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ESTUARINE CHEMICAL REACTIVITY AT 

THE PARTICLE WATER INTERFACE 

G i l l i a n A Glegg 

ABSTRACT 

A systemat ic s tudy of the m i c r o s t r u c t u r e s of p a r t i c u l a t e 
m a t e r i a l from the Tamar Estuary us ing a BET n i t r o g e n adsorp t ion 
techn ique has been c a r r i e d o u t . The r e s u l t s showed t h a t ^spended 
m a t e r i a l had a h igher BET sur face area ( a p p r o x i m ^ e l y 20m V g ) 
than the assoc ia ted sedinjpnts (app rox ima te l y 13m V g ) . A lso the 
BET sur face areas (8-20m'^/g) of suspended m a t e r i a l c o l l e c t e d 
du r i ng a x i a l t r a n s e c t s (S = 0 -30" /oo ) o f t he Tamar Estuary i n d i c a t e d 
r e l a t i v e l y h igher BET sur face areas i n the t u r b i d i t y maximum zone as 
compared t o ma te r i a l from up or down e s t u a r y . The BET sur face areas 
were i n v e r s e l y r e l a t e d t o the carbon con ten t o f the p a r t i c l e s and 
a l though the r o l e o f Fe and Mn coa t i ngs was examined no d e f i n i t i v e 
r e l a t i o n s h i p t o BET sur face area was e v i d e n t . Ana lys is o f n i t r o g e n 
a d s o r p t i o n - d e s o r p t i o n hys te res i s loops i n d i c a t e d the pores t o be o f 
the p a r a l l e l p l a t e or s l i t type i n the s i ze range <2-50 nm. The shape 
and dimensions of these pores would accomodate the p e n e t r a t i o n of 
metal i o n s , l i k e Zn and Cu, i n t o the pore spaces i n the p a r t i c l e 
m a t r i x . 

A method was designed t o enable the ana l ys i s of na tu ra l Zn 
and Cu concen t ra t i ons i n small volumes e x t r a c t e d from a r e a c t o r on a 
t imesca le s u i t a b l e f o r k i n e t i c a n a l y s i s . D isso lved Cu and Zn 
a d s o r p t i o n - d e s o r p t i o n exper iments were c a r r i e d out under c o n t r o l l e d 
c o n d i t i o n s us ing Tamar suspended s o l i d s as the adsorben ts . The uptake 
and re lease p r o f i l e s were i n t e r p r e t e d i n terms o f a two stage r e a c t i o n 
mechanism which invo lved both sur face adso rp t i on and s o l i d s t a t e 
d i f f u s i o n i n t o the pores . Rate cons tan ts were de r i ved from a k i n e t i c 
a n a l y s i s t o enable eva lua t i on of the chemical t imesca les of the 
s o r p t i o n r e a c t i o n s . When compared t o f i e l d data of Zn d i s t r i b u t i o n s 
i n the Tamar Estuary the t ime constants a l lowed a reasoned exp lana t i on 
o f the o b s e r v a t i o n s . They a lso po in ted t o a s t rong coup l i ng between 
the phys ica l and chemical t imesca les w i t h i n e s t u a r i e s . 

This work has i n d i c a t e d an a s s o c i a t i o n between t r a c e metal 
s o r p t i o n r e a c t i o n ra tes and e s t u a r i n e p a r t i c l e m i c r o s t r u c t u r e . These 
r a t e cons tants are of value i n the re f inement o f hydrodynamic models 
and t h i s s tudy has i m p l i c a t i o n s f o r the a v a i l a b i l i t y of t r a c e metals 
f o r b i o l o g i c a l or chemical r e m o b i l i s a t i o n . 
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CHAPTER ONE 

INTRODUCTION 

1.1 , Preamble. 

1 ,1 .1 , The Importance of E s t u a r i e s . 

Estuar ies have, f o r c e n t u r i e s , been used by man f o r purposes 

of t r a n s p o r t , f i s h i n g , i n d u s t r y and waste d i s p o s a l . More r e c e n t l y , 

they have a lso been e x p l o i t e d f o r r e c r e a t i o n a l p u r s u i t s and i t i s 

i n e v i t a b l e t h a t due t o the v a r i e t y of s t resses i nvo l ved these uses 

e v e n t u a l l y come i n t o c o n f l i c t . I t i s a l l too easy t o see the 

environment as a f l e x i b l e system which can be manipu la ted by man f o r 

h is i n d i v i d u a l requ i rements . However, man i s dependent on the e n t i r e 

environment and must manage i t c a r e f u l l y i f he wishes i t t o f u n c t i o n 

n a t u r a l l y i n the long term and thus con t inue t o meet h is ever growing 

needs (SCEP, 1970; T u r e k i a n , 1971) . 

Well publicized d i s a s t e r s ( G e r l a c h , 1981; C l a r k , 1986) 

i nc lude cases of human f a t a l i t i e s due t o severe mercury po ison ing i n 

Min.imata . Bay, Japan, There , mercury dumped i n the bay sediments by 

f a c t o r y wo rk ings , was re leased t o the o v e r l y i n g water and accumulated 

i n f i s h which were l a t e r consumed by the v i c t i m s (So, 1978) . The 

b u i l d i n g o f the Aswan dam w h i l e p r o v i d i n g water f o r i r r i g a t i o n i n the 

upper reaches of the N i l e , lowered the q u a n t i t y of n u t r i e n t s reach ing 

the d e l t a and dest royed a once p roduc t i ve f i s h e r y (Lockwood, 1986) . 

These a larming i n c i d e n t s , r e a d i l y n o t i c e a b l e due t o t h e i r c lose 

a f f i n i t y t o the we l l be i ng o f man are p robab ly the t i p o f an i ceberg 

w i t h regard t o the we l fa re of the ecosystem as a who le . 



Catas t roph ies o f t h i s type are o f t e n due t o a lack o f 

p lann ing and i n v e s t i g a t i o n and, as a consequence, many governments now 

r e q u i r e Environmental Impact Assessments or s i m i l a r s tud ies t o be 

c a r r i e d ou t be fo re new developments take p lace ( S p e l l e r b e r g , 1986) . 

These assessments examine the p r o j e c t e d e f f e c t o f a p a r t i c u l a r a c t i o n , 

be i t b u i l d i n g a new dam, the d ischarge o f i n d u s t r i a l e f f l u e n t o r 

o ther envi ronmental p e r t u r b a t i o n s . E s t u a r i e s , by t h e i r s i t u a t i o n and 

t h e i r m u l t i f a r i o u s uses both to man and as an ecosystem, r e q u i r e 

p a r t i c u l a r i l y i n t e n s i v e study to develop measures to p r o t e c t them from 

excess ive e x p l o i t a t i o n and the eventual d e s t r u c t i o n o f t h e i r n a t u r a l 

capac i t y (Olausson and Cato , 1980) . I t has been shown, f o r example 

i n the Clyde Es tua ry , t h a t i t i s p o s s i b l e t o some e x t e n t , to r e p a i r 

damage caused by p o l l u t i o n (McKay, 1986) , bu t t h i s o f t e n r e q u i r e s 

expensive longterm p r o j e c t s . I t i s apparent t h a t a more s e n s i b l e 

s t r a t e g y i s to a t tempt to develop p r e d i c t i v e mode l l i ng techn iques 

( C l a r k , 1983) , t o enable the e f f e c t s o f human i n t e r v e n t i o n to be 

i n v e s t i g a t e d p r i o r t o any change, and t h u s , avo id env i ronmenta l 

damage. A p r e r e q u i s i t e f o r these mode l l i ng techniques i s a sound data 

base w i t h which the models may be developed and v a l i d a t e d . 

Heavy me ta l s , which are being i n c r e a s i n g l y mob i l i sed i n t o 

the environment by the a c t i o n o f man, are p a r t i c u l a r l y i n j u r i o u s t o 

the env i ronment . The i r I n f i n i t e p e r s i s t e n c e and a b i l i t y t o change 

s p e c i a t i o n , o f t e n to a more t o x i c f o rm , makes them e s p e c i a l l y 

t h r e a t e n i n g . In a d d i t i o n , many forms o f marine l i f e w i l l accumulate 

heavy me ta l s , o f t e n t o the de t r imen t o f t h e i r h e a l t h , which w i l l be 

f u r t h e r concen t ra ted In the food cha in e n d i n g , i n some cases as In 

Minimata.x Bay, i n f a t a l i t i e s i n man (So, 1978) . 



The p reven t ion o f overuse o f the e s t u a r i n e capac i t y r e q u i r e s 

the investment o f l a rge sums o f money on both c o n t r o l l i n g p o l l u t i o n 

now and research ing f o r f u t u r e requ i remen ts . A l though the sums o f 

money i nvo l ved appear v a s t , i t was concluded by the Royal Commission 

on Environmental P o l l u t i o n (1972; 1984) t h a t i n comparison t o o the r 

aspects o f i n d u s t r i a l c o s t s , the cos ts o f p o l l u t i o n abatement w i t h i n 

e s t u a r i e s would be very small i ndeed. Th is r e p o r t a lso emphasised the 

importance o f deve lop ing mathematical models as a s c i e n t i f i c bas is f o r 

f u t u r e a c t i o n on p o l l u t i o n c o n t r o l and o f f u r t h e r i n v e s t i g a t i o n o f 

p e r s i s t e n t m a t e r i a l s i n c l u d i n g heavy meta ls and o rganoch lo r i ne 

compounds. 

Th is work concent ra tes on the e s t u a r i n e behaviour o f t he 

elements Zn and Cu. They are both e s s e n t i a l t r a c e elements f o r the 

c o r r e c t metabol ism o f animals but are t o x i c i n l a r g e amounts (Rainbow, 

1985) and have been c l a s s i f i e d as r e l a t i v e l y access ib l e t o x i c metals 

by F o r s t n e r (1980 ) . Table 1.1 g ives the g loba l geochemical and 

i n d u s t r i a l m o b i l i s a t i o n data f o r Zn and Cu. Th is shows t h a t the 

elements have r e l a t i v e l y s h o r t oceanic res idence t i m e s . In a d d i t i o n 

man's u t i l i s a t i o n o f the elements appears t o dwarf the na tu ra l 

weather ing , processes, a l though how much o f the mined metal reaches the 

oceans i s u n c l e a r . However, both these meta ls have been repor ted t o 

be present i n e leva ted concen t ra t i ons In the sedimentary ma te r i a l o f 

contaminated e s t u a r i e s (Aston and Ches te r , 1976; De Groot e t a l . , 

1976; F o r s t n e r , 1980; Bland e t a l . , 1982) and thus I t Is e s s e n t i a l 

t h a t t h e i r pathways w i t h i n e s t u a r i e s are s t u d i e d to develop an 

unders tand ing which w i l l enable p r e d i c t i v e mode l l i ng o f t h i s 

behav iour . Th is study i n v e s t i g a t e s the r e a c t i v i t y o f the t race meta ls 



i n t h e p r e s e n c e o f w e l l - c h a r a c t e r i s e d p a r t i c l e s . Of i m p o r t a n c e h e r e 

a r e t h e t i m e - d e p e n d e n t s o r p t i o n p r o c e s s e s and t h e q u e s t i o n o f w h a t 

p r o p o r t i o n o f p a r t i c u l a t e t r a c e m e t a l s i s a v a i l a b l e t o b i o t a . The 

s t u d y was u n d e r t a k e n u s i n g m a t e r i a l s f r o m t h e R i v e r Tamar w h i c h has 

been w e l l c h a r a c t e r i s e d p h y s i c a l l y ( U n c l e s e t a l . , 1983a) and 

c h e m i c a l l y ( M o r r i s e t a l . , 1 9 8 2 a ) . 

E a r t h c r u s t 
c o n c e n t r a t i o n ( m g / k g ) 

Seawate r 
c o n c e n t r a t i o n ( p g / L ) 

D i s s o l v e d i n p u t by 
e r o s i o n ( k t / y ) 

Ocean r e s i d e n c e 
t i m e ( y ) 

I n p u t by f o s s i l f u e l , 
cement m a n u f a c t u r e ( k t / y ) 

Mine p r o d u c t i o n ( k t / y ) 

Cu 

45 

2 

325 

2 0 , 0 0 0 

2 . 1 

7 , 5 0 0 

Zn 

40 

3 

1,100 

2 0 , 0 0 0 

3 . 7 

5 ,000 

T a b l e 1 . 1 . Geochemica l and i n d u s t r i a l d a t a f o r Cu and Zn (GESAMP, 

1 9 7 6 ) . 

1 , 1 . 2 . P h y s i c a l C h a r a c t e r i s t i c s o f E s t u a r i e s . 

The d e f i n i t i o n o f an e s t u a r y v a r i e s d e p e n d i n g on t h e 

p h y s i c a l o r b i o g e o c h e m i c a l a s p e c t s u n d e r i n v e s t i g a t i o n ( K e t c h u m , 1 9 5 1 ; 

P r i t c h a r d , 1967 ; F a i r b r i d g e , 1 9 8 0 ) . I n t h i s s t u d y t h e mos t 

a p p r o p r i a t e d e f i n i t i o n appea rs t o b e : -



"an e s t u a r y i s an i n l e t o f t h e sea r e a c h i n g i n t o 

a r i v e r v a l l e y as f a r as t h e upper l i m i t o f t i d a l 

r i s e , n o r m a l l y b e i n g d i v i s i b l e i n t o t h r e e s e c t o r s 

( a ) a m a r i n e o r l o w e r e s t u a r y , i n f r e e c o n n e c t i o n 

w i t h t h e open s e a ; ( b ) a m i d d l e e s t u a r y s u b j e c t 

t o s t r o n g s a l t and f r e s h w a t e r m i x i n g and ( c ) an 

upper o r f l u v i a l e s t u a r y , c h a r a c t e r i s e d b y f r e s h 

w a t e r b u t s u b j e c t t o d a i l y t i d a l a c t i o n " . 

( F a i r b r i d g e , 1 9 8 0 ) . 

T h i s d e f i n i t i o n i s s e l e c t e d h e r e s i n c e i t c l o s e l y d e s c r i b e s t h e Tamar 

E s t u a r y . The e s t u a r y i s a p p r o x i m a t e l y 20-30km i n l e n g t h d e p e n d i n g on 

t h e t i d a l s t a t e and r i v e r f l o w b u t i t i s c o n s t r a i n e d t o a maximum o f 

32km due t o a w e i r (See F i g u r e 2 . 6 ) . The Tamar E s t u a r y i s o f t h e 

drowned r i v e r v a l l e y t y p e ( P r i t c h a r d , 1967 ) and w h i l e t h e uppe r 10km 

i s c a n a l i s e d , i n t h e l o w e r r e a c h e s t h e r e a r e l a r g e expanses o f mud 

f l a t s exposed a t l o w t i d e . The t i d a l r ange a t D e v o n p o r t i s be tween 

5 . 5 and 1.5m and t y p i c a l m o n t h l y a v e r a g e s o f r i v e r f l o w a r e f r o m a 

maximum o f 38m^/s i n J a n u a r y t o 5m^ /s i n J u n e . I n s p a t e 

c o n d i t i o n s , h o w e v e r , t h e r i v e r f l o w can exceed lOOm^/s ( B a l e , 1 9 8 7 ) . 

E s t u a r i e s may a l s o be c a t e g o r i s e d on t h e b a s i s o f t h e i r 

c i r c u l a t i o n , s t r a t i f i c a t i o n (Hansen and R a t t r a y , 1 9 6 6 ) and m i x i n g 

p r o c e s s e s (Aa rons and S t o m m e l , 1 9 5 1 ) . E s s e n t i a l l y t h e s e 

c o n s i d e r a t i o n s g i v e r i s e t o f o u r ma in c a t e g o r i e s ( D y e r , 1 9 7 3 ; Bowden, 

1 9 8 0 ) . The s a l t wedge t y p e , w h i c h i s f o u n d i n e s t u a r i e s w i t h l o w 

t i d a l e n e r g y and h i g h r i v e r f l o w , has a s t r o n g v e r t i c a l s a l i n i t y 

s t r a t i f i c a t i o n caused by l e s s dense f r e s h w a t e r f l o w i n g o u t o v e r t h e 



t o p o f t h e more dense s e a w a t e r . Some e n t r a i ' n m e n t be tween t h e two 

b o d i e s w i l l o c c u r b u t t h e r e w i l l be s t e e p d e n s i t y g r a d i e n t be tween t h e 

f r e s h and s a l i n e w a t e r ; examples a r e t h e Rhone and Z a i r e e s t u a r i e s 

( M a r t i n and L e t o l l e , 1 9 7 9 ) , An e x a g g e r a t e d f o r m o f t h i s t y p e o f 

c i r c u l a t i o n i s f o u n d i n f j o r d s m e d i a t e d by t h e i r t o p o g r a p h y . The 

o t h e r e x t r e m e case i s a f u l l y m i x e d e s t u a r y i n w h i c h a l a r g e t i d a l 

r ange has s u f f i c i e n t e n e r g y t o b r e a k down t h e s a l i n i t y s t r a t i f i c a t i o n 

and g i v e a v e r t i c a l l y homogeneous s a l i n i t y p r o f i l e ; an examp le i s t h e 

Seve rn ( M o r r i s , 1 9 8 3 ) . The p a r t i a l l y m ixed e s t u a r y has some deg ree o f 

v a r i a b l e s a l i n i t y s t r a t i f i c a t i o n ; examples a r e t h e G i r o n d e , L o i r e and 

G o d a v a r i e s t u a r i e s ( M a r t i n and L e t o l l e , 1 9 7 9 ) . I n t h i s t y p e o f 

e s t u a r y t h e t u r b u l e n c e be tween t h e two b o d i e s o f w a t e r as t h e t i d e s 

r i s e and f a l l c a u s e s , w i t h e n t r a i n m e n t , w e a k e n i n g o f t h e v e r t i c a l 

s a l i n i t y s t r a t i f i c a t i o n . The Tamar E s t u a r y i s g e n e r a l l y a p a r t i a l l y 

m ixed e s t u a r y a l t h o u g h u n d e r a p p r o p r i a t e r i v e r f l o w and t i d a l 

c o n d i t i o n s t h e r i v e r i n e end may become s a l t wedge o r t h e s a l i n e end 

may be f u l l y m i x e d ( M o r r i s , 1 9 8 3 ; U n c l e s e t a l . , 1 9 8 5 ) . 

W i t h i n many e s t u a r i e s a t u r b i d i t y maximum i s o b s e r v e d i n t h e 

l o w s a l i n i t y r e g i o n o f t h e e s t u a r y i n w h i c h t h e t u r b i d i t y i s f a r i n 

excess o f t h a t seen i n e i t h e r t h e sea o r r i v e r w a t e r s o u r c e s ( F e s t a 

and H a n s e n , 1 9 7 8 ) . I n e s t u a r i e s w i t h a s m a l l t i d a l v a r i a t i o n , t h i s 

i n c r e a s e i s due t o a g r a v i t a t i o n a l d e n s i t y c i r c u l a t i o n w h i c h a t t h e 

n u l l p o i n t o f t h e e s t u a r y h o l d s p a r t i c l e s i n s u s p e n s i o n ( F e s t a and 

Hansen , 1978 ; O f f i c e r , 1 9 8 0 ) . I n a d d i t i o n t o t h i s c i r c u l a t i o n i n a 

m a c r o - o r m e s o - t i d a l e s t u a r y t h e r e w i l l be t i d a l pumping o f s e d i m e n t s 

u p s t r e a m by t h e s t r o n g f a s t c u r r e n t s w h i c h w i l l s c o u r t h e e s t u a r y bed 

and suspend s e d i m e n t m a t e r i a l ( A l l e n e t a l 1 9 8 0 ; U n c l e s e^t a l . . 



1 9 8 5 ) . I n t h e Tamar E s t u a r y a s t r o n g t u r b i d i t y maximum ( 1 0 0 -

>1000mg /L ) I s fo rmed due t o t h i s c o m b i n a t i o n o f t i d a l p r o c e s s e s and 

g r a v i t a t i o n a l c i r c u l a t i o n ( B a l e e t a l 1 9 8 5 ; U n c l e s e t a l 1 9 8 5 ) . 

T h i s maximum w i l l move up e s t u a r y i n l o w r i v e r r u n o f f c o n d i t i o n s when 

i t w i l l be v e r y w e l l d e v e l o p e d and down e s t u a r y d u r i n g h i g h r i v e r 

r u n o f f when i t w i l l be weaker due t o t h e l a r g e r c r o s s - s e c t i o n a l a r e a . 

M i x i n g p r o c e s s e s i n e s t u a r i e s g i v e r i s e t o a p h y s i c a l 

t i m e s c a l e c a l l e d t h e r e s i d e n c e o r f l u s h i n g t i m e ( D y e r , 1 9 7 3 ; Bowden, 

1980) w h i c h may be e s t i m a t e d f r o m : 

T = Q / R 

where Q i s t h e vo lume o f f r e s h w a t e r a c c u m u l a t e d i n t h e w h o l e o r a 

s e c t i o n o f t h e r i v e r and R i s t h e r i v e r f l o w ( D y e r , 1 9 7 3 ) . I n i t s 

s i m p l e s t t e r m s t h i s r e p r e s e n t s t h e t i m e t a k e n f o r t h e e x i s t i n g 

f r e s h w a t e r i n an e s t u a r y o r a segment o f an e s t u a r y t o be r e p l a c e d a t 

a r a t e equa l t o t h e r i v e r f l o w . Thus t h e f r e s h w a t e r i s a c t i n g as a 

t r a c e r and t h e i d e a can be used t o d e t e r m i n e t h e f l u s h i n g t i m e s o f 

c o n s e r v a t i v e p o l l u t a n t s i n e s t u a r i e s . 

