 

£ 
3 
o ) 

c 

CM 
n 
I 
Q. 
X 

0 
n 
1 Q. < 

o) 

E 

o 

( £ > 

CO 

X 
q. 

CO 
CO 

• 

(B>|/Biu) x o 



I 
If 
P 

II 
i 
in 
T -

6 
p 

o ) 

N 

I 
X 

N 

E 
CO 
< 

N 

I 
<N 

N 
=§, 
E 

(%) i b a o m o y 



o) 

If) If) 
co 
lo 

• csi 

o 
15 

I 
o 
•D 
0) 

(A 
< 

o) 

o 
% 

g 
< 

O) 
E 
3 
0 ® 
a 
2 
M 

1 

O) 

% •o 
< 
3 
o 

X 
q. CD 

o in o in 

co o 

m 
G) CO o 

cn 
co 

d) 

0) 
(0 

g) o> 

# 3 re o 
s n 

1 : 1 
q S 

c 
N 

I 
re 

0) 

U) 
re CM 

00 

CO 

If) 
CO (N 

lo 

If) If) I f ) 

C\f CN CO CO 

cn 

If) If) CO &f) 
n 

If) 

(n CO 

CO 

If) If) If) N. 

CNJ 

m 

CO 

(n 

cq 

If) If) O 

CO 
^ (O 
O) If) If) t t 

§ 
N N If) 

i 
s 

if) If) CO 
o 

O) O) If) N 

CO G) 
00 

CO 
s 

CO 
g 

cn 

CO m N O 
d CO 
s 
CO 

CO 

cq 

If) 

If) If) CO 
tj-
CO 

LO If) CO CO 
cm 
If) 

If) 
00 
00 G) 

N 
I f ) O) 

CD 

i 
CO 

5 
CNJ 
N 

N. G) 
I f ) 

U ) I f ) I f ) 

CO (O CO (O 

in 

co CO co 

00 
CO 

CO 

i n 

CO 

t 
00 00 

CO 
00 

CO 

co 
t 
co 

c 
<D 

i 
CO 
c 

c 
o 

o 

CO 

0) Q. 
E 
8 
n 
"D 
C 
CO 
3 
U 



s ' l c 
O) CO 

o 
i ' ^ l o 

3 
p 

I 
ras 
riis 
1= <n' 

|5i 
\k 
s 
< 

0)ot 
l e k 

'CM 
I 3 
u 

II 
o 

I 
E 

in 
00 
o 
o 

§ 
t 

cm 

lo 
lf5 
5 
CO 

o) 
in 
CD 

CO 
CM 

3 

p 
12 
3 
o 
(0 

hs 
3 

m 

i 
d) & 

fg 
m 
< 

3 
o 

r 
a. 

w 
iE 
(0| 

In 

CO 
CO 
CD 

CO 

c 
0) 

i 
CD 
c 

c 
o 

0) 
i o. 

II 

w 
<|CQ 

CO 

00 00 

o U) % 
$ 

& 
E 
8 
C 
N 
"o 
c 
CO 

3 
u 



. in 
o) 

N 

I 
I 
E 

N 
% 

•E 

8 < 
• in 

o) 
E 
c 
N 
•a 

I 
o 
(A 
•o 

K' 

N 

3 
o 
(0 

re 
3 

$ 

o) 

•o 
0) 
•d 
•o 

C 
N 

00 

in lo If) LO 

CM (n CM CO co CO 

in in 
in 

in in 

CM 

(M 

(o 

(M CM CM 

CO N 
CM G) 

(M 

CO CO 

n 
n 
CO 
G) 
o 
n 
00 
00 
g 

in 
o) 
CO 
q 

in in 

o 

in 
s 
CO 

CO CO 

c 
0) 
3 

% 
CO 
c 

c 
o 

o 
(0 
% 

& 
E 
8 
n 
"o 
c 
(0 
3 
u 



S IT in in 
c ) 03 5 O) 2 CO CO , O o q 
c 
N 

* • 

O 1-
"4- 00 s O N in CNJ O) a CO CO 

E CO 
00 O) csi CO in O) o 

N in CO •o CM rg CO 
0) .a 
L. o 
in •o 
< 

If) in in 
D> O) 00 e O) O) m CO q 
c d d T-N 
•D O n 
L. o 
(0 •o 
< 
_ CO T-CO CNI 
O) Tf CO o 
- CO CO CO 
c 
N 
0) a 
3 o 
(0 
ra 
3 TJ "(0 
a> 

Q£ 4-o> 

•o 
•o 

< 

N 

c 
0) 
3 

1 
(0 

<i 
c 
C 
o 

I 
K 

i 
C 
N 
"d 
C 
(0 
3 
o 



I 
1 
I 
s 
I 

I 

I 
I 

1-^ 
I 
a 
3 
o 

2 
3 
D) 
E 

0 0 CO T}-

(l/Biu) aiqnioso 



1 
I 
i 
I 

I-
a 
l o 
m 

d 

£ 
3 
o ) 

t 

I 

0 0 CD 

(l/6ui) a|qn|os-uou3 



1 
1 
I 
I 

1 -
d 
(b in 

d 

£ 
3 
Ui 

I 

1 
I 

• 

• 
• 

• 

• 

• 

u 

• 

• 

< < 

< • 

< 
< 

^ < 

X X 
X 

- o) 
o 
n 
X 
q. 
X 

00 

co 

(o 
(d 
I q. 
< 

lo 
D) 

e, 

o 

CO 
CO 

X 
a . 