The Tamar E s t u a r y has a f l u s h i n g t i m e f o r t h e w h o l e l e n g t h o f 

7 -10 days ( H a r r i s e t a l . , 1 9 8 3 / 4 ; U n c l e s e t a l . , 1 9 8 3 b ) . Howeve r , i f 

t h e e s t u a r y i s d i v i d e d i n t o s m a l l segments o f equa l l e n g t h t h e s e w i l l 

have i n d i v i d u a l f l u s h i n g t i m e s v a r y i n g f r o m seconds t o weeks as i s 

shown d i a g r a m a t i c a l l y i n f i g u r e 1 . 1 . T h i s d e m o n s t r a t e s t h a t f o r 

d i f f e r e n t p o r t i o n s o f an e s t u a r y t h e r e w i l l be a w i d e r a n g e o f 

f l u s h i n g t i m e s w h i c h w i l l depend on t h e h y d r o d y n a m i c r e g i m e o f t h e 

e s t u a r y - The p h y s i c a l t i m e s c a l e s o f t h i s m i x i n g w i l l be e x t r e m e l y 



Seconds — > Minutes — > Hours — > Days — > Weeks 

oo 

Riverine Input 

Output 

Marine Input 
Sediment , , 

Cycling Pore 
Water Input 

River E s t u a r y Coastal 
Waters 

F i g u r e 1 . 1 . App rox ima te t i m e s c a l e s o f p h y s i c a l p rocesses w i t h i n t h e e s t u a r i n e r e g i o n 
- - P a r t i c u l a t e D i s s o l v e d 



i m p o r t a n t i n r e g u l a t i n g c h e m i c a l r e a c t i o n s w i t h i n t h e w a t e r . W i t h 

r e g a r d t o d i s s o l v e d ^ s o l i d phase r e a c t i o n s i t i s l i k e l y t h a t w i t h i n t h e 

l o w s a l i n i t y r e g i o n o f t h e e s t u a r y t h e s e r e a c t i o n s w i l l be c o n s t r a i n e d 

by t h e t i m e s c a l e s such t h a t e q u i l i b r i u m w i l l n o t be r e a c h e d f o r 

k i n e t i c a l l y s l o w r e a c t i o n s . I t i s more l i k e l y t h a t e q u i l i b r i u m 

c o n d i t i o n s w i l l be a f e a t u r e i n t h e l o w e r e s t u a r y and c o a s t a l w a t e r s , 

b u t o f c o u r s e , i n t h e s e e n v i r o n m e n t s t h e r e a c t i o n c o n d i t i o n s a r e 

r a d i c a l l y d i f f e r e n t . I t i s p r e c i s e l y t h i s i n t e r p l a y be tween t h e 

p h y s i c a l and c h e m i c a l t i m e s c a l e s t h a t needs e v a l u a t i o n . T h i s i s o f 

u t m o s t i m p o r t a n c e i n a t t e m p t i n g t o p r e d i c t t h e b e h a v i o u r o f n o n -

c o n s e r v a t i v e p o l l u t a n t s , l i k e t h e r e a c t i v e t r a c e m e t a l s ( A c k r o y d e t 

a l . , 1986) i n e s t u a r i e s . 



1>2 , T r a c e M e t a l s i n E s t u a r i e s . 

1 . 2 . 1 . The Geochemical S i g n i f i c a n c e o f E s t u a r i e s . 

I t has been e s t i m a t e d t h a t 1.8 x 10^*^ t o n s p e r y e a r o f 

m a i n l y f i n e g r a i n e d s e d i m e n t i s s u p p l i e d t o t h e w o r l d s ' oceans and t h e 

m a j o r i t y o f t h i s i s i n p u t v i a e s t u a r i e s ( M a r t i n and W h i t f i e l d , 1 9 8 3 ) . 

P a r t i c l e s suspended w i t h i n r i v e r w a t e r w i l l o r i g i n a t e f r o m e r o s i o n and 

w e a t h e r i n g w i t h i n t h e c a t c h m e n t a rea ( M a r t i n and Meybeck , 1979 ) and 

t h u s t h e t y p e and t h e q u a n t i t y i s dependen t on t h e n a t u r e o f t h i s a r e a 

( T u r e k i a n , 1 9 6 9 ) . I n p u t t o t h e oceans m a y n o t o c c u r by d i r e c t 

t r a n s p o r t t h r o u g h e s t u a r i e s as a l a r g e f r a c t i o n can be t r a p p e d w i t h i n 

t h e e s t u a r i n e zone f o r an e x t e n s i v e p e r i o d ( A s t o n and C h e s t e r , 1976 ; 

F a i r b r i d g e , 1 9 8 0 ; O lausson and C a t o , 1 9 8 0 ) . I t has been e s t i m a t e d 

t h a t more t h a n 90% o f t h e s u p p l i e d r i v e r i n e p a r t i c u l a t e m a t e r i a l w i l l 

s e t t l e a t t h e r i v e r - o c e a n i n t e r f a c e ( M a r t i n and W h i t f i e l d , 1 9 8 3 ) . 

P a r t i a l l y m ixed e s t u a r i e s , l i k e t h e Tamar ( s e e S e c t i o n 1 . 1 . 3 ) , a r e 

g e n e r a l l y r e g i o n s o f n e t s e d i m e n t a c c r e t i o n a l t h o u g h r i v e r f l o o d s may 

t r a n s p o r t t o t h e c o a s t a l ocean l a r g e q u a n t i t i e s o f s e d i m e n t 

s p o r a d i c a l l y ( D y e r , 1 9 7 9 ) . B a l e e t a l . ( 1 9 8 5 ) have i d e n t i f i e d t h a t 

w h i l e some p a r t i c l e s may be t r a n s p o r t e d t h r o u g h t h e Tamar E s t u a r y 

q u i t e r a p i d l y o t h e r s w i l l have a r e s i d e n c e t i m e c o n s i d e r a b l y i n excess 

o f 1.4 y e a r s . 

A p p r o x i m a t e l y 0 . 4 x 1 0 ^ ^ t o n s p e r y e a r o f d i s s o l v e d 

m a t e r i a l i s s u p p l i e d t o t h e oceans by r i v e r t r a n s p o r t and t h e 

c o m p o s i t i o n o f t h i s i s v e r y d i f f e r e n t compared t o t h a t seen i n t h e 

open ocean ( B u r t o n , 1 9 7 6 ; M a r t i n and W h i t f i e l d , 1 9 8 3 ) . I n o r d e r t o 

c a l c u l a t e a g e o c h e m i c a l mass b a l a n c e i t mus t e i t h e r be assumed t h a t 

t h e m i x i n g o f r i v e r and s e a w a t e r i s a s i m p l e d i l u t i o n p r o c e s s o r i t i s 

10 



n e c e s s a r y t o i d e n t i f y t h e t i m e - d e p e n d e n t b i o - g e o c h e m i c a l p r o c e s s e s 

o c c u r r i n g w i t h i n e s t u a r i e s ( B o y l e e t a l . , 1 9 7 4 ) . 

I n t h e case o f Cu and Zn t h e t o t a l g l o b a l r i v e r f l u x e s a r e 

1 . 9 M t / y and 6 . 5 M t / y , r e s p e c t i v e l y ( M a r t i n and Meybeck , 1 9 7 9 ) , as shown 

i n T a b l e 1 . 2 . The D i s s o l v e d T r a n s p o r t I ndex (DTI = r a t i o o f d i s s o l v e d 

t r a n s p o r t t o t o t a l t r a n s p o r t ) i s such t h a t 80% o f t h e r i v e r i n e 

t r a n s p o r t o f b o t h m e t a l s i s i n t h e p a r t i c u l a t e p h a s e , a l t h o u g h t h i s i s 

somewhat s m a l l e r t h a n t h a t f o r an e l e m e n t l i k e F e . Howeve r , Zn i s i n 

excess i n r i v e r suspended s o l i d s compared t o deep sea c l a y s whereas Cu 

i s e n r i c h e d i n deep sea c l a y s r a t h e r t h a n r i v e r suspended s o l i d s . 

The re a r e v a r i o u s r e a s o n s why t h i s s h o u l d be so i n c l u d i n g 

a n t h r o p o g e n i c i n p u t s b u t t h e r o l e t h a t e s t u a r i n e c h e m i c a l p r o c e s s e s 

p l a y i n c o n d i t i o n i n g t h e c o m p o s i t i o n o f m a r i n e p a r t i c u l a t e . m a t t e r , i s 

n o t f u l l y u n d e r s t o o d . 

T r a c e Me ta l F l u x e s ( M t / y ) Fe Cu Zn 

R i v e r p a r t i c u l a t e l o a d 733 1 .55 5 . 4 

R i v e r d i s s o l v e d l o a d 1.5 0 . 3 7 1 .1 

T o t a l r i v e r l o a d 734 1 .9 6 . 5 

T h e o r e t i c a l l o a d 754 0 . 6 7 2 . 6 

D i s c r e p a n c y — + 1 . 2 + 3 . 9 

Wor l d m i n i n g p r o d u c t i o n — 7 ; 5 5 . 0 

D i s s o l v e d T r a n s p o r t I n d e x 0 . 2 19 15 

T a b l e 1 . 2 . Annual t r a c e m e t a l f l u x e s t o t h e oceans and t h e 

D i s s o l v e d T r a n s p o r t I n d e x ( D T I ) ( M a r t i n and Meybeck , 1 9 7 9 ) . 
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I n many e s t u a r i e s i t has been o b s e r v e d t h a t t h e s e d i m e n t s may 

a c t as a s i n k f o r o r i g i n a l l y d i s s o l v e d o r p a r t i c u l a t e t r a c e m e t a l s on 

e i t h e r a pe rmanen t o r t e m p o r a r y b a s i s ( F o r s t n e r , 1 9 8 0 ) . Much r e c e n t 

work has c o n c e n t r a t e d on t h e a b i l i t y o f o r g a n i s m s t o m o b i l i s e t r a c e 

m e t a l s i n s e d i m e n t s and on t h e e f f e c t s t h i s m o b i l i s a t i o n may have 

w i t h i n t h e ecosys tem ( S o , 1 9 7 8 ) . Numerous s t u d i e s i n d i c a t e 

b i o a c c u m u l a t i o n o f t r a c e m e t a l s t o o c c u r w i t h i n some s p e c i e s o f 

b i o l o g i c a l o r g a n i s m s ( e . g . S u n i l a and L i n d s t r o m , 1 9 8 5 ; R a i n b o w , 1 9 8 5 ; 

Vranken and H e i p , 1 9 8 6 ) . 

Thus i t i s e s s e n t i a l w i t h r e g a r d t o b o t h i m m e d i a t e e f f e c t s on 

t h e e s t u a r i n e ecosys tem and l o n g t e r m e f f e c t s on t h e g l o b a l b i o s p h e r e 

t h a t t h e t r a n s p o r t p r o c e s s e s t h r o u g h an e s t u a r y a r e f u l l y u n d e r s t o o d . 

O n l y by t h e s e means can t h e e f f e c t s o f p o l l u t i o n be p r o j e c t e d and l o n g 

t e r m damage t o t h e e n v i r o n m e n t a v o i d e d . 

1 , 2 , 2 , The S p e c l a t l o n o f Cu and Zn i n E s t u a r i n e H a t e r s , 

The o b s e r v e d s p e c i a t i o n o f an e l e m e n t w i l l be t h e r e s u l t o f a 

b a l a n c e between f r e e i o n s , i o n p a i r s , o r g a n i c c o m p l e x e s and s u r f a c e 

a d s o r b e d s p e c i e s . The d e t e r m i n a t i o n o f s p e c i a t i o n o f d i s s o l v e d t r a c e 

m e t a l s i n n a t u r a l w a t e r s i s p r o b l e m a t i c a l due t o t h e c o m p l e x i t y o f 

m u l t i c o m p o n e n t sys tems and t h i s d i f f i c u l t y i s e x a c e r b a t e d i n e s t u a r i e s 

where r a p i d changes i n p H , pE and s a l i n i t y o c c u r ( M o r r i s e t a l 

1 9 8 2 a ; M o r r i s , 1 9 8 3 ) . N e v e r t h e l e s s , e q u i l i b r i u m mode ls o f s p e c i e s i n 

n a t u r a l w a t e r s , i n c l u d i n g e s t u a r i e s , have been d e v e l o p e d ( M a n t o u r a e t 

1978 ; T u r n e r e t a l . , 1 9 8 1 ; B o u r g , 1983 ; Mouvet and B o u r g , 1 9 8 3 ) . 

T u r n e r e t a l . ( 1 9 8 1 ) s y s t e m a t i s e d t h e s t a b i l i t y c o n s t a n t s f o r m a j o r 

i n o r g a n i c comp lexes o f 58 t r a c e e l e m e n t s i n o r d e r t h a t t h e 
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d i s t r i b u t i o n s o f t h e v a r i o u s s p e c i e s , i n sea and f r e s h w a t e r s , c o u l d 

be c a l c u l a t e d . They a l s o d e v e l o p e d t h i s f u r t h e r t o i n c l u d e t h e 

c o m p l e x a t i o n o f some t r a c e e l e m e n t s w i t h humic m a t e r i a l u s i n g d a t a 

f r o m M a n t o u r a e t a l . ( 1 9 7 8 ) . Howeve r , p r o b a b l y t h e mos t advanced 

model now a v a i l a b l e i s t h a t o f Bou rg ( 1 9 8 3 ) s i n c e i t i n c o r p o r a t e s 

a d s o r p t i o n t o t h e s o l i d phase as w e l l as i n o r g a n i c and o r g a n i c 

l i g a n d s . 

Cu, % s p e c i e s Z n , % s p e c i e s 

O V o o 3 0 V 0 0 O V o o 30V00 
0 . 3 3 36 45 

M-HA^ 65 22 1 

M(0H)2 18 57 — — 
MCO3 2 9 3 . 2 1 .5 

MHCO3 — — 1.2 1 .0 

MSO4 — 1 0 . 5 11 

MCI"*" — — 17 

M a d s ' 15 4 57 25 
(M-HA)ads 2 

T a b l e 1 . 3 . E q u i l i b r i u m s p e c i a t i o n o f Cu and Zn i n model s o l u t i o n s 

o f s a l i n i t y 0 ° / o o and 3 0 V o o w i t h a pH o f 8 . 0 and a p a r t i c l e 

c o n c e n t r a t i o n o f 30mg/L ( B o u r g , 1 9 8 3 ) . The p a r t i c l e s have t h e s u r f a c e 

p r o p e r t i e s o f s i l i c a . ^ M-HA = M e t a l - h u m i c a c i d s p e c i e s . ^ M^^g 

= Adso rbed m e t a l . 

The c a l c u l a t i o n s by Bourg ( 1 9 8 3 ) have shown t h e 

d i s t r i b u t i o n o f Cu and Zn i n f r e s h w a t e r and s e a w a t e r a t pH = 8 , i n t h e 
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p r e s e n c e o f 30mg/L o f s i l i c a p a r t i c l e s and some r e s u l t s o f t h i s a r e 

g i v e n i n T a b l e 1 .3 . D i s s o l v e d Cu i n f r e s h w a t e r i s d o m i n a t e d by t h e 

m e t a l - h u m i c a c i d comp lexes and t h e h y d r o x y - c o m p l e x , C u { 0 H ) 2 . O n l y 

15% o f t h e m e t a l i s a s s o c i a t e d w i t h t h e p a r t i c u l a t e p h a s e . I n 

s e a w a t e r t h e m a j o r d i s s o l v e d s p e c i e s i s Cu (0H)2 w i t h t h e m e t a l humic 

a c i d comp lexes d e c r e a s i n g t o a b o u t 20% o f t h e t o t a l . I n a d d i t i o n l e s s 

Cu i s adso rbed t o t h e p a r t i c l e s i n s e a w a t e r p r e s u m a b l y because o f 

c o m p e t i t i o n f o r a c t i v e s i t e s by m a j o r c a t i o n s i n s e a w a t e r . For Zn i n 

f r e s h w a t e r t h e m a j o r d i s s o l v e d phase component i s t h e f r e e i o n , w i t h 

t h e b u l k o f t h e r e m a i n d e r a t t a c h e d t o t h e p a r t i c u l a t e p h a s e . I n 

s e a w a t e r o n l y 25% o f t h e m e t a l i s a s s o c i a t e d w i t h t h e s o l i d phase 

2+ + 

w h i l e t h e d i s s o l v e d me ta l i s d i v i d e d be tween Zn , ZnCl and 

ZnSO^, T h i s d i f f e r e n c e i n s p e c i a t i o n i s m i r r o r e d i n t h e amount o f 

d i s s o l v e d me ta l r e c o v e r e d f r o m n a t u r a l w a t e r s by C h e l e x - 1 0 0 , a 

c h e l a t i n g r e s i n . F l o r e n c e ( 1 9 7 7 ) f o u n d o n l y 36.5% o f Cu and 100% o f 

Zn was e x t r a c t e d f r o m a f i l t e r e d r i v e r w a t e r . The r e s i d u a l Cu was 

f o u n d t o be bound i n o r g a n i c comp lexes p r o b a b l y i n t h e f o r m o f 

c o l l o i d a l o r g a n i c m a t e r i a l . 

T a b l e 1.4 compares t h e s p e c i a t i o n o f Cu and Zn on s i l i c a and 

R i v e r Meuse sed imen t p a r t i c l e s ( B o u r g , 1983 ; Mouvet and B o u r g , 1 9 8 3 ) . 

For b o t h m e t a l s t h e Meuse s e d i m e n t s show enhanced u p t a k e compared t o 

t h e model s i l i c a p a r t i c l e s . T h i s s u g g e s t s t h a t n a t u r a l m a t e r i a l s have 

c o n s i d e r a b l y g r e a t e r a c t i v i t y w h i c h i s n o t e v i d e n t on t h e s i l i c a 

p a r t i c l e s . 
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Cu, % s p e c i e s Z n , % s p e c i e s 

S i l i c a ^ Sed iments '^ S i l i c a ^ S e d i m e n t s ^ 

0 . 3 0 , 3 36 11 .7 

M-HA 65 — 1 0 . 8 

M(0H)2 18 6 . 4 

MCO3 2 4 . 4 3 . 2 2 . 7 

MHCO3 — 0 , 1 1.2 1 .2 

MSO4 — — 0 . 5 0 , 6 

Mads 15 87 57 79 

(M-HA)ads 

T a b l e 1 . 4 . E q u i l i b r i u m s p e c i a t i o n o f Zn and Cu i n model s o l u t i o n s 

w i t h s i l i c a p a r t i c l e s and R i v e r Meuse s e d i m e n t s ( B o u r g , 1983 ; Mouvet 

and B o u r g , 1 9 8 3 ) . ^ pH = 8 ; p a r t i c l e c o n c e n t r a t i o n 30mg /L . ^ pH 

= 7 , 8 ; p a r t i c l e c o n c e n t r a t i o n 60mg /L . 

The t r u e i m p o r t a n c e o f t h e s e f i n d i n g s l i e s i n t h e f a c t t h a t 

t h e s p e c i a t i o n o f t r a c e m e t a l s g r e a t l y i n f l u e n c e s t h e i r b i o ­

a v a i l a b i l i t y ( N e l s o n and D o n k i n , 1 9 8 5 ) . T h i s i s i l l u s t r a t e d by a 

s t u d y o f Cd t o x i c i t y w h i c h showed t h a t t h e m o r t a l i t y o f sa lmon was 

more c l o s e l y r e l a t e d t o a c h e l a t i n g r e s i n l a b i l e f r a c t i o n o f Cd 

c o n c e n t r a t i o n t h a n t o t h e t o t a l Cd c o n c e n t r a t i o n ( B u c k l e y e t a l 

1 9 8 5 ) . I t i s a l s o p o s s i b l e t h a t t r a c e m e t a l s p e c i a t i o n may c o n t r o l 

t h e r a t e o f t h e i r h e t e r o g e n e o u s c h e m i c a l r e a c t i o n s . 
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1 , 2 , 3 , T r a c e Metal D i s t r i b u t i o n s i n E s t u a r i e s . 

The e s t u a r i n e d i s t r i b u t i o n s o f Mn and Fe a r e p r o b a b l y t h e 

most f u l l y u n d e r s t o o d . F o r Mn t h e e s t u a r i n e d i s t r i b u t i o n s ( H o l l i d a y 

and L i s s , 1 9 7 6 ; M o r r i s e t a l 1 9 7 8 ; Moore e t a l . , 1979 ; A c k r o y d e t 

a l . , 1986 ; K e e n e y - K e n n i c u t t and P r e s l e y , 1 9 8 6 ) , s p e c i a t i o n (Krom and 

S h o l k o v i t z , 1978 ; Man tou ra e t a l . , 1 9 7 8 ) , a d s o r p t i o n and f l o c c u l a t i o n 

b e h a v i o u r ( S h o l k o v i t z , 1 9 7 6 ; M o r r i s and B a l e , 1 9 7 9 ; S h o l k o v i t z and 

C o p l a n d , 1 9 8 1 ; M i l l w a r d and M o o r e , 1982) and d i a g e n e t i c p r o p e r t i e s 

( D u i n k e r e t a l . , 1 9 7 4 ; E l d e r f i e l d and H e p w o r t h , 1 9 7 5 ; Knox e t a l 

1981) have a l l been e x t e n s i v e l y s t u d i e d . T h i s t y p e o f t h o r o u g h 

r e s e a r c h has e n a b l e d a d e f i n i t i v e u n d e r s t a n d i n g o f t h e o b s e r v e d n o n -

c o n s e r v a t i v e b e h a v i o u r o f Mn w i t h i n t h e Tamar (Knox e t a l 1 9 8 1 ; 

M o r r i s e t a l . , 1 9 8 1 ) , S t Lawrence (Sundby e t a l . , 1981 ) and Rh ine 

e s t u a r i e s ( D u i n k e r e t a l . , 1 9 7 9 ) . The k n o w l e d g e o f t h e c o n t r o l s on 

t h e b e h a v i o u r o f d i s s o l v e d Mn g a i n e d i n p r e v i o u s work a l s o e n a b l e d an 

e x p l a n a t i o n ( M o r r i s e t a l . , 1981) o f t h e c o n s e r v a t i v e b e h a v i o u r o f Mn 

seen i n t h e B e a u l i e u E s t u a r y ( H o l l i d a y and L i s s , 1 9 7 6 ; Moore e t a l . , 

1979) and t h e De laware Creek (Eastman and C h u r c h , 1 9 8 4 ) . A s i m i l a r 

i n v e s t i g a t i o n o f t h e b e h a v i o u r o f Fe has shown Fe t o be n o n -

c o n s e r v a t i v e i n a l m o s t a l l e s t u a r i e s due t o t h e f l o c c u l a t i o n o f 

c o l l o i d a l Fe o x y h y d r o x i d e s ( B o y l e e t a l . , 1 9 7 4 ; L i s s , 1 9 7 6 ; D u i n k e r , 

1980) . 

Examples o f t h e t y p e s o f d i s t r i b u t i o n s o b s e r v e d f o r Zn and Cu 

i n many e s t u a r i e s a r e shown i n T a b l e 1 . 5 . These d i s p a r a t e b e h a v i o u r 

p a t t e r n s o f d i s s o l v e d Zn and Cu i n e s t u a r i e s u n d e r l i n e t h e i m p o r t a n c e 

o f d e v e l o p i n g a c o m p l e t e u n d e r s t a n d i n g o f t h e c o n t r o l s on t h e 

e s t u a r i n e t r a c e me ta l c o n c e n t r a t i o n s . I n a d d i t i o n , t h e o b s e r v a t i o n o f 
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C o n c e n t r a t i o n (M9/L) 

Zn Cu : 

Tamar 1 - 14 0 .7 - 12 M o r r i s e t a l . (1978) 
(NO (NC) Ack royd e t a l . ( 1986 ) 

Conwy 5 - 5 5 E l d e r f i e l d e t a l . ( 1979 ) Conwy 
(C) 

B e a u l i e u 7 - 4 5 — H o l l i d a y and L i s s ( 1 9 7 6 ) 
(C) 

F r a s e r 2 - 1 9 0 . 1 - 5 Thomas and G r i l l ( 1977 ) 
(NC) (NO 

Varde /f 2 - 4 . 5 1 - 2 .5 Du lnke r e t a l . (1980) 
(NO (NO 

Elbe 2 - 2 7 0 .8 - 1.3 Du inke r e t a l . (1982a) 
(NC) (NO 

Weser 2 - 1 5 0 . 8 - 6 D u i n k e r e t a l . (1982b) 
(NO (NC) 

Got a 0 .6 - 7 0 .4 - 1.6 D a n i e l s s o n e t a l . (1983) 
(C) (UR) 

Amazon 0 . 1 - 1.7 Boy le e t a l . (1982) 
(UR) 

Brazos 0 .4 - 2 .7 K e e n e y - K e n n i c u t t and P r e s l e y 
(NO ( 1986 ) 

Rhine 5 - 2 0 1 - 7 D u i n k e r and N o l t i n g 
(C + NC) (C + NC) ( 1 9 7 6 ; 1977; 1978) 

Tab le 1 .5 . A compar ison o f t h e c o n c e n t r a t i o n o f d i s s o l v e d Zn and Cu found i n e s t u a r i e s a round t h e w o r l d . The 
b e h a v i o u r o f t h e meta l t h r o u g h o u t t h e e s t u a r y i s i n d i c a t e d I n b r a c k e t s ; v i z C - c o n s e r v a t i v e ; NC - Non 
c o n s e r v a t i v e ; C + NC - B o t h ; UR - U n r e s o l v e d . 



b o t h c o n s e r v a t i v e and n o n - c o n s e r v a t i v e b e h a v i o u r i n t h e Rh ine and 

u n r e s o l v e d b e h a v i o u r i n o t h e r e s t u a r i e s , i n d i c a t e s t h e need f o r 

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

c o l l e c t i o n o f d a t a on t h e p h y s i c o - c h e m i c a l c o n d i t i o n s p r e v a l e n t i n t h e 

e s t u a r y a t t h e t i m e o f s u r v e y i n g ( B o u r g , 1983 ; A c k r o y d e t a l . , 1 9 8 6 ) . 

In t h e Tamar E s t u a r y r e p e t i t i v e s u r v e y i n g o f t h e a x i a l 

d i s t r i b u t i o n o f d i s s o l v e d Mn, Zn and Cu has been c a r r i e d o u t by 

A c k r o y d e t a l . ( 1 9 8 6 ) i n c o n j u n c t i o n w i t h measurements o f s a l i n i t y , 

t u r b i d i t y , d i s s o l v e d oxygen and pH. These s u r v e y s show p r e d o m i n a n t l y 

t h a t t h e s e m e t a l s a r e n o n - c o n s e r v a t i v e i n t h e Tamar E s t u a r y . A t t e m p t s 

t o o b s e r v e t h e s e s o r p t i o n p r o c e s s e s w i t h i n t h e Tamar E s t u a r y , by 

m o n i t o r i n g t h e c o m p o s i t i o n o f t h e p a r t i c u l a t e suspended and s e d i m e n t 

m a t e r i a l , were made by M o r r i s e t a l . ( 1 9 8 6 ) . These were u n s u c c e s s f u l 

as t h e p a r t i c l e c o m p o s i t i o n was s u b s t a n t i a l l y c o n t r o l l e d by p h y s i c a l 

p r o c e s s e s a c t i n g on t h e l a r g e r e s e r v o i r o f p a r t i c u l a t e m a t e r i a l w h i c h 

made i t i m p o s s i b l e t o o b s e r v e s m a l l s c a l e c h e m i c a l v a r i a t i o n s ( M o r r i s 

e t a l 1 9 8 6 ) . The d i s s o l v e d Zn d i s t r i b u t i o n i n t h e Tamar E s t u a r y , 

w h i c h c l o s e l y f o l l o w s t h e p a t t e r n o f d i s s o l v e d Mn , has a r a p i d l o s s 

f r o m s o l u t i o n i n t h e l ow s a l i n i t y , h i g h t u r b i d i t y r e g i o n o f t h e 

e s t u a r y and a c o n c e n t r a t i o n maxima i n t h e s a l i n i t y range 3 - 2 0 * / o o . 

T h i s has been e x p l a i n e d i n t e r m s o f r a p i d a d s o r p t i o n o f Zn o n t o t h e 

suspended p a r t i c l e s i n t h e l ow s a l i n i t y r e g i o n and by p o r e w a t e r 

i n f u s i o n s i n t h e l o w e r e s t u a r y c o u p l e d w i t h d e s o r p t i o n f r o m t h e 

t i d a l l y resuspended s e d i m e n t s ( A c k r o y d e t a l . , 1 9 8 6 ) . D i s s o l v e d Cu i s 

r e p o r t e d t o show a g r e a t e r a f f i n i t y f o r a d s o r p t i o n o n t o p a r t i c l e s and 

has a g e n e r a l l y more e f f e c t i v e remova l i n t h e l o w s a l i n i t y r e g i o n 

( M o r r i s , 1 9 8 6 ) . The m i d - e s t u a r i n e maxima f o r Cu o c c u r , be tween V/oo 
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and 8**/oo and i s a l s o a t t r i b u t e d t o p o r e w a t e r i n f u s i o n s and 

d e s o r p t i o n f r o m t i d a l l y r e s u s p e n d e d s e d i m e n t s ( A c k r o y d e t a l . , 1 9 8 6 ) . 

I n f o r m a t i o n o f t h i s t y p e may be o f g r e a t use i n v a l i d a t i n g mode ls 

d e v e l o p e d , w i t h c h e m i c a l and p h y s i c a l e s t u a r i n e p a r a m e t e r s , t o p r e d i c t 

t h e b e h a v i o u r o f t r a c e m e t a l s i n e s t u a r i e s . 
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1,3 , P a r t i c l e s in E s t u a r i e s . 

1>3.1> The Composition of Es tuar ine P a r t i c l e s * 

Suspended p a r t i c l e s w i t h i n e s t u a r i e s may o r i g i n a t e f rom fou r 

major sources : 

(1 ) R i ve r i ne suspended m a t e r i a l 

(2 ) Oceanic suspended m a t e r i a l 

(3 ) Resuspended sediment m a t e r i a l 

(4 ) Ma te r ia l formed i n s i t u . 

The geographica l v a r i a t i o n of the major e lemental compos i t i on o f 

r i v e r i n e m a t e r i a l can be asc r ibed t o the na ture o f the catchment area 

(Mar t i n and Meybeck, 1979) . The marine suspended m a t e r i a l w i l l be 

ma in ly r i v e r i n e de r i ved ma te r i a l o r eroded coas ta l sed iment . W i t h i n 

e s t u a r i e s l a rge temporal and s p a t i a l f l u c t u a t i o n s may be seen i n the 

major e lementa l compos i t ion o f suspended p a r t i c l e s (D 'Ang le j an and 

Smi th , 1973; Lo r i ng e t a l 1 9 8 3 ; F r e e l y e t a l 1 9 8 6 ) . These 

v a r i a t i o n s i n an es tuary may be regu la ted by sed imen to log ica l and 

h y d r o l o g i c a l f ea tu res as observed i n the Tay Estuary { S h o l k o v i t z , 

1979) o r by b i o l o g i c a l a c t i v i t y as has been observed i n t h e Amazon 

Estuary ( S h o l k o v i t z and P r i c e , 1980) , In a d d i t i o n they may be due to 

chemical i n t e r a c t i o n s between the d i s s o l v e d and p a r t i c u l a t e phases 

a l though at tempts by Mor r i s e t a l . (1986) t o observe these changes f o r 

t r a c e metals were unsuccessful due t o the much l a r g e r changes i n 

compos i t ion mediated by the phys ica l processes. The ac tua l 

c o n c e n t r a t i o n o f suspended p a r t i c u l a t e m a t e r i a l w i t h i n the low 

s a l i n i t y reg ion o f the es tuary i s i n general f a r g r e a t e r than t h a t 

seen i n the r i v e r i n e or oceanic sources due t o the f o rma t i on o f a 

t u b i d i t y maximum. This c o n s i s t s o f m a t e r i a l from a l l sources and w i l l 
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c o n t a i n a sub -popu la t i on o f permanent ly suspended p a r t i c l e s (Duinker 

e t a l 1 9 8 0 ; Mor r i s e t a l 1 9 8 2 b ) . 

As r i v e r water en te rs an es tua ry t h e r e i s an increase i n the 

i o n i c s t r e n g t h on mix ing w i t h seawater . Th is w i l l a l t e r the s t a b i l i t y 

o f c o l l o i d a l and p a r t i c u l a t e m a t e r i a l by compressing the e l e c t r i c a l 

double l a y e r around the p a r t i c l e s , reduc ing the i nhe ren t r e p u l s i o n and 

a l l o w i n g the Van der Waals fo rces t o dominate and cause f l o c c u l a t i o n 

(Shaw, 1970; Gibbs, 1986) . Work by S h o l k o v i t z (1976) has shown t h a t 

a d d i t i o n o f very small amounts o f s a l t w i l l i n i t i a t e f l o c c u l a t i o n o f 

c o l l o i d a l ma te r i a l from r i v e r w a t e r s . He showed t h a t t h i s 

f l o c c u l a t i o n process i s a very impo r tan t mechanism f o r the removal 

from s o l u t i o n o f t r ace metals ( S h o l k o v i t z and Copland, 1981) . There 

i s a l so evidence to suggest t h a t the i n c r e a s i n g p a r t i c l e c o n c e n t r a t i o n 

i n the low s a l i n i t y t u r b i d i t y maximum zone encourages f l o c c u l a t i o n 

(Aston and Ches te r , 1973) and i t has been suggested t h a t t h i s i s the 

pr imary f a c t o r c o n t r o l l i n g f l o c c u l a t i o n i n e s t u a r i e s (Kranck, 1981) . 

With respect to t r ace meta ls i t i s most impor tan t t h a t the 

d i s t r i b u t i o n o f the metal between the va r i ous phases o f the p a r t i c l e s 

i s known, as opposed to the t o t a l metal c o n c e n t r a t i o n , i n o rder t h a t 

the b i o a v a i l a b i l i t y and phys ico-chemica l r e a c t i v i t y may be 

i n v e s t i g a t e d ( L o r i n g , 1981; Luoma and B ryan , 1981) . Meta ls bound 

w i t h i n the c r y s t a l l i n e d e t r i t a l f r a c t i o n o f the p a r t i c l e s w i l l be 

v i r t u a l l y unava i l ab l e t o na ture and thus o f l ess importance when 

cons ide r i ng b i o l o g i c a l uptake (G ibbs , 1973) . 

To ga in some idea o f t r a c e metal a v a i l a b i l i t y many sequen t ia l 

e x t r a c t i o n schemes have been designed which use chemical methods t o 

separate p o r t i o n s o f the p a r t i c u l a t e m a t e r i a l ( e . g . o rgan ic m a t e r i a l 
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or Fe hydrox ides) and measure the t r a c e meta ls assoc ia ted w i t h t h a t 

p o r t i o n (Chester and Hughes, 1967; G ibbs , 1973; Guy e t a 1 1 9 7 8 ; 

Tess ie r e t a 1 1 9 8 0 ; Luoma and Bryan , 1981 ; Tess ie r e t a 1 1 9 8 5 ; 

Rosental e t a 1 1 9 8 6 ) . Many o f these techn iques lack s p e c i f i c i t y and 

d i f f e r e n t schemes have been used by d i f f e r e n t workers which leads t o a 

lack o f c o m p a r a b i l i t y (Tess ie r e t a l . , 1980; Luoma and Bryan , 1981) . 

However, these techniques have shown t h a t w h i l e the res i dua l d e t r i t a l 

ma te r i a l con ta ins a s u b s t a n t i a l p r o p o r t i o n o f the t r a c e meta ls the 

ferro-manganese ox ides and organ ic m a t e r i a l s are a l so impor tan t 

c a r r i e r s o f Zn and Cu (Gibbs, 1973; Luoma and B ryan , 1981; Tess ie r e t 

a l_ . , 1985) . 

In the Tamar Estuary Lo r i ng e t a l . (1983) found the 

compos i t ion o f the suspended p a r t i c l e p o p u l a t i o n to be e n t i r e l y 

c o n t r o l l e d by the r i v e r i n e i n p u t under h igh r i v e r f l o w c o n d i t i o n s . 

Under normal r i v e r f l o w c o n d i t i o n s , when a t u r b i d i t y maximum o f 15 

t imes the p a r t i c l e concen t ra t i on i n the r i v e r water was se t up, the 

d e t r i t a l compos i t ion averaged over the whole es tua ry was q u i t e un i f o rm 

and s i m i l a r to t h a t seen under h igh r i v e r f l o w c o n d i t i o n s . However, 

w i t h i n the t u r b i d i t y maximum under normal r i v e r f l o w c o n d i t i o n s t h e r e 

was an enhancement o f Si and a depress ion o f the n o n d e t r i t a l Fe , Zn 

and Cu ( L o r i n g e t a l . , 1983) . The n o n - d e t r i t a l p o r t i o n o f Zn and Cu 

has been seen i n the Tamar to vary between 6 7 - 9 1 * and 71-95% 

r e s p e c t i v e l y ( Lo r i ng e t a l . , 1983) . Th is emphasises the importance o f 

knowledge about the p a r t i t i o n i n g o f t o x i c t r a c e meta ls on p a r t i c u l a t e 

m a t e r i a l * I t would be o f g rea t ass i s tance to s tud ies of t h i s na tu re 

i f a general e x t r a c t i o n scheme cou ld be agreed t o enable easy 

i n t e r l a b o r a t o r y comparison f o r i n d i v i d u a l e s t u a r i e s . 
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1 . 3 . 2 , F loccu la t ion In E s t u a r i e s . 

As p r e v i o u s l y mentioned p a r t i c l e s and c o l l o i d a l ma te r i a l w i l l 

f l o c c u l a t e or coagu la te on e n t e r i n g the low s a l i n i t y reg ion o f an 

e s t u a r y . C o l l o i d a l m a t e r i a l c o n s i s t s o f small p a r t i c l e s 

(approx imate ly between Inm and 0.4Mm i n a t l e a s t one d imension) o f 

c l ay m i n e r a l s , hydrous metal ox ides ( p a r t i c u l a r l y Fe) and organic 

ma te r i a l (Shaw, 1970; S ig l eo and He lz , 1981) . 

The f l o c c u l a t i o n o f c o l l o i d a l Fe oxyhydrox ides has been most 

f u l l y s tud ied and i t i s t h i s removal which causes the s u b s t a n t i a l l y 

non-conserva t i ve behaviour o f d i sso l ved Fe i n e s t u a r i e s (Boyle e t a l . , 

1977; Moore e t a l 1 9 7 9 ; Bale and M o r r i s , 1981 ; Mayer, 1982; Eastman 

and Church, 1984) . Aston and Chester (1973) have shown t h a t 

i nc reas ing s a l i n i t y and t u r b i d i t y both inc rease the r a t e and ex ten t o f 

Fe p r e c i p i t a t i o n . F l o c c u l a t i o n begins w h i l e the s a l i n i t y i s < 0 . 1 * / o o 

but the f u l l ex ten t o f removal i s not reached u n t i l between 15* /oo and 

30**/oo (Bale and M o r r i s , 1981; Mao'er, 1982) . The k i n e t i c s o f t h i s 

r e a c t i o n have been found by Fox and Wofsy (1983) t o be second order 

w i t h a r a t e c o e f f i c i e n t which i s p r o p o r t i o n a l t o the square o f the 

s a l i n i t y . Mayer (1982) found i t to be a two s tep s a l i n i t y dependent 

removal i n which the f i r s t s tep was very f a s t and the second a slower 

pseudo-second o rder r e a c t i o n dependent on t empe ra tu re . 

About 80% o f d i sso l ved humic m a t e r i a l has been observed t o be 

removed i n the Amazon Estuary and the major p a r t o f t h i s occurred 

between O V o o and 5 V o o s a l i n i t y (Boyle e t a l 1 9 8 2 ) . D isso lved 

humic ac id i s o n l y a small percentage o f the t o t a l d i s s o l v e d organ ic 

carbon i n e s t u a r i e s bu t i t s f l o c c u l a t i o n has been shown t o have a 

major e f f e c t on the coagu la t i on o f some t r a c e meta ls (Mantoura e t a l . , 
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1978; Sho l kov i t z and Copland, 1981; S ig leo and He lz , 1981) . P a r t i c l e s 

suspended i n na tu ra l waters have been w i d e l y r e p o r t e d to have a 

nega t i ve su r face charge regard less o f the charge observed i n s y n t h e t i c 

organ ic f r e e s o l u t i o n s w i t h a s i m i l a r i o n i c compos i t i on (Neihof and 

Leob, 1972; Hunter and L i s s , 1979; Hunter , 1980; T i p p i n g and Cooke, 

1982) . This un i fo rm nega t i ve charge i n n a t u r a l waters has been 

a t t r i b u t e d to su r face adso rp t i on o f o rgan ic m a t e r i a l s and Fe ox ides 

(Hunter and L i s s , 1979) . W i t h i n e s t u a r i e s some i n t r a - and i n t e r -

es tua r i ne v a r i a b i l i t y i n the magnitude of the e l e c t r o p h o r e t i c m o b i l i t y 

has been observed bu t f o r a l l p a r t i c l e s i t i s n e g a t i v e (Hunter and 

L i s s , 1 9 8 2 ) . . 

W i th in the Patuxent R iver t he re i s a s i g n i f i c a n t p r o p o r t i o n 

o f sub-micron c l a y minera l p a r t i c l e s which are removed from the 

c o l l o i d a l f r a c t i o n o f the suspended mat te r i n e s t u a r i n e water o f 

< 1 0 V o o s a l i n i t y {S i g l eo and Helz , 1981) . D i f f e r e n t i a l f l o c c u l a t i o n 

o f c l ays has been seen i n l a b o r a t o r y s tud ies and leads to var ious 

types o f c l ays sediment ing a t d i f f e r e n t r a t e s depending on the 

s a l i n i t y (Dyer , 1973) . However w h i l e t h i s i s a p o s s i b i l i t y the re i s 

much evidence to suggest t h a t i n na tu ra l waters a s imul taneous 

f l o c c u l a t i o n process i s more probable ( S h o l k o v i t z , 1976; S ig l eo and 

He lz , 1981; Mayer, 1982) . The un i fo rm su r face charge has been used t o 

account f o r the lack o f evidence f o r d i f f e r e n t i a l f l o c c u l a t i o n i n 

na tu ra l e s t u a r i n e environments (Hunter and L i s s , 1982) . F l o c c u l a t i o n 

w i l l a l so i n v o l v e removal onto the sur faces o f suspended p a r t i c l e s as 

has been shown f o r Fe (Aston and Ches te r , 1973) and by e l e c t r o p h o r e t i c 

m o b i l i t y s tud ies f o r the o rgan ics (Hunter and L i s s , 1979; T ipp ing and 

Cooke, 1982) . The poss ib l e p a r t i c l e s r e s u l t i n g f rom t h i s t ype o f 
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f o rma t ion processes are d iscussed i n the f o l l o w i n g s e c t i o n . 

1 . 3 .3 The Morphology of Es tuar ine P a r t i c u l a t e M a t e r i a l 

Wi th in e s t u a r i n e p a r t i c u l a t e m a t e r i a l t h e r e are c l a y , q u a r t z , 

hydrous metal ox ide and b iogen ic m a t e r i a l s which w i l l form composi te 

p a r t i c l e s by i n t e r a c t i o n i n the r i v e r and e s t u a r i n e r e g i o n s . A l though 

f l o c c u l a t i o n o f p a r t i c l e s i n the e s t u a r i n e zone has long been 

recognised l i t t l e work has been c a r r i e d ou t to determine the e f f e c t o f 

t h i s on the sur face o f na tu ra l e s t u a r i n e m a t e r i a l except w i t h respec t 

t o the e l e c t r o p h o r e t i c m o b i l i t y (Hunter and L i s s , 1982) . The sur face 

shape and type must be o f importance t o s i t e a v a i l a b i l i t y and thus t o 

na tu ra l s o r p t i o n r e a c t i o n s . However t h i s has been cons idered i n on l y 

very few s tud ies d i r e c t l y a p p l i c a b l e t o the e s t u a r i n e s i t u a t i o n (L ion 

e t a l . , 1982; Dav ies -Co l ley e t a l 1 9 8 4 ) a l though more o f t e n i n s o i l 

exper iments (Cabrera e t a l . , 1981 ; Madrid and De A r a m b a r r i , 1985) . 