CO 

eg 

o 
CO 

X q . • 

o o o o o o o o o o o o o o o o o o o o o o o o o lO o m o m 
CO eg CM 

m 

(Bi|/Bui) xo 



! 
1 
I 
I 
I 

I 
s . 

I 
I 

§•.<5 

1 
a 
n 
u ) 
t— 
d 

2 
3 
o ) 

3 
u 

E 
o 
d 

o 

E 
if) 
n 
4 

Z 
q. 

o 

1 ) 
£ 
o 
id 

d 

t 
lo 
cn • 

%) ibao luay 



o 
n 
X 
q . 
X 

n 
co 

X q . 
< 

I 
I 

CO 
CO* 
X 
o . 

o 
CO 
X 
Q . 
• 

(l/Biu) aiqnioso 



to 

- 0 
n 
1 
q. 
x 

1 
I 
I 
I 
I 

I 

1 
I 

§ • - 6 

I ( c 

u5 
CO 

m < i < • • 
- CO 

n. 
CO 

i q. < 

lo 
cnj 

x< < 4 

o) 
E 

I 
- CM 

CO 
CO 

x 
q. 

in 

g 
t " 
6 

£ 
3 
d) 
i l 

X <1 

lo 
o 

o 
CO 

x 
CL 
• 

iq 
"4-

m 
CO 

CO in 
csi 

CM 

- r 
in in 

o 
(l/6ui) 3|qn|os-uou3 



I 
I, 
II 
II 
1 5 
; 

o 
(o 

d 

£ 
3 
o) 

o 
n 
X 
q. 
X 

CO 
CO 

I 
Q . 
< 

d> 

e, 

o 

CO 
CO 

o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o 
a> CO s- CO U5 CO CM 

o 
CO 

X 
o. • 

u 
(bm/bui) x o 



! 
I, 
I : 

II a 
I 

\s 
(o 

d 

2 
3 
o ) 
iZ 

N 

E 

X 

n 

E 
CO < 

c 
N 

I 
CM 
• 

N 

I 

o/o) ibao iuay 



- <o 

U5 

" 1 
E 
o) 

- CO 

1 

<n 

CD 1X5 CO CM 

(l/6uj) Buipeaj oi 



I APPENDIX D 

RESULTS OF FIELD STUDIES 
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APPENDIX E 

MODEL CONFIRMATION 



Table E.1 Sensitivity Ciiecic forZn Caicuiations 

Coefficient Value 1 Value 2 Value 3 

Kp1 0.0015 0.00075 0.003 

Son 0.41438 0.41438 0.41438 

Ka1 5000 2500 10000 

Kp2 0.0018 0.0009 0.0036 

Sol2 0.54486 0.54486 0.54486 

Ka2 4000 2000 8000 

Kp3 0.0025 0.00125 0.005 

Sol3 0.0659 0.0659 0.0659 

Ka3 1700 850 3400 

Kp4 0.0045 0.00225 0.009 

Sol4 0.0659 0.0659 0.0659 

Ka4 4000 2000 8000 

Parameter Using Value 1 Using Value 2 Using value 3 

minn 1.18 1.07 1.16 

mpe 0.49 0.5 0.45 

mml 1.9 1.2 1.77 

mfe 0.07 0.07 0.07 

Total Metal 

Solids Bound Metal 

mxinn 812.92 473.5 1122.08 

mxpe 162.6 94.71 224.45 

mxml 1174.76 573.23 1280.86 

mxfe 17.62 8.6 19.21 

msinn 0.41 0.41 0.41438 

mspe 0.41 0.41 0.41 

msmi 0.07 0.07 0.07 

msfe 0.07 0.07 0.07 

Soluble Metal 

mpinn 0.26 0.37 0.05 

mppe 0.05 0.07 0.01 

mpml 0.49 0.48 0.24 

mpfe 0.01 0.01 0.0036 

Precipitated Metal 

mps 1411.15 1183.03 1445.51 

mses 1650.15 850 1533.21 

mws 1650.15 850 1533.21 

mrs 1650.15 850 1533.21 

Sludge 



Table E.2 Sensitivity Ctiecl< for Cu Caicuiations 

Coefficient Value 1 Value 2 Value 3 
Kp1 0.0005 0.00025 0.001 

Son 2.65488 2.65488 2.65488 

Ka1 4000 2000 8000 

Kp2 0.008 0.004 0.016 
Sol2 1.475 1.475 1.475 
Ka2 5000 2500 10000 
Kp3 0.0008 0.0004 0.0016 
Sol3 2.0073816 2.0073816 2.0073816 
Ka3 3000 1500 6000 
Kp4 0.014 0.0007 0.0028 

Sol4 2.3439 2.3439 2.3439 

Ka4 10000 5000 20000 

Parameter Using Value 1 Using Value 2 Using value 3 
minn 1.06 1.04 1.1 
mpe 0.86 0.93 0.74 
mml 1.36 1.22 1.51 
mfe 0.7732 0.8794 0.598 

mxinn 343.99 186.27 589.97 
mxpe 68.94 37.33 118.23 
mxml 518.52 294.89 801.37 
mxfe 7.78 4.425 12.03 

msinn 0.85 0.92 0.73 
mspe 0.85 0.92 0.73 
msml 0.77 0.88 0.6 
msfe 0.773022 0.8793 0.597 

Total Metal 

Solids Bound Metal 

Soluble Metal 

mpinn 0 0 0 
mppe 0 0 0 
mpml 0 0 0 
mpfe 0 0 0 

Precipitated Metal 

mps 455.48 269.69 744.69 

mses 783.97 592.4 1012.5 
mws 783.97 592.4 1012.5 

mrs 783.97 592.4 1012.5 

Sludge 
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