I n v e s t i g a t i o n s i n t o the r h e o l o g i c a l p r o p e r t i e s o f c l a y 

suspensions have shown t h a t i n s i n g l e component systems on 

f l o c c u l a t i o n k a o l i n i t e p l a t e l e t s w i l l form a cardhouse s t r u c t u r e v i a 

p l a t e l e t face-edge i n t e r a c t i o n s w i t h i n t e r i o r pore spaces o f about 

O.Sfjm (Wi l l i ams and James, 1978) . In a k a o l i n i t e / q u a r t z suspension 

the combined f l o e s are composed w i t h the quar tz as a c e n t r a l suppor t 

t o which the k a o l i n i t e p l a t e l e t s a t t a c h w i t h s t rong q u a r t z - k a o l i n i t e 

edge i n t e r a c t i o n s . This g ives a more open p in - cush ion s t r u c t u r e w i t h 

pore spaces o f again approx imate ly 0.5pm (W i l l i ams and James, 1978) . 

In the fo rmat ion o f s o i l f l o e s , w h i l e these l o o s e l y he ld open 

s t r u c t u r e s may form on i n i t i a l f l o c c u l a t i o n , o rgan ic m a t e r i a l and 

metal ox ides may be cons idered to ac t as s t a b i l i s i n g agents ho ld i ng 
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the c l a y p a r t i c l e s toge ther ( Q u i r k , 1978) . I t has a l so been suggested 

t h a t p o l y v a l e n t metals may form b r idges between c l a y and o rgan i c 

m a t e r i a l s (Qu i r k , 1978) . In s o i l s severa l c l a y l ame l lae may a l so be 

he ld t oge the r by f ace - face I n t e r a c t i o n s i n domains which may i n t u r n 

be bound to o the r c l a y and quar tz p a r t i c l e s (Rimmer, 1987) . I t may be 

t h a t f o rma t ion o f bound domain type s t r u c t u r e s w i l l be o f s i g n i f i c a n c e 

i n the c o n s o l i d a t i o n o f the e s t u a r l n e sediment bed. P a r t i c l e s w i t h i n 

the sediment bed may be resuspended i f the shear s t r e s s o f the 

c u r r e n t s i s g rea t enough t o overcome the shear s t r e n g t h o f the bed 

(Dyer , 1972) . As the open s t r u c t u r e s are depos i ted and resuspended 

du r i ng many t i d a l cyc les they w i l l g r a d u a l l y c o n s o l i d a t e on the 

sediment bed, lose water and the shear s t r e n g t h w i l l Increase p o s s i b l y 

p reven t ing e ros ion du r ing a subsequent t i d a l c y c l e (Dyer , 1972) . 

Th is suggests the resuspended sediment m a t e r i a l i n the e s t u a r l n e zone 

w i l l be main ly composed o f the more open l o o s e l y held s t r u c t u r e s -

E l e c t r o p h o r e t i c m o b i l i t y measurements on suspensions o f 

k a o l i n i t e w i t h Fe and A l p r e c i p i t a t e d onto the sur face have shown t h a t 

Fe i s present not In a cont inuous c o a t i n g bu t i n d i s c r e e t d ispersed 

p a r t i c l e s adsorbed to the su r face (Torres-Sanchez e t a l . , 1985) . The 

c h a r a c t e r i s t i c s o f Fe ox ide m a t e r i a l s are d iscussed i n more d e t a i l I n 

Sec t ion 1 .4 .3 . Organic m a t e r i a l c o a t i n g the sur face o f p a r t i c l e s has 

been seen t o homogenise the e l e c t r i c a l c h a r a c t e r i s t i c s o f p a r t i c l e s 

and i t has been suggested t h a t i n s o i l s i t may occlude areas o f the 

p a r t i c l e su r face by b l o c k i n g pore ent rances (Bu r fo rd e t a l . , 1964) . 

These s t r u c t u r a l shapes cou ld be cons idered t o g i ve an idea 

o f the gross morphology o f e s t u a r i n e p a r t i c l e s ; c l ay p l a t e l e t s , 

domains and quar tz p a r t i c l e s In composite p a r t i c l e s w i t h hydrous metal 
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oxides and organ ic m a t e r i a l . I n f o r m a t i o n on the s t r u c t u r e s o f na tu ra l 

p a r t i c l e s o f t h i s type cannot be found us ing p a r t i c l e s i z e 

measurements or through e l e c t r o n microscopy s t u d i e s . The aggregates 

formed i n e s t u a r i e s are o f t e n very f r a g i l e and e a s i l y broken du r i ng 

hand l ing (Eisma e t a l , 1983; Bale e t a l 1 9 8 4 ) . However i t i s 

poss ib l e t h a t these f r a g i l e assemblages w i l l enc lose s o r p t i o n s i t e s 

and make i t necessary f o r d i f f u s i o n i n t o a f l o e s t r u c t u r e t o occur 

be fo re the adso rp t i on r e a c t i o n . I t w i l l a l so be impor tan t f o r s t ud ies 

o f t r a c e metal i o n s , w i t h d iameters o f app rox ima te l y Inm, t o know 

about the i n t e r n a l p a r t i c l e s t r u c t u r e on a nanometer s i ze s c a l e . Th is 

may be examined us ing gas adso rp t i on onto the d r i e d s o l i d which w i l l 

g i ve a measure o f sur face area and an idea o f i n t e r n a l p o r o s i t y . Th is 

i s d iscussed i n Sect ions 1.4.2 and 1 .4 .3 . A l l aspects o f the 

s t r u c t u r e w i l l be very impor tan t i n de te rm in ing the ra tes and ex ten t s 

o f s o r p t i o n r e a c t i o n s as in some cases a c t i v e s i t e s w i l l be p a r t i a l l y 

enclosed and thus r e q u i r e longer r e a c t i o n t imes i f d i f f u s i o n t o the 

s i t e has t o take p lace-
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1>4. Heterogeneous Chemical React iv i ty^ 

1 , 4 . 1 . Trace Metal Sorption S t u d i e s . 

I t i s we l l documented t h a t , i n p o l l u t e d e s t u a r i e s , sediments 

may accumulate very h igh concen t ra t i ons o f t r a c e metals t o the 

de t r imen t o f the marine l i f e (Aston and Ches te r , 1976; F o r s t n e r , 

1980) . For t h i s reason the i n t e r a c t i o n o f t r a c e metals w i t h suspended 

p a r t i c u l a t e ma te r i a l has a t t r a c t e d c o n s i d e r a b l e research and r e l e v a n t 

examples o f such s t u d i e s , designed t o e l u c i d a t e the c o n t r o l s on these 

complex r e a c t i o n s , are shown i n Table 1.6. In view o f the c o n t r a s t s 

i n the methodology adopted i n these s t u d i e s i t i s d i f f i c u l t to see how 

d e f i n i t i v e comparisons can be made. Fu r the rmore , a l though these 

s tud ies a t tempt to mimic na tu ra l heterogeneous chemical processes, i t 

i s not c l e a r how c lose to r e a l i t y the models a r e . Some o f the 

problems i n exper imenta l design are g iven below. 

The m a j o r i t y o f the s tud ies l i s t e d use pH as the fundamental 

v a r i a b l e aga ins t which d i sso l ved metal c o n c e n t r a t i o n i n s o l u t i o n i s 

f o l l o w e d . Whi le t h i s may be o f use w i t h regard t o mine streams and 

o the r d i s c r e e t p o l l u t a n t ou tpu ts i t i s no t o f immediate re levance t o 

many e s t u a r i n e mix ing regimes i n which the pH w i l l vary o n l y between 7 

and 8 .2 (Dryssen and Wedborg, 1980; Mantoura and M o r r i s , 1983) . A 

f u r t h e r problem i s w i t h the compos i t ion and na tu re o f the r e a c t a n t s . 

The p a r t i c u l a t e phases are o f t e n s y n t h e t i c m a t e r i a l s such as Fe or A l 

oxyhydrox ides or pure c l a y m i n e r a l s . The compos i t ion o f the d i s s o l v e d 

phase o f many exper iments i s a lso very v a r i a b l e . For example, some 

s tud ies ( e . g . K inn iburgh e t a l . , 1976; M i l l w a r d and Moore, 1982) omi t 

d i s so l ved organ ic m a t e r i a l , which has been shown to be o f importance 

t o adso rp t i on by o the r workers (Dav i s , 1984; Dav ies -Co l ley e t a l . . 
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Reactants 

Metal 

Cu, Pb 

Cd, Cu, Pb, Zn 

Cu, Mn, Zn 

Cd, Cu 

Cd, Cu 

Cd, Cu, Zn 
65 

Zn and others 

65 
Zn and others 

65. 

65' 

So lu t ion So l id 

Various e l e c t r o l y t e Am-FeOOH 
i nc l ud i ng syn the t i c 
seawater 

Various e l e c t r o l y t e Goethi te 
i nc l ud ing syn the t i c 
seawater 

Model es tuar ine water Am-FeOOH 

Various e l e c t r o l y t e 
and lake water 

Synthet ic es tuar ine 
water 

0.01 M NaNO^ 

Seawater 

River and seawater 
mix 

Zn and others Seawater 

Zn and others River and seawater 
mix 

A l p O o and 
natura l organics 

Model sedimentary 
phases 

Treated sediments 

Marine sediments 

Suspended r i v e r 
p a r t i c l e s 

Marine sediments 

Suspended 
es tuar ine p a r t i c l e s 

Var iables 

pH, [ m e t a l ] , [ s o l i d ] 
e l e c t r o l y t e , s o l i d age 

pH, [ m e t a l ] , 
e l e c t r o l y t e 

pH, s a l i n i t y 

pH, [ o r g a n i c s ] , [ m e t a l ] , 
[ s o l i d ] , e l e c t r o l y t e 

pH, [ m e t a l ] , s a l i n i t y , 
s o l i d type 

pH 

[ m e t a l ] , [ s o l i d ] , 
s a l i n i t y 

s a l i n i t y , t ime 

t i m e , s o l i d type 

pH, s a l i n i t y , t ime 

Reference 

Swallow et a l . (1980) 

B a l i s t i e r i and Murray 
(1982) 

Mi 11 ward and Moore (1982) 

Davis (1984) 

Davies-Col ley et_al_. (1984) 

Mouvet and Rourg (1983) 

Aston and Duursma (1973) 

Li et a l . (1984a) 

N y f f e l e r et a l . (1984) 

Bale (1987) 

Table 1.6. Relevant examples of t race metal so rp t ion studies which attempt to s imulate natura l cond i t ions 



1984) . Also adsorbates can sometimes be added to the r e a c t i o n m ix tu re 

i n an i no rgan ic f o rm. These w i l l not n e c e s s a r i l y be i n e q u i l i b r i u m 

w i t h the d i sso l ved organ ic ma te r i a l which w i l l a ssoc i a te w i t h the 

added metal t o a much l e s s e r ex ten t than the a l r eady p resen t metals 

( M i l l w a r d and B u r t o n , 1975) . Th is i s a problem which a l so e x i s t s w i t h 

s tud ies us ing sp ikes o f r a d i o - n u c l i d e s . These s u f f e r f rom the 

a d d i t i o n a l d isadvantage t h a t an unknown percentage o f the observed 

uptake may be due to the e q u i l i b r a t i o n o f the i so tope w i t h the 

e x i s t i n g metal on the p a r t i c l e su r face ( N y f f e l e r e t a l . , 1984; B a l e , 

1987) . However, the advantage o f the use o f r a d i o - n u c l i d e s i s t h a t 

they can be used i n low concen t ra t i ons p e r t i n e n t t o the n a t u r a l 

env i ronment , u n l i k e the h igh metal c o n c e n t r a t i o n s which have been used 

i n some s tud ies (Haas and Horow i t z , 1986) . I t has been shown t h a t the 

uptake behaviour a t h igh concen t ra t i ons may not be e x t r a p o l a t e d to a 

low c o n c e n t r a t i o n s i t u a t i o n (K inn iburgh and Jackson , 1982; Garc ia -

Miragaya e t a l . , 1986) . The approach t o more r e a l i s t i c s o l u t i o n 

c o n d i t i o n s i s f r a u g h t w i t h d i f f i c u l t y due ma in l y t o the problems 

encountered w h i l e ana lys ing t r a c e meta ls a t low c o n c e n t r a t i o n s i n 

complex s o l u t i o n s . However i n t h i s work a se r i ous a t tempt was made t o 

reproduce na tu ra l adso rp t i on behaviour i n the l a b o r a t o r y by us ing 

na tu ra l s o l u t i o n s and p a r t i c l e s . 

F i n a l l y another impor tan t c o n s i d e r a t i o n i s the t imesca le o f 

the uptake and the approach to e q u i l i b r i u m . In many s t u d i e s reac tan ts 

are mixed f o r a predetermined e q u i l i b r i u m or a r b i t r a r y t ime (Aston and 

Duursma, 1973; Reid and M c D u f f i e , 1981; B a l i s t r i e r i and Murray, 1982) . 

Th is t ime may no t be o f d i r e c t re levance t o e s t u a r i n e s tud ies because 

as was discussed i n Sec t ion 1.1.2 the system has c o n t i n u a l l y 
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f l u c t u a t i n g p r o p e r t i e s which w i l l p revent an e q u i l i b r i u m being 

a t t a i n e d f o r k i n e t l c a l l y slow r e a c t i o n s . E q u i l i b r i u m c o n d i t i o n s are 

o f t e n expressed In terms o f p a r t i t i o n c o e f f i c i e n t s , K^s, and under 

e q u i l i b r i u m c o n d i t i o n s these are l a r g e f o r many t r a c e elements and 

show a v a r i a t i o n w i t h s a l i n i t y ( N y f f e l e r e t a l . , 1984; M o r r i s , 1986; 

Ba le , 1987) . Very few at tempts have been made t o observe the k i n e t i c s 

o f the approach to e q u i l i b r i u m a l though d e t a i l e d s t u d i e s o f the 

k i n e t i c s o f Fe (Mayer, 1982; Fox and Wofsy, 1983) and Mn (Mor r i s and 

Ba le , 1979; Mor r i s e t a l • , 1981) behaviour have been c a r r i e d o u t . 

More r e c e n t l y N y f f e l e r e t a l . (1984) have shown t h a t the k i n e t i c s o f 

t r ac e metal adso rp t i on i s governed by a two stage r e a c t i o n o f the form 

shown i n F igure 1.2. The f i r s t stage i s a f a s t su r face adso rp t i on 

which i s f o l l owed by a m i g r a t i o n o f su r face adsorbed species i n t o the 

ma t r i x o f the p a r t i c l e . F igu re 1.3 compi led from data abs t rac ted from 

Ackroyd (1983) shows t h a t i n model s o l u t i o n s e s t u a r i n e p a r t i c l e s take 

up 70-80% o f some added d i sso l ved t r ace m e t a l s . I f the doped 

p a r t i c l e s are then resuspended i n m e t a l - f r e e water on l y about 10% o f 

the p a r t i c u l a t e metal i s re tu rned t o s o l u t i o n , thus the meta ls show a 

s t rong preference f o r the p a r t i c u l a t e phase. Th is k i n d o f 

i r r e v e r s i b l e adso rp t i on has been observed f o r phosphate i n con tac t 

w i t h Fe oxyhydroxides which show d i f f e r e n t pH-induced h y s t e r e s i s f o r 1 

and 24h o l d p a r t i c l e s ( L i j k l e m a . 1980) . Crosby e t a l . (1983) have 

suggested t h i s h y s t e r e s i s i s due to the pore s i ze and shape i n the Fe 

oxyhydrox ide p a r t i c l e s - In a d d i t i o n , the s o i l sc ience l i t e r a t u r e 

con ta ins evidence t h a t t h i s type o f two s tep a d s o r p t i o n occurs when 

phosphate i s adsorbed onto s o i l p a r t i c l e s (Barrow, 1983) . Madrid and 

De Arambarr i (1985) and Cabrera e t a l . (1981) have both gone as f a r as 
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Amount Adsorbed 

Slow Internal 
Adsorpt ion-

'Tunnelling 

Fast Surface 
Adsorption 

Time 

S + X S X s'x 

Figure 1.2. A t y p i c a l a d s o r p t i o n p r o f i l e f o r a two stage r e a c t i o n 
o f the type shown. S adso rp t i on s i t e ; X a d s o r p t i o n 
spec ies ; SX su r face adsorbed spec ies , S'X m a t r i x 
adsorbed spec ies . 
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100 h 

80 h 

60 h 

40 h 

% Ads.orDes. 

Adsorption 

Non-labile 
metal 

Desorption 

8 10 
Salinity (%o) 

Figure 1.3. The percentage metal adsorbed by na tu ra l e s t u a r i n e 
p a r t i c l e s and the subsequent percentage of t h i s metal 
desorbed on resuspension i n metal f r e e media w i t h 
va ry i ng s a l i n i t i e s . The t u r b i d i t y o f the suspensions 
was 500mg/L, the temperature lO^'C, the pH 7.5 and the 
i n i t i a l c o n c e n t r a t i o n o f both Cu and Zn lOOpg/L. 
ZnO CuO 

33 



t o r e l a t e the p a r t i c l e p o r o s i t y t o phosphate adso rp t i on on Fe 

oxyhydrox ides . 

I t i s c l e a r from the above d i s c u s s i o n o f p rev ious work i n 

t h i s area t h a t adsorp t ion behaviour o f p a r t i c l e s i s c o n t r o l l e d t o some 

e x t e n t by p a r t i c l e morphology. However t h i s area has been under-

researched e s p e c i a l l y w i t h respec t t o t r a c e metal i n t e r a c t i o n s and so 

i n t h i s work an a t tempt i s made t o s tudy the k i n e t i c s o f s o r p t i o n on 

r e a l i s t i c t imesca les and to r e l a t e t h i s t o the morphology o f na tu ra l 

p a r t i c l e s . 

1 . 4 . 2 . The Surface Area of P a r t i c l e s . 

The s p e c i f i c sur face area o f a s o l i d phase i s one o f the 

f i r s t parameters t h a t must be determined i f t he re i s to be a d e t a i l e d 

unders tand ing o f adsorp t ion processes. There are many t e x t s which 

d e t a i l the p l e t ho ra o f l i t e r a t u r e on the d e t e r m i n a t i o n o f su r face 

areas o f s y n t h e t i c and i n d u s t r i a l s o l i d s ( e . g . Adamson, 1982; Gregg 

and S i n g , 1982) . The main problem w i t h su r face area de te rm ina t i on i s 

t h a t the su r face area observed i s h i g h l y dependent on the a n a l y t i c a l 

method used, as Adamson (1982) has d e s c r i b e d . E s s e n t i a l l y , t he re i s 

no such t h i n g as abso lu te sur face area (Adamson, 1982) bu t i f a 

c o n s i s t e n t methodology i s adopted then the va lues o f su r face a r e a , 

ob ta ined by a s p e c i f i c t echn ique , can be used i n a comparat ive way. 

This i s e x e m p l i f i e d i n a study o f the su r face area o f Agl us ing 

d i f f e r e n t a n a l y t i c a l techniques as shown i n Table 1.7a (Van den Hul 

and Lyklema, 1968) . This data shows t h a t t he s p e c i f i c su r face areas 

determined by BET n i t r o g e n adso rp t i on (onto the d r i e d s o l i d ) a re a 

f a c t o r o f th ree smal le r than those determined on the wet ted s o l i d 

us ing nega t i ve adsorp t ion but t he re i s a c o n s i s t e n t t rend f o r the 
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BET No Negative P a r t i c l e Dye Rat io o f 
gas adsorp t ion s i ze adso rp t i on neg. ads./BET 

0.45 1.5 0.25 0.87 3.2 
0.38 1.3 0,18 0.61 3.8 
0.52 1.6 0.32 0.98 3.1 
0.30 0.9 0.22 0.65 3.2 
0.97 3.3 0.45 2.18 3.6 
1.99 5.5 2.14 2.8 

Table 1.7a. Surface areas (m^/g) o f Agl samples determined by a 

v a r i e t y of methods (Van den Hul and Lyklema, 1968) 

Method 

Ca lcu la ted from p a r t i c l e 
s i ze 

Negat ive adsorp t ion 

PO 

Mg 

3-

2+ 

Na 

BET Ar adso rp t i on 

BET ^2 adsorp t ion 

S p e c i f i c su r face 

area (m^/g) 

840 

720 

700 

270-335 

215-265 

150-350 

Reference 

Davis and Leckie 
(1978a) 

Anderson and Malotky 

(1979) 

Avot ins (1975) 

Davis and Leckie 

(1978b) 

Van der Geissen 

(1966) 

Borggaard (1983) 

Crosby e t a l . (1983) 

Marsh e t a l . (1984) 

Table 1.7b. Comparison of sur face areas (m^/g) o f Am-FeOOH 

determined by a v a r i e t y o f methods. 
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surface areas determined by a l l four methods. Simi lar d i f ferences 

have been observed in experiments invo lv ing amorphous Fe oxyhydroxides 

as shown in Table 1.7b. 

In the case of natural so l ids i t would obviously be 

preferable to determine the speci f ic surface area in s i t u to avoid 

adul terat ing the p a r t i c l e sur face. However there are conceptual 

d i f f i c u l t i e s wi th the in te rp re ta t ion of adsorption data in the wet 

state (Van den Hul and Lyklema, 1968; Crosby e t a l 1 9 8 3 ) . The 

problems of th i s lack of comprehension and theore t ica l development of 

aspects of l i q u i d - s o l i d adsorption have been h igh l ighted by Professor 

Everett (1982) who has suggested that attempts to un i fy the theories 

of l i q u i d - s o l i d and gas-sol id adsorption should be made. This 

understanding is a long way o f f but in the in te r im estuarine chemistry 

urgent ly requires information on p a r t i c l e morphology to fu r the r 

develop models on the fa te of trace cons t i tuen ts . Therefore, in the 

absence of i n s i t u methods i t i s necessary to use the BET nitrogen 

adsorption method on the dr ied so l id wi th the leas t possible 

d isrupt ion to the pa r t i c l e surface. The use of the dr ied so l id i n 

conjunction wi th nitrogen adsorption can be used to give consistent 

information especia l ly since t h i s technique has already been used 

e f f e c t i v e l y In t h i s laboratory to study Fe oxyhydroxides (Crosby e t 

al_., 1983; Marsh et a l 1 9 8 4 ) . An addi t ional advantage of t h i s 

technique i s the a b i l i t y to study both the adsorption and desorptlon 

of nitrogen from the p a r t i c l e s . There i s a well establ ished theory 

which can be used wi th t h i s data to give Information on the in terna l 

porosity of the so l id (See Section 1.4.3.) which Is not avai lable from 

the wet methods of ana lys is . 
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F i n a l l y , wi th th i s nitrogen adsorption technique i t is also 

possible, wi th a consistent preparative methodology, to examine the 

e f fec ts of surface coatings of Fe oxyhydroxides and organic matter on 

the p a r t i c l e microstructures as has been shown fo r estuarine par t i c les 

(Mil lward et a l 1 9 8 5 ; Glegg et a1 . , 1987; Mart in et a K , 1986). In 

view of the fac t that no in s i t u method cu r ren t l y o f f e r s these 

advantages the BET nitrogen adsorption method has been used almost 

exclusively in th i s study. Thus, the words "surface area" quoted 

subsequently in th i s thesis re fer s p e c i f i c a l l y to t h i s technique 

unless otherwise s ta ted. 

1,4,3, The Porosity of Par t ic les . 

Of par t i cu la r relevance to t h i s study was the a b i l i t y , 

through gas adsorption and desorption experiments using a vacuum 

microbalance, to determine information on the shape, size and volume 

of Internal pore structures w i th in the pa r t i c l es (Gregg and Sing, 

1982). Several d i f f e r e n t ways of analysing gas sorpt ion data to 

obtain the pore size d i s t r i bu t i ons have been described (e .g . Cranston 

and Inkley, 1957; Lippens et a l 1 9 6 4 ; De Boer et a l . , 1966) and in 

t h i s work the shape of the hysteresis Isotherm has been used In 

conjunction wi th the Kelvin equation (Gregg and Sing, 1982). These 

methods have been used to examine the nature of s o i l s (Burford et a l . , 

1964; Greenland and Quirk, 1962; Quirk, 1978; Madrid and De Arambarri, 

1985) but very l i t t l e work has been car r ied out on other natural 

mater ia ls . Therefore, for the purpose of t h i s review and in an 

attempt to understand something of the cont ro ls on p a r t i c l e 

microstructure the ro le of the ind iv idual components of natural 
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materials w i l l be examined. 

Natural s i l i c a minerals are usual ly non-porous mater ia ls 

which have a low BET surface area of approximately < 5 m / g which i s 

comparable to the geometric surface area calcu lated from the p a r t i c l e 

size (Barby, 1976; Martin et a K , 1986). The spec i f i c surface area of 

clays varies considerably depending on t h e i r type and source (Dutta 

and Gupta, 1974; Van Olphen, 1976). A comparison between the water 

vapour adsorption propert ies of montmori l loni te (an expanding c lay) 

and i l l i t e {a non-expanding c lay) has shown the penetrat ion of water 

w i th in the former to confer a larger surface area than seen for i l l i t e 

(Mikhail et a l 1 9 7 9 ) . This i s because water cannot d i f f use in to the 

in te r - lame l la r space in non-expanding clays due to the strong Van der 

Waals and hydrogen bonding forces between c r y s t a l l i n e sheets. The 

expanding clays w i l l hold water w i th in the s t ruc ture as there i s an 

in te r layer space in which ions w i l l have r e l a t i v e l y easy access to 

in ternal s i t e s . The non-expanding clays w i l l have react ive s i tes 

avai lable on the edges of sheets and in defects but not to the same 

extent w i th in the l a t t i c e (Van Olphen, 1976). I t has been observed by 

X-ray d i f f r a c t i o n methods tha t Fe and Mn hydroxides adsorbed on 

expanding clay minerals can prevent swel l ing of the l a t t i c e (Eisma et 

a l . , 1978). This would presumably tend to give them a surface area 

and porosity s imi la r to that seen in non-expanding c lays . 

The charac ter is t i cs of pa r t i cu la te hydrous metal oxides have 

been shown to be great ly af fected by the i n i t i a l condi t ions in which 

p rec ip i ta t i on and f loccu la t ion occurs and by the age of the sample 

(Ko l thof f and Bowers, 1954; Bye and Sing, 1972; Crosby et a l . , 1983; 

Marsh et a l 1 9 8 4 ) . To demonstrate the v a r i a b i l i t y and range of both 
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surface area and pore size of i ron oxides four isotherms, selected 

from the work by Crosby (1982), are shown in Figures 1.4 a-d . The 

surface area and pore size range of these mater ia ls are shown i n Table 

1.8. 

The hysteresis loops of Figures 1.4 a and b are ind ica t i ve of 

so-cal led i nk -bo t t l e pores which have a narrow neck and wide body. 

The ink -bo t t l e pores appear to be present in both synthet ic (Figure 

1.4a) and natural (Figure l -4b) F e ( I I I ) derived oxyhydroxides. In 

addi t ion these isotherms indicate by the low pressure hysteresis 

(P/P^ <0 .38 ) the presence of micropores w i th in the so l id (Sing, 

1982). These have been shown by Crosby et a l . (1983) to be absent in 

a s imi la r synthetic sample aged for 48h. Figure 1.4c shows a 

hysteresis loop of a synthet ic F e ( I I ) derived oxyhydroxide ( i . e . a 

poorly c r y s t a l l i s e d lep idocroc i te (Sung and Morgan, 1980; Crosby e t 

a l 1 9 8 3 ) ) which has charac te r i s t i c pores of pa ra l l e l plates or 

s l i t s . The isotherm in Figure 1.4d i s i nd ica t i ve of a non-porous 

s o l i d , which wi th such a large surface area of 164m /g and no 

porosity is a very f i n e l y div ided s o l i d . 

Comparing the pore shapes and sizes of the natural and 

synthetic par t i c les shows that there are s i m i l a r i t i e s and also 

di f ferences caused by the varying circumstances under which they were 

prepared. I t has been suggested for example that organic material 

coating the surface of prec ip i ta ted Fe oxyhydroxides w i l l have caused 

a reduction in the surface area of some Fe oxyhydroxide samples 

(Crosby, 1982). Schwertmann and Fischer (1973) have also shown t ha t 

ageing of amorphous Fe oxyhydroxides in natural solut ions i s severely 

retarded by organic material and other compounds retained w i th in the 
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Figure 1.4. Nitrogen adsorption hysteresis isotherms fo r synthet ic 
(a ,c) and natural (b,d) i ron oxyhydroxide materials 
(Crosby et a l . , 1983). The surface charac ter is t i cs 
fo r these sol ids are shown in Table 1.8. 
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Isotherm Type of material 

Synthetic F e ( I I I ) 
derived Am-FeOOH 
Natural stream 
ppt . Am-FeOOH 
Synthetic Fe ( I I ) 
derived lep idocroc i te 
Natural mine stream 
sediment 

Surface area 
(m^/g) 

159 

141 

120 

164 

Pore shape and 
size range (nm) 

Ink -bo t t l e type, 
<2-50 

Ink -bo t t l e type, 
<2-200 

Para l le l plates or 
s l i t s . 20-200 
Non-porous 

Table 1.8. The surface areas, pore shapes and range of pore sizes 
for the isotherms shown In Figure 1.4 a-d (Crosby et a l . , 1983). 

ox ide. Hydrous Fe-Mn oxide compounds have been indicated to be major 

car r ie rs of trace metals in sequential ex t ract ion (Gibbs, 1973; 

Tessier et a l . , 1980; Luoma and Bryan, 1981; Lor ing , 1982) and 

adsorption and f loccu la t ion studies (Sholkovitz and Copland, 1981; 

Lion et a l . , 1982; Mil lward and Moore, 1982; Tessier et a l . , 1985). 

Changes in pa r t i c l e microstructure induced by surface coatings must 

have some e f fec t on the a b i l i t y of these par t i c les to remove trace 

metals from so lu t i on . 

This section has given an ou t l ine of the complexity of the 

micro-s t ructura l contro ls that could inf luence sorpt ion processes at 

natural pa r t i c l e surfaces. Examining the ind iv idua l phases (such as 

Fe oxyhydroxides•and clay minerals) does not give conclusive 
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information on the surface micro-st ructure of natural mater ia ls as the 

way the materials in terac t w i l l be of importance. For example, clay 

minerals may be weathered in to ind iv idua l p l a t e l e t s , thus 

generating a larger spec i f i c surface area; on the other hand 

expandable clays may be prevented from swell ing by the presence of 

hydrous metal oxides (Eisma et a l 1 9 7 8 ) . Organic mater ial may block 

the in terna l pore structures of natural pa r t i c les (Burford et al 

1964) and in addi t ion organics may cover over spec i f i c adsorption 

s i tes (Davis, 1982). I t has also been shown that the age and i n i t i a l 

condit ions for p rec ip i ta t i on may a f fec t the surface charac te r i s t i cs 

of Fe oxyhydroxides. These contrast ing inf luences which w i l l control 

the surface area to which the so lu t ion phase has access cannot be 

eas i l y i den t i f i ed in natural samples i n d i v i d u a l l y . I t is fo r t h i s 

reason that BET surface areas and poros i t ies are used in t h i s work to 

give information which is ind ica t i ve of the nature of the whole 

estuarine pa r t i c l e populat ion. 

Work by Martin et a l . (1986) has shown the BET (argon 

adsorption) surface area of natural suspended estuarine par t i cu la tes 

to vary throughout the s a l i n i t y regime in the Loire and Gironde 
p 

estuaries (5-30m / g ) . They also observed an increase in BET surface 
2 

area on removing organic material (30-40m /g) and a decrease on 
2 

removing hydrous metal oxides (5-lOm /g) from the same samples. 

However, no work has been carr ied out in other estuaries nor have the 

in terna l pore charac ter is t i cs of estuarine material been examined and 

as was indicated in Section 1.4.2 t h i s may be of fundamental 

importance when considering the controls on sorpt ion of t race metals. 
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1.5. Aims of Present Work. 

The overal l aim of t h i s work is to invest igate the behaviour 

of dissolved trace metals wi th respect to studies of surface 

morphology of estuarine par t i cu la te mater ia ls in natural estuarine 

media. The indiv idual steps necessary for such a study are enumerated 

below. 

(1) To c o l l e c t , prepare and determine the microstructure of natural 

suspended and sediment material from the Tamar Estuary and Restronguet 

Creek. 

(2) To determine the carbon and non-det r i ta l (Teachable) Fe and Mn 

contents of estuarine par t i cu la te mater ial and examine the e f fec ts of 

t he i r removal on the surface morphology of the p a r t i c l e s . 

(3) To develop a method su i tab le fo r the preparation and analysis of 

dissolved trace metals at natural concentrations in small volume water 

samples which are to be col lected on a timescale su i tab le for k ine t i c 

analysis during estuarine modelling s tud ies . 

(4) To Invest igate the behaviour of the react ive t race metals, Zn and 

Cu, on the addi t ion of suspended estuarine pa r t i c l es to a natural 

estuarine media in which the s a l i n i t y , t u r b i d i t y and i n i t i a l metal 

concentrations are var ied . 

(5) To determine relevant k ine t i c parameters from the sorpt ion data on 

timescales appropriate to estuarine mix ing. 
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(6) To re la te the k ine t ic parameters determined in the modell ing 

studies to the morphology of natural p a r t i c l e surfaces and discuss the 

Information which may be derived from the synthesis of these 

observations wi th respect to estuarine mixing processes. 
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CHAPTER THO 

EXPERIMENTAL TECHNIQUES AND METHOD DEVELOPMENT 

This chapter gives de ta i l s of a l l experimental techniques 

required for t h i s work and includes discussion of the development and 

refinement of the methods used. I t is div ided in to three sections 

dealing with techniques used to character ise p a r t i c l e s , the 

preparation of par t i cu la te samples and the development and 

implementation of the approach used to model par t ic le-water 

i n te rac t ions . 

The f i r s t two sections deal wi th the methods used to prepare 

and characterise natural estuarine pa r t i c l es in a consistent manner. 

The par t i c les comprise a complex mixture of materials inc luding quartz 

gra ins , a luminosi l icate c lays , organic matter and hydrous f e r r o -

manganese oxides. Thus, drying par t i c les for character isat ion studies 

presents some obvious problems wi th respect to pa r t i c l e i n t e g r i t y and 

the homogeneity of samples. 

The last port ion of t h i s chapter discusses the development of a 

method sui table for the preparation of small volume natural water 

samples and the analysis of dissolved trace metals contained in them. 

I t out l ines the problems highl ighted during attempts to analyse for 

these metals by Anodic Str ipping Voltammetry (ASV) and gives the 

reasoning for eventual ly favouring Atomic Absorption Spectrometry 

(AAS) as the analy t ica l method. 
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2A* Part icle Characterisation Techniques. 

2 . 1 , 1 , Part icle Microstructural Analyses. 

Nitrogen adsorption has been used throughout t h i s work as the 

pr inc ipa l means of examining the surface area and porosi ty of the 

p a r t i c l e s . I t is important to remember that surface area is a method 

dependent quant i ty and while values are i n t e r n a l l y consistent they may 

not be compared d i r e c t l y with those determined using a d i f f e r e n t gas 

or other means (e .g . Greenland and Quirk, 1962; Van den Hul and 

Lyklema, 1968; Giles et a1 . , 1979; Rouqu&rol et a l . , 1979). Other 

methods which could have been used for surface area determination 

include for example, negative adsorption from solut ion (Van den Hul 

and Lyklema, 1968), dye adsorption from so lu t ion (Giles et a l . , 1979) 

or geometric ca lcu la t ion from electron microscopy (Gregg and Sing, 

1982). However none of these methods would give quant i ta t i ve 

information on the in ternal porosity of the pa r t i c les and t h i s 

information is thought to be extremely important wi th regard to 

sorpt ion processes in solut ion (Barrow, 1983; Nyf fe ler et a l . , 1984; 

Madrid and De Arambarri, 1985; Martin et a l . , 1986). Gas adsorption 

i s the only method avai lable which may be eas i l y used to determine the 

porosity charac ter is t ics of the par t i c les as well as the surface area. 

A gravimetr ic Brunauer, Emmet and Tel ler (BET) nitrogen 

adsorption technique was used to determine the nature of the surface 

of the natural pa r t i c l e samples (Brunauer et a l . , 1938). A sample is 

i n i t i a l l y weighed under vacuum condit ions and then changes in i t s 

weight are monitored as nitrogen gas is introduced in to the apparatus 

and subsequently adsorbed onto the sample. These weight changes are 

used to calculate the surface area of the sample and f u l l adsorpt ion-
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desorption hysteresis loops are used for a porosi ty ana lys is . 

The apparatus used i s that described by Carter (1983) and shown 

in Figure 2 . 1 . Approximately 0.2g a l iquots of dr ied sample were 

placed in the aluminium weighing bucket of a C . I . Microforce MKll 

balance. In the range of pa r t i a l pressures used to calculate the 

surface area, Img or more nitrogen gas was adsorbed. I f less sample 

was ava i lab le , due to problems encountered for exampTe when removing 

samples from f i l t e r papers, aluminium counterweights were added to the 

bucket to increase the weight to the 0.2g required for ana lys is . The 

apparatus was evacuated and the sample retained under vacuum u n t i l 

constant weight was achieved (between 0.5 and 5h) when the sample was 

cooled to 77**K wi th l i qu id nitrogen (Glasson and Linstead-Smith, 

1973). For the BET surface area determination (up to re la t i ve 

pressure, P/P^ = 0.3) the nitrogen gas (>99.9% pure , A i r Products) 

was allowed in to the balance in doses of about 40mm Hg wi th up to 0.5h 

being necessary between doses for e q u i l i b r a t i o n . Above P/P^ = 0 . 3 

the pressure was increased in doses of 100mm Hg, wi th s imi la r 

equ i l i b ra t ion times as the BET range, u n t i l P/P^ = 1 . The 

desorption was then carr ied out in steps of 100mm Hg with 

equ i l i b ra t ion times of up to 2h. A t yp ica l adsorption-desorption 

isotherm for an estuarine suspended sample is shown in Figure 2 .2 . 

The BET equation (Brunauer e t a l . , 1938) states 

p 1 
i 

(C-1) P 

X(Po-P) XJHC XfnC P Q (2.1) 

where P̂  is the saturated vapour pressure of n i t rogen, X^^ is the 

weight of nitrogen molecules adsorbed at monolayer coverage, and X is 
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Figure 2 . 1 . A schematic out l ine of the vacuum microbalance apparatus 
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Figure 2.2. A complete adsorption-desorption isotherm for a natural sample with a surface area of 
16.1m%. • The region of the B-point which may be used for surface area determination is 
indicated. A scale of pore diameters calculated using the Kelvin equation as discussed 
in Section 2.1.1 is also shown. ©Adsorption • Desorption 



the weight of nitrogen adsorbed at pressure P, the pressure inside the 

apparatus. C is quan t i t a t i ve l y re lated to the heat of adsorption of 

the f i r s t layer of gas but no precise mathematical descr ip t ion is 

avai lable (Sing, 1 9 8 2 ) . 

Plo t t ing P / X ( P Q . P ) versus P/P^ for the range 0 . 0 5 < P/?^ < 0 . 3 

w i l l give a s t ra ight l ine as shown in Figure 2 . 3 which is derived from 

the resul ts in Figure 2 . 2 . From t h i s graph the s lope, ( C - 1 ) / X ^ C , 

and intercept 1 / X ^ C may be read and these may be used to determine 

the monolayer capacity as shown in Equation 2 . 2 . 

C-1 1 J _ 

\ ^ m̂C ( 2 . 2 ) 

The surface area of the par t i c les can then be calculated from 

Surface area = x L x Â^ ( 2 . 3 ) 

where L is the number of gas molecules in one mg and ^^ is the area 

of the adsorbed molecule. The recognised area fo r a ni trogen molecule 
2 

of A|̂  = 0 . 1 6 2 nm , calculated from the l i q u i d density of ni trogen 

at ll'^K, has been used in t h i s work (Adamson, 1 9 8 2 ; Sing, 1 9 8 2 ) . 

Linear regression of P / X ( P Q - P ) versus P/P^ was carr ied out 

using the Minitab s t a t i s t i c a l package on a Prime 9 5 0 mainframe 

computer. For the natural samples t h i s gave a s t ra ight l i ne 

(cor re la t ion coe f f i c i en t > 0 . 9 9 ) for the pa r t i a l pressure range 

0 . 0 5 - 0 . 3 . The methods were checked using standard reference 

mater ia ls . 

Standard reference graphi t ised carbon samples ( M l l - 0 1 and M l l -

0 2 ) were supplied by NPL in the dr ied s t a t e . Analyses on these, as 
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Figure 2.3. A BET p lo t of P/Xni{P-Po) versus pa r t i a l pressure 
fo r a natural sample with a surface area of 16.1 m2/g. The 
cor re la t ion coe f f i c i en t fo r t h i s l i ne is 0.998. 
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wou ld be e x p e c t e d f o r c a r b o n b l a c k samp les ( S i n g 1 9 8 2 ) , d i d n o t g i v e a 

s t r a i g h t l i n e f o r t h e c o m p l e t e range 0 . 0 5 - 0 . 3 and so h i g h e r p o i n t s 

on t h e s e p l o t s were e x c l u d e d and t h e r e s u l t i n g s t r a i g h t l i n e u s e d . A 

c o m p a r i s o n o f measured s u r f a c e a r e a s o f t h e s e s t a n d a r d s w i t h t h o s e 

s p e c i f i e d by t h e s u p p l i e r s and a l s o w i t h a r e a s d e t e r m i n e d by Mr J . G . 

T i t l e y i s shown i n T a b l e 2 . 1 . 

2 
S u r f a c e a r e a s (m / g ) 

Sample R e f e r e n c e T h i s work T i t l e y s ' work 

M l l - 0 1 1 1 . 1 ± 0 . 8 9 . 2 9 . 9 

9 . 7 1 0 . 6 

9 . 3 1 2 . 9 

9 . 7 1 1 . 8 

9 . 4 1 2 . 9 

Mean o f — 9 . 5 ± 0 . 2 1 1 . 6 ± 1.3 

r e p l i c a t e s 

M l l - 0 2 7 1 . 3 ± 2 . 7 6 6 . 2 6 7 . 9 

T a b l e 2 . 1 . R e p l i c a t e s u r f a c e a rea a n a l y s e s f o r two p r e v i o u s l y d r i e d 

r e f e r e n c e c a r b o n b l a c k samples (NPL) c a r r i e d o u t f o r t h i s work and by 

Mr J . G . T i t l e y . These v a l u e s were c a l c u l a t e d u s i n g t h e l i n e a r 

r e g r e s s i o n m o d e l . 

A second method o f c o m p u t e r i s e d c a l c u l a t i o n was employed t o see 

i f t h i s wou ld g i v e a b e t t e r c o m p a r i s o n w i t h t h e NPL s t a n d a r d s o r 

g e n e r a l l y i m p r o v e d r e p r o d u c i b i l i t y . T h i s method used a n o n - l i n e a r 

r e g r e s s i o n m o d e l , d e v e l o p e d by Or D . 6 . K i n n i b u r g h , t o i d e n t i f y t h e s o -
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c a l l e d p o i n t B, t h e r e g i o n o f w h i c h i s shown i n F i g u r e 2 . 2 (Ro iebeps , 

1980; K i n n i b u r g h , 1 9 8 5 ) . Use o f t h e B - p o i n t f o r some t y p e s o f 

i s o t h e r m can a v o i d l a b o r i o u s c a l c u l a t i o n s as a t t h i s p o i n t , t h e knee 

o f t h e i s o t h e r m , m o n o l a y e r c o v e r a g e s h o u l d be c o m p l e t e and t h e s u r f a c e 

a rea may be c a l c u l a t e d f r o m t h i s X̂ ^ v a l u e u s i n g E q u a t i o n 2 . 3 . T h i s 

method gave r e s u l t s v e r y much i n ag reement w i t h t h o s e f r o m t h e l i n e a r 

r e g r e s s i o n model f o r t h e n a t u r a l samples as shown i n T a b l e 2 . 2 . 

Sample 

Suspended 

Suspended 

Sediment 

S u r f a c e a r e a s jm^/g) 

R e f e r e n c e L i n e a r 

8 . 4 

2 6 . 8 

1 4 . 6 

N o n - l i n e a r 

8 . 6 

2 7 . 0 

1 4 . 7 

M l l - 0 1 1 1 . 1 ± 0 . 8 

M l l - 0 3 

Ml 1-04 

152 .4 ± 2 . 1 

2 6 3 . 3 ± 0 . 5 

9 . 2 

9 . 7 

9 . 3 

9 . 4 

1 3 8 . 3 

2 3 1 . 1 

1 1 . 1 

1 2 . 1 

1 1 . 7 

1 0 . 6 

1 3 8 . 6 

2 2 8 . 8 

T a b l e 2 . 2 . T y p i c a l s u r f a c e a reas f o r n a t u r a l samples and r e f e r e n c e 

m a t e r i a l s (NPL) c a l c u l a t e d u s i n g l i n e a r and n o n - l i n e a r r e g r e s s i o n 

m o d e l s . The M l l - 0 1 s t a n d a r d i s a g r a p h i t i s e d c a r b o n and M l l - 0 3 and 

M l l - 0 4 a r e p o r o u s s i l i c a m a t e r i a l s . 
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The r e s u l t s c a l c u l a t e d w i t h t h e n o n - l i n e a r r e g r e s s i o n model f o r 

t h e two po rous s i l i c a s t a n d a r d s (NPL; M l l - 0 3 and M l l - 0 4 ) were a l s o i n 

agreement w i t h v a l u e s c a l c u l a t e d u s i n g t h e l i n e a r r e g r e s s i o n model bu t 

t h o s e f o r t h e g r a p h i t i s e d c a r b o n b l a c k (NPL ; M l l - 0 1 ) were n o t i c e a b l y 

d i f f e r e n t . Those c a l c u l a t e d u s i n g t h e n o n - l i n e a r r e g r e s s i o n model 

were n e a r e r t o t h e s u p p l i e d r e f e r e n c e v a l u e s p r o b a b l y because p o i n t B 

i s more e a s i l y i d e n t i f i e d f o r t h e s e s a m p l e s , as shown by t h e h i g h C 

v a l u e s as d e f i n e d i n E q u a t i o n 2 . 1 . S i n c e t h i s c a l c u l a t i o n method 

o f f e r e d no a d v a n t a g e f o r t h e n a t u r a l samp les a l l f u t u r e d a t a was 

a n a l y s e d u s i n g a BET p l o t as t h i s a l l o w e d v i s u a l i n s p e c t i o n o f t h e 

p l o t t e d d a t a (as i n F i g u r e 2 . 3 ) t o h e l p a v o i d e r r o r s . 

A c o m p a r i s o n was c a r r i e d o u t on some suspended p a r t i c u l a t e 

s a m p l e s , t a k e n f r o m t h e Tamar E s t u a r y , w i t h Dr D. Plummer t o see i f 

t h e s u r f a c e a rea c a l c u l a t e d f r o m t h e n i t r o g e n a d s o r p t i o n d a t a was 

compa rab le t o t h a t t a k e n i n t h e wet s t a t e by a d s o r p t i o n o f C e t y l 

P i r i d i n i u m C h l o r i d e (CPC) . The r e s u l t s o f t h i s , g i v e n i n T a b l e 2 . 3 , 

i l l u s t r a t e t h a t t h e dye a d s o r p t i o n g i v e s a s u r f a c e a rea 6 - 9 t i m e s 

g r e a t e r t h a n t h a t measured by n i t r o g e n a d s o r p t i o n f o r n a t u r a l 

suspended Tamar p a r t i c l e s . A l t h o u g h t h e s e v a l u e s a r e h i g h e r t h e y a r e 

by no means any more c o r r e c t . They a r e d i f f e r e n t method dependen t 

v a l u e s w h i c h f o l l o w t h e same t r e n d seen u s i n g t h e n i t r o g e n a d s o r p t i o n 

t e c h n i q u e . S t u d i e s by G r e e n l a n d and Q u i r k ( 1 9 6 2 ) and B u r f o r d e t a l . 

( 1 9 6 4 ) , a l s o show c o m p a r i s o n s o f s u r f a c e a r e a s measured u s i n g C e t y l 

P i r i d i n i u m Bromide and n i t r o g e n a d s o r p t i o n t e c h n i q u e s and t h e i r 

r e s u l t s i n d i c a t e a w ide range o f c o m p a r i s o n s d e p e n d i n g on t h e 

c h a r a c t e r o f t h e m a t e r i a l on w h i c h t h e s u r f a c e a r e a s a r e b e i n g 

d e t e r m i n e d . 
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p 

S u r f a c e a rea (m / g ) 

N i t r o g e n a d s o r p t i o n CPC a d s o r p t i o n 

2 3 . 1 146 

1 6 . 5 127 

1 4 . 6 133 

1 1 . 5 106 

T a b l e 2 . 3 . A c o m p a r i s o n o f s u r f a c e a r e a s o f suspended e s t u a r i n e 

p a r t i c l e s measured by n i t r o g e n and dye a d s o r p t i o n m e t h o d s . Dye 

a d s o r p t i o n d a t a c o u r t e s y o f Dr D. P lummer . 

O t h e r c o m p a r a t i v e s t u d i e s have a l s o been c a r r i e d o u t be tween 

t h i s and a n o t h e r l a b o r a t o r y i n v o l v i n g t h e d r y i n g and subsequen t 

n i t r o g e n a d s o r p t i o n a n a l y s i s o f t h e s u r f a c e a r e a s o f e s t u a r i n e 

suspended m a t e r i a l . These show a good c o r r e l a t i o n and a r e d e t a i l e d i n 

M i l l w a r d and T i t l e y ( 1 9 8 5 ) . 

Data f r o m t h e c o m p l e t e a d s o r p t i o n - d e s o r p t i o n i s o t h e r m s can be 

p l o t t e d i n t h e f o r m shown i n F i g u r e 2 . 2 and t h i s may be used f o r 

q u a n t i t a t i v e assessment o f po re s i z e , shape and v o l u m e . The 

d i f f e r e n c e between t h e a d s o r p t i o n and d e s o r p t i o n b ranches o f an 

i s o t h e r m i s due t o c o n d e n s a t i o n o f n i t r o g e n w i t h i n t h e po res o f t h e 

s a m p l e . T h i s c o n d e n s a t i o n i s d e s c r i b e d by t h e K e l v i n e q u a t i o n w h i c h 

may be w r i t t e n f o r c y l i n d r i c a l p o r e s i n t h e f o r m . 

/ P \ 2 

\ P*' r 

2Vj_ 

R T ( 2 . 4 ) 

where V i s t h e m o l a r vo lume o f n i t r o g e n , j i s t h e s u r f a c e t e n s i o n 

and r i s t h e p o r e r a d i u s (Gregg and S i n g , 1 9 8 2 ) . R i s t h e u n i v e r s a l 
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gas c o n s t a n t ( 8 . 3 1 4 J / K m o l ) and T i s t h e t e m p e r a t u r e i n " K . U s i n g 

E q u a t i o n 2 . 4 and t a k i n g V = 3 4 . 6 8 cm^/mol and j = 8 . 7 2 X 1 0 " ^ 

2 

J /cm , a s c a l e o f po re r a d i i a p p r o p r i a t e f o r n i t r o g e n a t 77*'K has 

been c a l c u l a t e d and p l o t t e d o n t o F i g u r e 2 . 2 t o show how h y s t e r e s i s may 

be r e l a t e d t o po re s i z e s as t h e p o s i t i o n a t w h i c h t h e h y s t e r e s i s l o o p s 

open and c l o s e i s i n d i c a t i v e o f t h e po re s i z e (Ponec e t a l 1 9 7 4 ) . 

These po re s i z e s a r e g e n e r a l l y s p l i t i n t o t h r e e r a n g e s , m i c r o p o r e s 

( d i a m e t e r < 2 n m ) , mesopores ( d i a m e t e r 2-50nm) and m a c r o p o r e s ( d i a m e t e r 

> 50nm) ( S i n g , 1 9 8 2 ) . 

H y s t e r e s i s i n t h e l ow p r e s s u r e r e g i o n o f t h e i s o t h e r m i s 

i n d i c a t i v e o f t h e p resence o f m i c r o p o r e s and some samples d i d n o t 

r e g a i n t h e i r o r i g i n a l w e i g h t a f t e r c o m p l e t e d e s o r p t i o n a t 7 7 ' K . T h i s 

i s because n i t r o g e n m o l e c u l e s may become i r r e v e r s i b l y a d s o r b e d i n 

n a r r o w s l i t s , p o s s i b l y de fo rmed by t h e gas a d s o r p t i o n , o r i n e n t r a n c e s 

t o m i c r o p o r e s w h i c h have d i m e n s i o n s s i m i l a r t o t h e gas m o l e c u l e s 

( S i n g , 1 9 8 2 ) . A t h i g h p r e s s u r e s , due t o o p e r a t i o n a l p r o b l e m s i t was 

i m p o s s i b l e t o r e a c h P/P^ = 1 . T h e r e f o r e , t h e f o r m o f t h e h y s t e r e s i s 

l o o p between t h e h i g h e s t a d s o r p t i o n p o i n t and f i r s t d e s o r p t i o n p o i n t 

may be i n a c c u r a t e as a r e s u l t o f t h i s a l t h o u g h t h e p r e s e n c e o r absence 

o f mac ropo res may be d e t e r m i n e d . The p o r t i o n s o f t h e i s o t h e r m w h i c h , 

as a consequence o f t h e s e p r o b l e m s , a r e n o t w e l l d e f i n e d a r e drawn 

w i t h a d o t t e d l i n e . 

Pore shape may be e s t i m a t e d by e x a m i n i n g t h e i s o t h e r m 

h y s t e r e s i s as t h e p a r t i c u l a r shape o f t h e d e s o r p t i o n b r a n c h may be 

r e l a t e d t o s p e c i f i c po re shapes f o r i n d u s t r i a l p a r t i c l e s ( R o e b e n s , 

1980 ; S i n g , 1982) and n a t u r a l p a r t i c l e s ( C r o s b y e t a l 1 9 8 3 ; Marsh e t 

a l . , 1 9 8 4 ) . The po re vo lume may be e s t i m a t e d f o r a p a r t i c u l a r p o r e 
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s i z e c l a s s i f i c a t i o n by c o n s i d e r i n g t h e amount o f n i t r o g e n a d s o r b e d 

o v e r t h e a p p r o p r i a t e p a r t i a l p r e s s u r e r a n g e . The pore vo lumes used i n 

t h i s t e x t a r e u n l e s s o t h e r w i s e s t a t e d minimum mesopore vo lumes 

c a l c u l a t e d f r o m t h e w e i g h t o f n i t r o g e n a d s o r b e d o v e r t h e p a r t i a l 

p r e s s u r e range 0 . 3 8 - 0 . 9 6 ( t h e d i a m e t e r r ange 2-50nm) as shown i n 

E q u a t i o n 2 . 5 . 

V = X X - ( 2 . 5 ) 
° M 

i s t h e po re vo lume i n cm ' ^ /g , X and V a r e , as b e f o r e , t h e w e i g h t 

o f t h e gas adso rbed ( g / g s o l i d ) and t h e m o l a r vo lume o f n i t r o g e n 

(cm^) r e s p e c t i v e l y and M i s t h e w e i g h t o f one mo le o f n i t r o g e n . 

T h u s , n i t r o g e n a d s o r p t i o n can g i v e a g r e a t d e a l o f i n f o r m a t i o n 

on t h e s u r f a c e m o r p h o l o g y o f d r i e d p a r t i c l e s w h i c h may be v e r y u s e f u l 

when r e l a t e d t o t h e s o l u t i o n s o r p t i o n p r o c e s s e s o f e s t u a r i n e 

p a r t i c l e s . 

2 . 1 . 2 . X - r a y A n a l y s i s . 

X - r a y a n a l y s e s were c a r r i e d o u t u s i n g a P h i l i p s P1710 X - r a y 

d i f f r a c t o m e t e r w i t h a c o p p e r . K ( c x ) s o u r c e l a m p . The samples were 

p r e p a r e d by b e i n g g round up i n an a g a t e p e s t l e and m o r t a r and t h e n 

<0 .1g was c a r e f u l l y p l a c e d o n t o a g l a s s c o v e r s l i p and p u t i n t o t h e 

i n s t r u m e n t . A n a l y s i s o f t h e t r a c e s was c a r r i e d o u t w i t h t h e a i d o f an 

A . S . T . M . c a r d f i l e . These a n a l y s e s were c a r r i e d o u t on key samples 

b e f o r e and a f t e r remova l o f s u r f a c e c o a t i n g s ( see S e c t i o n 2 . 2 . 4 ) . 
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2 , 1 , 3 . C a r b o n , Hydrogen and Ni t rogen A n a l y s i s , 

C a r b o n , hyd rogen and n i t r o g e n (CHN) a n a l y s e s were a l s o c a r r i e d 

o u t on samples b e f o r e and a f t e r o x i d a t i v e d i g e s t i o n o f o r g a n i c 

m a t e r i a l i n t h e samples ( see S e c t i o n 2 . 2 . 3 ) w i t h a C a r l o Erba 

E l e m e n t a l A n a l y s e r model 1106 ( M o r r i s e t a l . , 1 9 8 2 b ) . T h i s t e c h n i q u e 

i n v o l v e s t h e c o m b u s t i o n o f t h e s a m p l e s , f o l l o w e d by a c h r o m a t o g r a p h i c 

s e p a r a t i o n w h i c h e l u t e s f i r s t t h e n i t r o g e n t h e n c a r b o n d i o x i d e t h e n 

w a t e r . T h i s method does n o t d i f f e r e n t i a t e be tween o r g a n i c and 

i n o r g a n i c c a r b o n but a c o m p a r a t i v e e s t i m a t e was g a i n e d f o r some 

samples by d e t e r m i n i n g t h e % c a r b o n b e f o r e and a f t e r o x i d a t i v e 

d i g e s t i o n . 

A p p r o x i m a t e l y 2- lOmg samples were w e i g h e d i n t o s m a l l t i n 

b u c k e t s on a Cahn a u t o m a t i c e l e c t r o - b a l a n c e and p u t i n t o t h e c a r o u s e l 

f r o m w h i c h samples were added t o t h e f u r n a c e t u b e . Fo r each r u n 

a p p r o x i m a t e l y 5 b l a n k s and 10 a c e t a n i l i d e s t a n d a r d s , w i t h 71.09% 

c a r b o n , 6 . 7 1 % hydrogen and 10.36% n i t r o g e n ( E l e m e n t a l M i c r o A n a l y s i s 

L t d ) , were i n c l u d e d . S m a l l e r w e i g h t s o f t h e s t a n d a r d m a t e r i a l were 

used so t h a t b o t h t h e s t a n d a r d s and samples had s i m i l a r s i g n a l s . The 

r e s u l t s f r o m t h e s t a n d a r d s were l i n e a r l y r e g r e s s e d , u s i n g t h e M i n i t a b 

s t a t i s t i c a l p a c k a g e , t o g i v e a c a l i b r a t i o n g r a p h f r o m w h i c h t h e 

r e s u l t s were c a l c u l a t e d . The p r e c i s i o n o f t h e i n s t r u m e n t i s ±0 .2% f o r 

c a r b o n ( C a r l o - E r b a ) and f o r f r e e z e d r i e d s e d i m e n t samples t h e 

c o e f f i c i e n t o f v a r i a t i o n f o r t e n samples was f o u n d t o be ±2 .7% (see 

T a b l e 2 . 4 ) . The d i f f e r e n c e between t h e s e two numbers i s t h o u g h t t o be 

due t o t h e inhomogeneous n a t u r e o f t h e s a m p l e s . The samples a r e 

composed o f q u a r t z g r a i n s , a l u m i n o s i 1 i c a t e s , Fe and Mn o x y h y d r o x i d e s , 

o r g a n i c d e t r i t u s and b i o g e n i c m a t e r i a l s and t h e r e f o r e e x t r a c t i n g a few 
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mg samples can be s u b j e c t i v e . To m i n i m i s e t h e v a r i a t i o n due t o t h i s 

i n h o m o g e n e i t y a n a l y s e s were u s u a l l y r e p l i c a t e d a t l e a s t f o u r t i m e s and 

t h e v a l u e s q u o t e d a r e a v e r a g e s o f t h e s e a n a l y s e s . 

Weight o f sample (mg) % Carbon 

2 . 9 6 0 4 . 3 8 

1.186 4 . 4 3 

1.454 4 . 5 6 

1.847 4 . 6 8 

1.663 4 . 6 3 

1.905 4 . 5 8 

1.874 4 . 4 1 

0 .772 4 . 7 3 

0 . 9 4 9 4 . 5 3 

1.358 4 . 4 0 

Mean ± S . D . 4 . 5 3 ± 0 . 1 2 

T a b l e 2 . 4 . The % c a r b o n d e t e r m i n e d i n t e n a l i q u o t s o f t h e same 

s e d i m e n t s a m p l e . T h i s shows t h e c o e f f i c i e n t o f v a r i a t i o n t o be 2.7% 

f o r samples w i t h w e i g h t s v a r y i n g f r o m 0 . 5 - 3 m g . 

2 , 1 , 4 , P a r t i c l e S i z e A n a l y s i s , 

P a r t i c l e s i z e a n a l y s i s was c a r r i e d o u t w i t h i n 48h o f sample 

c o l l e c t i o n u s i n g a M a l v e r n I n s t r u m e n t s 2200 p a r t i c l e s i z e r s y s t e m . 

T h i s sys tem uses a l a s e r t o p roduce a F r a u n h o f e r d i f f r a c t i o n p a t t e r n 

w h i c h i s t h e n a n a l y s e d t o e s t i m a t e t h e d i s t r i b u t i o n o f t h e p a r t i c l e s 

i n s u s p e n s i o n i n a c e l l ( B a l e e t a l . , 1 9 8 4 ) . 
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The l a s e r was i n i t i a l l y a l i g n e d w i t h d i s t i l l e d w a t e r i n t h e 

sample c e l l by m a x i m i s i n g t h e l i g h t p a s s i n g d i r e c t l y t h r o u g h t o t h e 

d e t e c t o r . Smal l a l i q u o t s o f suspended s o l i d s o r r e s u s p e n d e d 

s e d i m e n t s , p r e v i o u s l y u l t r a s o n i c a t e d , were p u t i n t o t h e c e l l and k e p t 

i n s u s p e n s i o n by a s m a l l s t i r r e r . Some samples had t o be d i l u t e d t o 

reduce t h e o b s c u r a t i o n . Each sample was scanned one hund red t i m e s , 

and t h e r e s u l t s o f t h i s were t r a n s f e r r e d t o a m i n i - c o m p u t e r . The 

model i n d e p e n d e n t a l g o r i t h m s u p p l i e d w i t h t h e i n s t r u m e n t by M a l v e r n 

was t h e n used t o c a l c u l a t e t h e p a r t i c l e s i z e d i s t r i b u t i o n i n t h e range 

1 .9 -188 f jm , w h i c h w a s d i s p l a y e d i n a f i f t e e n e l e m e n t h i s t o g r a m . 

S t a n d a r d beads o f 5ijm d i a m e t e r (Duke S c i e n t i f i c g l a s s m i c r o s p h e r e s ) 

w i t h a s t a n d a r d d e v i a t i o n o f 7.8% were used t o check t h e c a l i b r a t i o n 

o f t h e i n s t r u m e n t some r e s u l t s o f w h i c h a r e shown i n b o t h n u m e r i c a l 

and g r a p h i c a l f o r m i n F i g u r e 2 . 4 . Mean p a r t i c l e s i z e s and s t a n d a r d 

d e v i a t i o n s were c a l c u l a t e d f r o m t h e d a t a u s i n g g r a i n s i z e s t a t i s t i c s 

( F o l k , 1 9 6 6 ) . Examples o f t h i s f o r t h e s t a n d a r d beads and f o r a 

suspended e s t u a r i n e sample a r e shown i n F i g u r e 2 . 5 . 
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S I Z E C U N U L H T I V £ HE 1OHT C U I l U L f t T I V E L 10H7 Et^ERGV 

U P P E R LOUEf-f UT BELOW }U BMND WT RBOVE COt lPUTED MEM3UR 

1 3 3 . 0 3 7 . 2 I 0 0 . 0 0 . 0 0 , 0 17 0 
8 7 . 2 5 3 . 5 1 0 0 . 0 0. 0 0 . 0 3 0 0 
s j * i • o 3 7 . 6 1 0 0 . 0 0. 0 0 - 0 51 2 9 
3 7 . 6 2 3 . 1 1 0 0 . 0 0. 0 0. 0 3 3 7 2 
2 3 . 1 2 1 . 5 1 0 0 . 0 0. 0 0 . 0 1 3 3 1 2 9 
2 1 . 5 1 6 . 7 1 0 0 . 0 0. 0 0 . 0 2 2 9 2 4 1 
1 6 ^ 7 1 3 . 0 9 3 . 6 1 . 4 0. 0 3 3 2 3 9 6 
1 3 ^ 0 1 0 . 1 9 3 . 6 0 . 0 1.4 6 1 5 6 2 9 
1 0 . 1 7 . 9 9 3 . 6 0 . 0 1.4 9 4 6 9 4 6 
7 - 9 6 . 2 7 2 . 9 2 5 . 7 1 . 4 1 3 7 2 1 3 6 4 
6 . 2 4 . S 3 6 - 2 3 6 . 7 2 7 . 1 1 7 9 0 1 7 7 3 
4 . 3 3 . 8 7 . 0 2 9 . 2 6 3 . 8 2 0 4 7 2 0 4 7 
3 . 3 3 . 0 5 . 1 1 . 9 9 3 . 0 1 9 0 9 1 9 4 2 
3 . 0 2 . 4 3 . 7 1.5 9 4 . 9 1 3 9 2 1 3 2 3 
2 . 4 1-9 3 . 7 0 . 0 9 6 . 3 8 6 5 3 3 4 

P R G E Of 

F i g u r e 2 . 4 . Data as p r e s e n t e d by M a l v e r n I n s t r u m e n t s 2200 p a r t i c l e 
s i z e r , i n g r a p h i c a l and n u m e r i c a l f o r m f o r s t a n d a r d 5 \im 
beads (Duke S c i e n t i f i c ; s t a n d a r d d e v i a t i o n = 7.8^&). 
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Cumulative 
Weight(%) 

1 0 0 

Standard 

Sample 

1 0 0 

F i g u r e 2 . 5 . A p l o t o f c u m u l a t i v e w e i g h t v e r s u s t h e p h i s c a l e f o r 
s t a n d a r d 5 \im beads and a Tamar suspended s a m p l e . The 
mean p a r t i c l e s i z e s c a l c u l a t e d f r o m t h e s e p l o t s a r e 
5 .75 pm and 9 . 8 pm f o r t h e s t a n d a r d beads and n a t u r a l 
sample r e s p e c t i v e l y . 
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2 , 2 . P a r t i c l e C o n e c t i o n and P r e p a r a t i o n . 

2 , 2 , 1 . C o l l e c t i o n o f Suspended and Sediment P a r t i c l e s , 

The samples f o r i n v e s t i g a t i o n were c o l l e c t e d f r o m t h e Tamar 

E s t u a r y and R e s t r o n g u e t C r e e k , seen i n F i g u r e 2 . 6 and 2 . 7 , d u r i n g 

t w e n t y s u r v e y s , h a l f o f w h i c h u t i l i s e d t h e I n s t i t u t e f o r M a r i n e 

E n v i r o n m e n t a l Research ( I . M . E . R . ) S e a t r u c k v e s s e l ' T a m a r i s * , w h i c h has 

a c o n t i n u o u s m o n i t o r i n g sys tem f o r s a l i n i t y , t e m p e r a t u r e , p H , oxygen 

and t u r b i d i t y ( M o r r i s e t a l . , 1 9 8 2 a ) . O t h e r samples were t a k e n w h i l e 

u s i n g a s h a l l o w d r a u g h t e d v e s s e l o r on f o o t . I n g e n e r a l , suspended 

samples were t a k e n as p a r t o f an e s t u a r i n e a x i a l t r a v e r s e u s u a l l y 

c o v e r i n g t h e s a l i n i t y range 0 - 3 0 ' ' / o o . The i n t e n t i o n was t o compare 

p a r t i c l e c h a r a c t e r i s t i c s f r o m d i f f e r e n t p a r t s o f t h e e s t u a r y and t o 

examine d i s c r e e t suspended s o l i d s samples w i t h a s s o c i a t e d s e d i m e n t 

samples c o l l e c t e d s y n c h r o n o u s l y f r o m i m m e d i a t e l y be l ow t h e b o a t . 

Suspended s o l i d s were c o l l e c t e d i n a p l a s t i c b u c k e t f r o m t h e 

s i d e o f t h e b o a t . U s u a l l y a b o u t l - 2 g o f m a t e r i a l was r e q u i r e d f o r 

a n a l y s e s , t h e r e f o r e between 5 and 25 l i t r e s , d e p e n d i n g on t h e 

t u r b i d i t y , were c o l l e c t e d f o r f i l t r a t i o n . A s u b - s a m p l e o f t h e main 

s u s p e n s i o n ( a b o u t 200ml ) was r e t a i n e d i n a d a r k g l a s s b o t t l e , t o 

i n h i b i t b i o l o g i c a l a c t i v i t y , f o r p a r t i c l e s i z e a n a l y s i s . The l a r g e 

vo lume sample was f i l t e r e d on s i t e o r i m m e d i a t e l y on r e t u r n t o t h e 

l a b o r a t o r y t o m i n i m i s e a g e i n g e f f e c t s . The f i l t r a t i o n s y s t e m was 

based on p r e s s u r e and c o u l d accommodate l a r g e w a t e r vo lumes (up t o 8 

l i t r e s ) . Samples were f i l t e r e d t h r o u g h S a r t o r i u s o r M i l l i p o r e 0.45Mm 

membrane f i l t e r s and t h e n washed w i t h <20ml d i s t i l l e d d e i o n i s e d w a t e r 

( N a n o p u r e , B a r n s t e a d ) . 
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R. L y n h e r 

R . T a m a r 

W e i r 

S t . J o h n s L a k e 

S c a l e ( k m ) 
P l y rtiouth S o l j n d 

F i g u r e 2 . 6 , A map show ing t h e g e o g r a p h i c a l l o c a t i o n o f t h e Tamar 
E s t u a r y . The d o t t e d r e g i o n i n d i c a t e s m u d f l a t s u n c o v e r e d 
a t low t i d e . 
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N 

C a r n o n River 

0 
L . 

R e s t r o n g u e t 
C r e e k 

C a r r i c k 
Roads 

S c a l e (Km) 

Figure 2 . 7 . A map showing the geographical locat ion of the Restronguet 
Creek. The dotted region ind icates mudflats uncovered at 
low t i d e . 
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Sed imen ts were sampled u s i n g a s m a l l g r a v i t y c o r e r f i t t e d w i t h 

a p l a s t i c s h e a t h , i n w h i c h t h e s u r f a c e s e d i m e n t c o u l d be r esuspended 

by s h a k i n g . A l t e r n a t i v e l y , l a r g e r s e d i m e n t samples t o compare 

p r e p a r a t i o n t e c h n i q u e s were o b t a i n e d by s c r a p i n g t h e s u r f a c e when t h e 

s e d i m e n t s were u n c o v e r e d a t low t i d e . These samples were a l s o 

f i l t e r e d and washed w i t h <20ml o f Nanopure w a t e r . 

2 . 2 , 2 , Dry ing o f Natura l P a r t i c u l a t e S a m p l e s . 

I t i s i m p o r t a n t t o s t u d y t h e s u r f a c e c h a r a c t e r i s t i c s o f t h e 

p a r t i c l e s i n as n a t u r a l a s t a t e as p o s s i b l e . D r y i n g i s e s s e n t i a l w i t h 

t h e BET t e c h n i q u e and a l t h o u g h t h i s p r e s e n t s some p r o b l e m s t h e 

a d v a n t a g e s o f f e r e d o u t w e i g h any d i f f i c u l t i e s e n c o u n t e r e d . The main 

d i f f i c u l t y i s t o r e t a i n t h e r e t i c u l a r s t r u c t u r e o f t h e s o l i d s d u r i n g 

t h e e v a s i o n o f w a t e r . Once p a r t i c l e s a r e d r i e d i t i s a l s o n e c e s s a r y 

t o a r r e s t t h e a g e i n g p r o c e s s i n d u c e d by c o n t a c t w i t h humid a i r . One 

f u r t h e r c o n s i d e r a t i o n i s t h a t t h e method must be c o n s i s t e n t f r o m 

sample t o s a m p l e . 

Age ing has been s e e n , p a r t i c u l a r l y i n i r o n o x i d e s , t o cause a 

l o s s o f s u r f a c e a r e a , due t o c o n t i n u i n g s u r f a c e c h e m i c a l r e a c t i o n s . 

T h i s has been a r r e s t e d by w a s h i n g i n a c e t o n e , o r o t h e r o r g a n i c 

s o l v e n t s , and t h u s remov ing t h e g e l w a t e r b e f o r e d r y i n g (Bye and S i n g , 

1972 ; C rosby e t a l 1 9 8 3 ; Marsh e t a l . , 1 9 8 4 ) . However , f o r n a t u r a l 

o r g a n i c a l l y c o a t e d p a r t i c l e s a l t h o u g h t h e r a p i d d r y i n g u s i n g o r g a n i c 

s o l v e n t s c o u l d be o f b e n e f i t , t h e a c e t o n e o r a l c o h o l c o u l d cause 

c o n s i d e r a b l e m o d i f i c a t i o n o f t h e p a r t i c l e c o a t i n g by r e m o v i n g t h e 

s o l u b l e s u r f a c e o r g a n i c m a t t e r . S t u d i e s have been c a r r i e d o u t on 

c r i t i c a l p o i n t d r y i n g o f n a t u r a l p a r t i c l e s f r o m a w a t e r - e t h a n o l 
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m i x t u r e by M i l l w a r d and T i t l e y ( 1 9 8 5 ) and t h i s has a l s o shown t h e 

l i g h t e r f r a c t i o n o f t h e s u r f a c e o r g a n i c m a t e r i a l t o be e x t r a c t e d i n t o 

t h e o r g a n i c s o l v e n t . T h e r e f o r e , i n t h e s e e x p e r i m e n t s p a r t i c l e s were 

washed i n d i s t i l l e d w a t e r o n l y . 

A i r d r y i n g a t 50**C was t h e n s e l e c t e d as a d r y i n g m e t h o d . 

D r y i n g a t a h i g h t e m p e r a t u r e ( M O C C ) has been shown t o cause a 

d e c r e a s e i n s u r f a c e a rea ( E g a s h i r a and A o m i n e , 1974) and t h i s c o u l d i n 

a d d i t i o n , cause l o s s o f l o w m o l e c u l a r w e i g h t compounds. H o w e v e r , 

a f t e r f i l t r a t i o n and a i r d r y i n g t h e p a r t i c l e s fo rmed a s o l i d mass f r o m 

w h i c h i t was d i f f i c u l t t o o b t a i n a r e p r e s e n t a t i v e sample u n l e s s i t was 

g round t o a p o w d e r , p o s s i b l y d e s t r o y i n g t h e n a t u r a l s t r u c t u r e o f t h e 

p a r t i c l e s . Ten d u p l i c a t e s u r f a c e a rea a n a l y s e s c a r r i e d o u t on an a i r 

d r i e d sample gave a c o e f f i c i e n t o f v a r i a t i o n o f 9.9m'^/g ± 14 .5%. To 

assess w h e t h e r t h e r e p r o d u c i b i l i t y o f t h e method c o u l d be i m p r o v e d 

a d d i t i o n a l p r o c e d u r e s were examined i n c l u d i n g f r e e z e d r y i n g u s i n g a 

vacuum f r e e z e - d r y e r (Edwards H i g h Vacuum L t d ) a f t e r f r e e z i n g a t -18**C. 

The p r o d u c t o f f r e e z e d r y i n g was a powder f r o m w h i c h i t was e a s i e r t o 

e x t r a c t a more r e p r e s e n t a t i v e s a m p l e . The c o e f f i c i e n t o f v a r i a t i o n 

f o r t e n r e p l i c a t e a n a l y s e s o f a s e p a r a t e a l i q u o t o f t h e sample 

a n a l y s e d above b u t i n t h i s case f r e e z e d r i e d , was 12.6m' - /g ± 10%. 

O the r t e c h n i q u e s examined were g r i n d i n g w i t h a p e s t l e and m o r t a r and 

f a s t f r e e z i n g i n l i q u i d n i t r o g e n , t o p r e v e n t s e t t l i n g , r a t h e r t h a n a t 

- IS ' ^C . These methods p r o v e d t o be u n n e c e s s a r y because t h e f r e e z e 

d r y i n g gave a powdery p r o d u c t f r o m w h i c h a s u b - s a m p l e c o u l d e a s i l y be 

e x t r a c t e d . 

S u r f a c e t e n s i o n f o r c e s a t t h e a i r - w a t e r i n t e r f a c e have been 

s e e n , d u r i n g a i r d r y i n g o f p a r t i c u l a t e samples t o cause p a r t i a l 
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collapse of the pore structure and hence loss of in ternal surface area 

(Egashira and Aomine, 1974). By freeze drying the samples these 

surface tension forces and the resu l t ing loss of surface area may be 

avoided (Cohen, 1974). The freeze/freeze drying technique gave the 

highest surface area for the same samples and was shown to give 

consistent resu l ts wi th a good coe f f i c i en t of v a r i a t i o n . Thus freeze 

drying was adopted as the best method although some ear ly analyses 

were carr ied out on a i r dr ied material because of l o g i s t i c a l problems. 

A comparison between al iquots of two samples which have been a i r dr ied 

and freeze dr ied is shown in Table 2.5. This shows that although 

there are small di f ferences between the surface areas determined on 

a i r and freeze dr ied material the trend remains the same, in t h i s case 

the suspended material having a higher surface area than the 

corresponding sediment mate r ia l . 

Surface area (m2/g) 
Ai r dr ied Freeze dr ied 

Suspended (1) 11.6 13.6 
Sediment (1) 6.9 8.6 
Suspended (2) 15.2 16.2 
Sediment (2) 8.1 13.0 

Table 2.5. A comparison of the surface areas of freeze dried and a i r 
dr ied suspended and sediment par t i cu la te samples. 
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Two addi t ional problems regarding ageing were addressed. The 

f i r s t is concerned with the ageing of the pa r t i c les while s t i l l in 

suspension in t he i r storage vessels. This is probably re lated to 

aggregation of the par t i c les on standing and continuing chemical 

reactions at the pa r t i c l e surface (Mayer, 1982; Crosby et a l 1 9 8 3 ; 

Marsh et a l , , 1984). In one experiment one sample was f i l t e r e d , dr ied 

and the surface area determined immediately a f t e r co l l ec t i on whi le a 

dupl icate sample was treated in the same way 48 hours l a t e r . The 

resul ts of t h i s , shown in Table 2.6, ind icate a loss of surface area 

a f te r ageing in the storage vessels. A l l f i l t r a t i o n was therefore 

carr ied out immediately on c o l l e c t i o n . 

Surface area (m^/g) 
Sample F i l te red immediately F i l t e red a f t e r 48 hours 

(1) 22.1 19.2 
(2) 27.6 22.1 

Table 2.6. A comparison of the surface areas measured on two 
suspended samples one f i l t e r e d immediately, one 48 hours l a t e r . 

The second problem wi th regard to ageing is that i f the 

par t i c les are stored in the presence of water vapour, i t w i l l adsorb 

onto the pa r t i c l e surface. Surface tension forces at the p a r t i c l e -

water in ter face can cause collapse of the pore st ructure and a loss of 

internal surface area (Egashira and Aomine, 1974). The changes 

observed in pa r t i c l e character is t ics over a period of several months 
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are shown in Table 2,7 and indicate a decrease in surface area 

although why such a large change in carbon content should occur is 

unknown. In a l l the analyses here surface charac te r i s t i cs were 

determined w i th in one month of drying and samples were stored in a 

vacuum dessicator . 

Analysed wi th in Analysed a f te r 
1 month 6 months 

Susp. Sed. Susp. Sed. 
Surface area 

(m^/g) 20.4 12.4 17,0 8.9 
% Carbon 2.6 4.6 5.0 4.7 
% Nitrogen 0.9 0.6 0.6 0.4 

Table 2.7. Surface area, % carbon and % nitrogen for a i r dr ied 
suspended and sediment material when fresh and a f te r having aged in 
the a i r dry state for six months. 

In summary, the major i ty of the samples for surface area 

analysis were f i l t e r e d wi th in 5h of c o l l e c t i o n , washed wi th Nanopure 

water to remove any s a l t , then f rozen, freeze dr ied and kept in a 

vacuum dessicator u n t i l required for ana lys is . The ind iv idua l 

components of t h i s preparative and ana ly t i ca l procedure are a l l well 

documented (eg. Cohen, 1974; 6ibbs,.1974; Sing, 1982) and i t is 

considered reasonable to assume that combined in t h i s form they w i l l 

give a clear idea of the actual charac ter is t i cs of natural par t i c les 
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2 ,2 .3 , Removal of Particulate Organic Coatings. 

Oxidative digest ion of par t i c les was carr ied out to 

invest igate the role of par t icu la te organic carbon and to ascertain 

the e f fec ts i t may have on the surface charac te r i s t i cs of the 

p a r t i c l e s . Work by Bale (Personal Communication, 1985) has shown 

disaggregation of par t i c les a f te r d igest ion and t h i s with the 

suggestion from some data that surface area could be related to carbon 

content ( fo r example see Table 2.7) lead to t h i s l i ne of research. 

I n i t i a l l y 0.5g samples of suspended sol ids or sediment 

material were placed in test- tubes to which 10ml of 30% v/v hydrogen 

peroxide was added (Jackson, 1958). These were digested for 2h at a 

constant temperature of 30**C to ensure the f ro th ing did not cause any 

loss of ma te r ia l . They were then washed wi th d i s t i l l e d water and a i r 

dr ied (as Section 2 . 2 . 2 ) . Carbon analysis of the products of these 

digests showed the digest ion to be incomplete as there was s t i l l up to 

1% carbon l e f t in the samples as shown in Table 2.8. 

% Carbon 

Before digest ion Af ter digest ion 

Suspended 4.0 0.5 
Sediment 6.2 1.0 

Table 2.8. A comparison of % carbon before and a f te r oxidat ive 
digest ion wi th 30% hydrogen peroxide. 
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Subsequent experiments to t r y to improve the e f f i c i ency of the 

digest involved a 6% w/v hydrogen peroxide so lut ion in which the 

samples were gently heated to prevent vigorous effervescence, for 

times varying up to 24h when gas evolut ion had stopped. The samples 

were then washed and freeze-dr ied (as Section 2 .2 .2 ) . The resu l ts of 

th i s experiment showed that the digest ion removed progressively more 

carbon wi th time but even a f te r 24h heating some carbonaceous 

mate r ia l , presumably inorganic, res is tant to wet oxidat ion remained as 

shown in Table 2.9. 

Digestion time (h) % Carbon 

Untreated 4.53 
0.5 4.00 
2.5 2.46 
4.5 1.21 

24 0.71 

Table 2.9. The % carbon l e f t in a natural sample a f te r various 
lengths of digest ion t ime. 

2,2,4 Removal of Particulate Ferromanganese Coatings, 

Iron and manganese were leached from the par t i c les to i d e n t i f y 

e f fects they have on the surface charac te r i s t i cs of natural p a r t i c l e s . 

The presence and age of Fe oxyhydroxides has been shown to have a 

d i s t i n c t re la t ionsh ip wi th the porosi ty and surface areas of 

prec ip i ta ted material (Crosby et a l 1 9 8 3 ; Marsh et a l 1 9 8 4 ) . Two 

types of leaching solut ion were used to t r y to i den t i f y a re la t ionsh ip 
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between a par t i cu la r type of Fe and the surface area. 

An acet ic acid/hydroxylamine hydrochloride leach at pH = 3 was 

prepared by d issolv ing l,737g of hydroxylamine hydrochloride in 

Nanopure water, adding 125ml of g lac ia l acet ic acid and making t h i s 

solut ion up to 500ml with Nanopure water (Tessier et a1 1980). 

About 20ml of- t h i s solut ion were mixed wi th a weighed amount 

(approximately 0.5g) of the par t i cu la te mat ter . These were l e f t fo r 

16h at room temperature before they were f i l t e r e d . The par t i c les 

col lected by f i l t r a t i o n were resuspended in Nanopure water and frozen 

to be dried as in Section 2 .2 .2 . 

For the second leaching experiment approximately 0.5g sample 

was mixed wi th 80ml of O.IM EDTA (Ana lar ) . The samples were shaken at 

25'*C fo r 24h before co l lec t ing the pa r t i c les and f i l t r a t e as before. 

The pH for t h i s leach was 7±0.2, and so i t was hoped th i s would only 

remove loosely bound amorphous Fe oxyhydroxides (Aggett and Roberts, 

1986). The par t i c les from these leaches were also co l lected for 

surface area analys is . 

The f i l t r a t e from both these leaches was analysed for Fe and 

Mn by AAS using an Instrumentation Laboratories 151 spectrophotometer. 

Ac id i f i ed standard solut ions were prepared from lOOOmg/1 Spectrosol 

solut ions (BDH) and used to draw a ca l i b ra t i on graph over the l inear 

range from which sample concentrations were ca lcu la ted . 
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2,3 . Sorption Modelling Techniques. 

2 . 3 . 1 , Methods of Sample Collection and Preparation. 

The sorption experiments were carr ied out by mix ing, under 

contro l led condi t ions, par t i c les from e i ther the Tamar Estuary or the 

Carnon River wi th water of various compositions. The Tamar par t i c les 

were col lected from the t u r b i d i t y maximum zone of the Tamar Estuary at 

a s a l i n i t y of <0.5**/oo . Taking par t i c les from th i s region meant the 

s a l i n i t y could be eas i ly manipulated by addi t ion of a synthet ic sal ine 

solut ion to give a range of ionic strength in the sorption media. The 

t u r b i d i t y maximum was located by recording the t u r b i d i t y on an axial 

traverse of the r i ve r on a r i s i ng spring t i d e . On returning to the 

i den t i f i ed maximum (approximately lOOOmg/1), 50-100 l i t r e s of tu rb id 

r i ve r water were col lected from which the par t i c les were then 

f i l t e r e d , resuspended in a small volume of f i l t r a t e and stored at low 

temperature. Mobile sediment from the Carnon River (see Figure 2.7) 

was col lected by scraping up sediment under the surface of the water. 

These par t i c les were then stored in the same way as the Tamar 

mate r ia l . A l l par t i c les were equ i l ib ra ted pr io r to the experiment in 

a constant temperature room for 24h. 

The Tamar r i ve r water, to which the par t i c les were added, was 

col lected in the fresh water above t h e w e i r (see Figure 2 . 6 ) , f i l t e r e d 

wi th in 12h, and used wi th in 48h. River water was also co l lec ted from the 

Carnon River at the posi t ion shown in Figure 2.7. This water was 

f i l t e r e d j us t before beginning an experiment as discussed in Chapter 

4. About 10 l i t r e s of water was required for each experiment as 5-8 

l i t r e s were removed in 200ml a l iquots for ana lys is . 
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The s a l i n i t y and pH of the r i ve r waters was for some 

experiments manipulated to enable a range of sorpt ion experiments to 

be carr ied ou t . An a r t i f i c i a l seawater so lu t ion of t r i p l e strength 

was prepared using the recipe of Lyman and Fleming (1940) wi th Analar 

grade s a l t s . The high concentration of the sa l ts made i t possible to 

mimic estuarine conditons without g reat ly a l t e r i n g the o r ig ina l 

concentration of the dissolved metals of in te res t or the volume of the 

sample. Analysis of the a r t i f i c i a l seawater showed the trace metal 

concentrations to be 0.02mg/l for Zn and <0.01 mg/1 for Cu. This 

would increase the trace metal concentrations in the Tamar water by 

approximately 10% and 1% for solut ions of lO"/©© and l**/oo . s a l i n i t y , 

respect ive ly . Any a l te ra t ion in pH required was carr ied out by 

addi t ion of 2M Ar is ta r HNO3 or NaOH. 

Desorption experiments were carr ied out by resuspending 

par t ic les in Nanopure water or buffered water at approximately the 

same pa r t i c l e concentration as would be used for the adsorption 

experiment. A solut ion of buffered water fo r desorption experiments 

was prepared by d issolv ing 1.8g NaHCÔ  in 10 l i t r e s of Nanopure 

water. A i r was bubbled through th i s overnight and the pH then a l tered 

as appropriate using e i ther 2M Ar is ta r HNO^ or NaOH (Crosby, 1982). 

2>3,2, Development of the Hodelling Technique. 

The highest p r i o r i t i e s in t h i s experimental approach were 

reproducible resu l ts at low concentrations and the avoidance of 

contamination. Considerable e f f o r t was put in to developing a clean 

method for the f i l t r a t i o n , concentration and analysis of small volumes 

of suspension abstracted from the react ion mixtures. What is deta i led 
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below is the development of a method s p e c i f i c a l l y designed to overcome 

the d i f f i c u l t i e s encountered in an approach of th i s type. The 

procedure for cleaning a l l glass and p las t icware, except the 10 l i t r e 

carboys, before an experiment was: 

(1) Soaking for at least 24h in Decon90 

(2) Thoroughly r ins ing in tap water 

(3) Soaking for 48h in 2M Analar HNO3 acid 

(4) Rinsing thoroughly in Nanopure water 

(5) Soaking for 48h In Nanopure water 

(6) Rinsing again in Nanopure water and securely capping or 

wrapping in p las t i c bags. 

The 10 l i t r e carboys which were used as the react ion vessels 

were rinsed with 2M Analar HNÔ  and kept f i l l e d with tap water u n t i l 

requi red. 

2,3,2a. Adsorption Experiments. 

The r i ver water was contained in a cont inua l ly s t i r r e d 10 

l i t r e carboy from which the samples could be extracted via a tap at 

the bottom. The temperature of the r i ve r water was equi l ib ra ted to 

ICC. in a constant temperature room in which the experiments were 

carr ied ou t . Any s a l i n i t y or pH changes required were implemented 

before ext ract ing two or three 250ml samples from the carboy. These 

were f i l t e r e d to establ ish a re l i ab le s t a r t i n g concentration for 

dissolved metals in the water sample. 

At time t ^ the par t i c les were added to the r i ve r water and 

samples of the suspension rap id ly extracted and f i l t e r e d . The pH was 
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measured at in te rva ls throughout the experimental run and samples were 

taken to measure t u r b i d i t y g rav imet r i ca l l y on Whatman f i l t e r s . For 

most of the mixing experiments a dupl icate was run at the same time to 

be used as a c o n t r o l . These were t reated in a s imi la r way except that 

instead of adding p a r t i c l e s , f i l t r a t e from the pa r t i c l e sample was 

added at time t^^. I f the control and sample experiments were 

started simultaneously, there were too many sub-samples to be taken at 

one time and so the control run was star ted 2-4h l a t e r . This 

f a c i l i t a t e d more consistent sampling and i t was f e l t that t h i s time 

d ispar i t y would cause no appreciable e f fec t a f te r 24h e q u i l i b r a t i o n . 

The dissolved metal concentrations for the f i l t r a t e from the p a r t i c l e 

samples of the Tamar and Carnon r i ve rs are shown in Table 2.10 and i t 

was calculated from the volume added that t h i s was <2% of the typ ica l 

dissolved metal concentration in the r i ve r water. 

Concentration (pg/L) 

Zn Cu 

Tamar River 9.7 12,6 
Carnon River 3200 1200 

Table 2.10. The dissolved metal concentrations determined by AAS in 
the f i l t r a t e from the pa r t i c l e samples used in the mixing experiments. 

Several d i f f e ren t f i l t r a t i o n systems were examined before the 

method discussed below was implemented. These u t i l i s e d d i f f e r e n t 

types of glass and p las t ic f i l t r a t i o n apparatus but f i l t r a t i o n through 
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a Hartley s intered glass funnel d i r e c t l y in to the sample bo t t l e seemed 

to give r ise to the cleanest sampling as i t had the least number of 

sample handling steps. Experiments were car r ied out to tes t various 

ways of washing the f i l t e r s which were 90mm membrane Sartor ius or 

M i l l i po re {<0.45pm) f i l t e r s . These involved f i l t e r i n g a l iquots of one 

sample through f i l t e r s which had been washed wi th various volumes of 

water, 2M Analar HNÔ  and sample fol lowed by in a l l cases a fu r ther 

50ml of sample. As shown in Table 2.11 the resul ts of t h i s suggested 

that washing wi th 200ml of 2M HNÔ  gave the most accurate (compared 

to the untreated values) and consistent values when considering Zn, Cd 

and Cu. 

Washing acid could become contaminated i f used repeatedly 

during an experiment and i t would be d i f f i c u l t to be cer ta in that a l l 

acid was removed from a sintered f i l t e r funne l . Thus since i t would 

be uneconomic to use fresh acid for each f i l t e r they were soaked in 2M 

Ar is ta r HNO^ for 96h and repeatedly rinsed and soaked in Nanopure 

water before use. The f i l t e r was then used d i r e c t l y from soaking and 

was rinsed wi th 50ml of sample which was also used to r inse the sample 

b o t t l e . About 200ml (measured) of suspension was f i l t e r e d and then 

5ml of ammonium acetate buffer was added to the f i l t r a t e which was 

capped and saved for ex t rac t i on . Between samples the funnel was 

rinsed wi th Nanopure water on ly . The ammonium acetate buf fer was used 

both to improve the storage propert ies of the f i l t e r e d estuarine 

samples before analysis and as a media for the ASV analyses. The 

buf fer was prepared using Ar is ta r grade chemicals (BDH) by mixing 57ml 

of acet ic acid and 76ml of NĤ OH and making t h i s up to a l i t r e . The 

pH was then adjusted to 5 ±0.1 with concentrated Ar is ta r HNO^ and 
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Concentration (MQ/U 

Zn Cd Cu 

Volume (ml) Water Acid Sample Water Acid Sample Water Acid Sample 

50 14.9 
20.1 

13.7 
14.9 

13.5 
14.2 

0.36 
0.36 

0.35 
0.34 

0.39 
0.39 

8.0 
8.0 

8,2 
10.6 

7.2 
9.1 

200 13.0+0.7^ 13.1+1.5^ 15.6 
14.2 

0.42+0.18^ 0.40+0.07^ 0.41 
0.47 

8.5+0.3^ 9.2+0.3^ 9.5 
10.2 

500 14.6 
19.2 

11.6 
14.5 

13.7 
12.4 

0.35 
0.45 

0.43 
0.43 

0.33 
0.35 

8.0 
8.8 

8.8 
9.7 

8.8 
8.2 

Untreated 14.3+0.3*^ 0.35+0.05*^ 9.3+0.3*^ 

Table 2.11, A comparison of the analysed concentrations of Zn, Cd and Cu in al iquots of the same f i l t e r e d 
sample which had been re f i l t e red through f i l t e r s washed with various volumes of water, acid and sample followed 
by 50 ml of sample. 

^ Average of 4 analyses. ^ Average of 3 analyses. 



the resu l t ing solut ion was cleaned pr io r to use through a 15ml column 

of Chelex 100 resin (Bio-Rad, 100-200 mesh). 

2.3,2b, Desorption Experiments, 

Several timed series desorption experiments were run using 

par t i c les from the t u r b i d i t y maximum zone of the Tamar Estuary and 

Carnon River sediments. For two experiments Tamar pa r t i c les were 

"doped" with trace metals before desorption by suspending in Carnon 

River water with a high metal concentration for d i f f e r e n t lengths of 

t ime. These experiments were carr ied out in e i ther Nanopure or 

buffered water (see Section 2 .3 .1 ) . Actual sampling and f i l t r a t i o n 

techniques and also methods used to control the temperature, s a l i n i t y 

and pH were the same as discussed in Section 2.3.2a for the adsorption 

experiments. 

Another type of desorption experiment was carr ied out by 

suspending washed Carnon River sediment in Nanopure water in which the 

pH had been reduced wi th 2M Ar is ta r HNÔ  (Tipping et a l . , 1986). 

Af ter a timed period (3 days or 3 weeks) at 10*'C the par t i c les were 

f i l t e r e d out and the metal concentrations in the f i l t r a t e determined 

by AAS (see Section 2 . 3 . 5 ) . 

2 ,3 ,3 , Development of the Micro-Chelex Systen, 

In previous work in these laborator ies the ion-exchange resin 

Chelex-100 has been used to preconcentrate t race metals from large 

volume (up to 10 l i t r e s ) estuarine samples (Morris et a l . , 1978; 

Ackroyd et a l . , 1986). These studies used a resin column consist ing 

of 10ml of Chelex-100 which gave a high f low rate (approximately 
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250ml/h) consistent wi th the requirement fo r processing a large 

volume. However, the object ives here were to fu r ther develop t h i s 

preconcentration technique so that i t was su i tab le for a large number 

of small volume samples (200ml) for k ine t i c studies and could provide 

a s ign i f i can t improvement in the trace metal signal during subsequent 

determination by e i ther ASV or AAS. 

A prel iminary invest igat ion was carr ied out on samples in 

which 5-8 l i t r e s of water was preconcentrated by Chelex-100 in to 25ml 

of 2M HNO3 (Morris et a l . . 1978; Ackroyd et a l . , 1986). These 

samples were analysed by ASV and AAS to determine whether the ASV 

technique was sui table fo r t h i s type of sample. Analysis by ASV using 

the condit ions discussed in Section 2,3.4 was most successful as there 

was a good cor re la t ion between ASV and AAS for Zn and Cu as shown in 

Figures 2.8 and 2.9. This encouraged fur ther work in to the 

development of the micro-Chelex system for the rapid analysis of small 

volume samples. 

The Chelex-100 was obtained in the sodium form (Bio-Rad, 100-

200 mesh) and converted to the ammonium form before use. The process 

for converting and subsequent cleaning a f te r use was: 

(1) Wash wi th Nanopure water u n t i l pH > 6 
(2) Rinse wi th 2M Ar is ta r HNO3 
(3) Wash wi th Nanopure water un t i l pH > 6 
(4) Rinse wi th 2M Ar i s ta r NĤ GH (200ml) 
(5) Wash wi th Nanopure water un t i l pH < 8 

(6) Rinse with 2M Ar is ta r NH4OH (200ml) 
(7) Wash wi th Nanopure water u n t i l pH < 8 

The Chelex was treated in batches and where possible one batch 
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ZINC 

2 - 5 
AAS (^g/L) 

2A 

1 - S H 

0 - 5 H 

0 0-5 1 1-5 
ASV (pg/L) 

2-5 

Figure 2.8. A comparison of Zn concentrations determined by ASV 
and AAS in bulk Chelex treated samples (8 l i t r e s 
sample in to 25ml HNO3) from an estuarine survey. 
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COPPER 

1 -2 
AAS (MQ/L) 

0 - 8 ^ 

0 - 6 H 

0 - 4 ^ 

0 - 2 H 

0-4 0-5 0-8 
ASV (jjg/L) 

1-2 1-4 

Figure 2.9. A comparison of Cu concentrations determined by ASV and 
AAS in bulk Chelex treated samples (8 l i t r e s sample in to 
25ml HNO3) from an estuarine survey. 
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was used f o r a l l the samples from one e x p e r i m e n t . 

The p r e c o n c e n t r a t i o n t e c h n i q u e was developed as a 12 -channe l 

m i c r o - C h e l e x s y s t e m . Samples were run through r e s i n c o l u m n s , 

c o n t a i n i n g 3ml of C h e l e x - 1 0 0 in the ammonium f o r m , v i a a p e r i s t a l t i c 

pump at the r a t e of about 5 m l / m i n . Then 10ml of Nanopure water was 

put through the columns before 5ml of 2M A r i s t a r HNO^ was used to 

e l u t e the m e t a l s from the columns i n t o a v o l u m e t r i c f l a s k . The 

e f f i c i e n c y of the s t r i p p i n g was checked by c o l l e c t i n g a second 5ml of 

a c i d from the Chelex column and a n a l y s i n g t h i s f o r the m e t a l s . B lanks 

were run by feed ing the e f f l u e n t from one column through another 

Chelex column and then e l u t i n g t h i s in the same way as the o ther 

s a m p l e s . The r e s u l t s of t h e s e a n a l y s e s a r e shown in T a b l e 2 . 1 2 . The 

sample b lanks read c o n s i s t e n t l y between 10 and 100 pg /L f o r 2n and Cu 

r e g a r d l e s s of the sample c o n c e n t r a t i o n . S t u d i e s on C h e l e x - 1 0 0 have 

shown 80%-l00% e f f i c i e n c y depending on the s a l i n i t y of the media 

( A c k r o y d , 1983; Morr is et a l 1 9 7 8 ) . S i n c e the s a l i n i t y of the 

s o l u t i o n f o r one experiment was a lways the same i t was not f e l t t h i s 

would p r e s e n t any prob lems. 

C o n c e n t r a t i o n ( p g / 1 ) 

Zn Cu 

Blank 10-100 10-70 

Second e l u a n t <30 <20 

Tab le 2.12> The c o n c e n t r a t i o n s of d i s s o l v e d m e t a l s a n a l y s e d in the 

sample b lanks and e l u a n t from a second a l i q u o t of a c i d passed through 

a C h e l e x c o l u m n . These r e s u l t s a r e f o r the a c i d i c Sml 
concentrate and must be d i v i d e d by 40 to enable 

comparison w i t h samples. 



The samples were e x t r a c t e d in b a t c h e s of twe lve w i t h i n four 

days of f i l t r a t i o n . Between samples the g l a s s columns were e m p t i e d , 

th o r o u g h ly r i n s e d w i th 2M HNO^ f o l l o w e d by Nanopure water be fo re 

r e f i l l i n g w i t h C h e l e x - 1 0 0 . The pump t u b i n g was r i n s e d w i t h Nanopure 

w a t e r , 

A s m a l l e r Chelex system was at tempted a f t e r the s u c c e s s w i t h 

the 5ml a c i d s y s t e m . T h i s i n v o l v e d p a s s i n g 50ml of sample through a 

c l e a n e d 25mm (<0.45Mm, M i l l i p o r e ) s y r i n g e f i l t e r system ( S w i n n e x , 

M i l l i p o r e ) and d i r e c t l y through a 1ml column of Chelex in a 5ml a u t o -

p i p e t t e t i p . A few ml of Nanopure was then passed over the column 

fo l lowed by approx imate ly 4ml (measured) of 2M A r i s t a r HNO^ which 

was c o l l e c t e d . T h i s was a n a l y s e d by ASV but no r e p r o d u c i b i l i t y was 

found f o r the samples or f o r a " s p i k e " of d i s s o l v e d m e t a l s , which was 

added to some s a m p l e s , at e i t h e r of two r a t e s which were used t o pass 

the sample over the C h e l e x . T h e r e f o r e , f u t u r e work u t i l i s e d the 

system which c o n c e n t r a t e d 200ml of sample i n t o 5ml of a c i d and the 

r e p r o d u c i b i l i t y of t h i s can be seen i n T a b l e s 2 .13 and 2.14 as 

d i s c u s s e d in the subsequent s e c t i o n s . 

2,3,4, Analysis of Solutions by ASV, 

Anodic S t r i p p i n g Voltammetry has been developed to a n a l y s e 

s i m u l t a n e o u s l y f o r d i s s o l v e d Z n , C d , Pb and Cu in e s t u a r i n e samples 

(Chau and Lum-Shue-Chan, 1974; G a r d i n e r and S t i f f , 1 9 7 5 ) . T h i s 

a n a l y t i c a l t e c h n i q u e has a l s o been used s u c c e s s f u l l y to s tudy the 

s p e c i a t i o n of Cu and i t s i n t e r a c t i o n w i t h o r g a n i c compounds in 

e s t u a r i n e media (Nelson and Mantoura , 1984a; Nelson and Mantoura , 

1 9 8 4 b ) . The o r i g i n a l aim was to f i n d a s i m p l e , r a p i d and s e n s i t i v e 
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method of a n a l y s i n g the l a r g e numbers o f s o l u t i o n s of v a r y i n g 

c o m p o s i t i o n s a s s o c i a t e d w i th p a r t i c l e - m e t a l i n t e r a c t i o n s t u d i e s . 

However, problems encountered d u r i n g t h i s s tudy were t h o s e of 

c o n t a m i n a t i o n , l a c k of s e n s i t i v i t y and i r r e p r o d u c i b i 1 i t y due t o 

v a r i a t i o n in sample composi t ion p a r t i c u l a r l y w i t h r e s p e c t to d i s s o l v e d 

o r g a n i c m a t e r i a l (Brezon ik et a l 1 9 7 6 ; F l o r e n c e , 1 9 7 7 ) . 

A P r i n c e t o n App l ied R e s e a r c h model 174A p o l a r o g r a p h i c a n a l y s e r 

was used w i t h a hanging mercury drop working e l e c t r o d e , a 

s i l v e r / s i l v e r - c h l o r i d e r e f e r e n c e e l e c t r o d e and a p la t inum c o u n t e r 

e l e c t r o d e . A l l g l a s s w a r e and e l e c t r o d e s had to be washed once in 2M 

A n a l a r HNO^ and t w i c e in Nanopure water be fo re e v e r y sample a n a l y s i s 

( G a r d i n e r and S t i f f , 1 9 7 5 ) . I n i t i a l a n a l y s e s were attempted on 25ml 

of u n t r e a t e d e s t u a r i n e water but many d i f f i c u l t i e s were found w i t h 

t h i s . The v a r i a t i o n in s a l i n i t y meant some samples d id not have a 

s u i t a b l e c o n d u c t i v i t y for a n a l y s i s and d i f f e r i n g amounts of d i s s o l v e d 

o r g a n i c carbon lead to poor r e p r o d u c i b i l i t y . An a d d i t i o n o f 0.5ml of 

25M a c e t a t e b u f f e r was made to improve the c o n d u c t i v i t y and 25 pL of 

pure g e l a t i n was added as a s u r f a c t a n t , t o c o u n t e r a c t i n t e r f e r e n c e 

from d i s s o l v e d o r g a n i c carbon (Nelson and Mantoura , 1 9 8 4 b ) . However, 

n e i t h e r of t h e s e a d d i t i o n s gave r e a d i l y r e p r o d u c i b l e t r a c e s , a l t h o u g h 

the c o e f f i c i e n t of v a r i a t i o n f o r s t a n d a r d a d d i t i o n s to a s o l u t i o n of 

potass ium c h l o r i d e or b u f f e r was <10%. Ammonium c i t r a t e b u f f e r was 

t r i e d as a sample media but a l though t h i s gave a very smooth b a s e l i n e 

the reagent had a h igh metal c o n t e n t . C l e a n i n g the b u f f e r u s i n g a 

15ml C h e l e x - 1 0 0 column was attempted but t h i s appeared to have l i t t l e 

e f f e c t , the b a s e l i n e s t i l l having a h igh d i s s o l v e d Zn and Cu c o n t e n t , 

p robably due to the low pH of the c i t r a t e b u f f e r (pH = 3 ) . A second 
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problem which a r o s e w h i l e u s i n g c i t r a t e b u f f e r was t h a t the b a s e l i n e 

changed p o s i t i o n d r a m a t i c a l l y when the sample was added due to t h e 

change in volume and pH in the sample c e l l . 

I t w a s , t h e r e f o r e , d e c i d e d t h a t a Che lex r e s i n would be u s e d , 

as d e s c r i b e d in S e c t i o n 2 . 3 - 3 , to s t r i p the m e t a l s from the e s t u a r i n e 

w a t e r . T h i s p r e c o n c e n t r a t e s the d i s s o l v e d m e t a l s , r e d u c i n g the e f f e c t 

o r g a n i c m a t e r i a l s w i l l have and seemed to remove some of the v a r i a t i o n 

i n compos i t ion and reduce i n t e r f e r e n c e from d i s s o l v e d o r g a n i c c a r b o n . 

As d i s c u s s e d in S e c t i o n 2 . 3 . 3 a bulk Che lex sys tem was used in the 

i n i t i a l developmental s t a g e s t o a s c e r t a i n whether or not t h e ASV was a 

u s e f u l a n a l y t i c a l t e c h n i q u e f o r t h i s type of s a m p l e . T y p i c a l 

c o n c e n t r a t i o n s in the Tamar E s t u a r y f o r Zn and Cu a r e about 0 .5 - 30 

pg/1 and 0 . 5 - l O p g / l r e s p e c t i v e l y w h i l e c o n c e n t r a t i o n s of Cd and Pb 

a r e u s u a l l y lower w i t h g e n e r a l l y <2 p g / L and <5 p g / L r e s p e c t i v e l y 

( A c k r o y d , 1 9 8 3 ) . The bulk samples would be a p p r o x i m a t e l y 10 t imes 

more c o n c e n t r a t e d than the m i c r o - C h e l e x and t h i s h i g h e r c o n c e n t r a t i o n 

i n c o n j u n c t i o n w i th a r e l a t i v e l y lower o r g a n i c s c o n c e n t r a t i o n made 

a n a l y s i s e a s i e r and more r e p r o d u c i b l e . 

The c o n d i t i o n s found most s u i t a b l e f o r ASV a n a l y s i s used 24ml 

of a 2M ammonium a c e t a t e b u f f e r as the c e l l media which was prepared 

as in S e c t i o n 2 . 3 . 2 a . Some d i f f i c u l t y was found i n i t i a l l y in c l e a n i n g 

t h i s b u f f e r (pH = 5 ) , I t was found t h a t the maximum c a p a c i t y o f a 

15ml column of C h e l e x - 1 0 0 was a p p r o x i m a t e l y 1 l i t r e of b u f f e r w i t h 

r e s p e c t to Pb. T h i s would appear v e r y low c o n s i d e r i n g A r i s t a r 

c h e m i c a l s were used but cou ld be due t o the pH or a f f i n i t y of the 

b u f f e r f o r d i s s o l v e d m e t a l s . A 0.5ml a d d i t i o n of 2M A r i s t a r HNO^ 

p r i o r to a n a l y s i s s u p p r e s s e d the b a s e l i n e change encountered i f the pH 

87 



of the media was a l t e r e d . The b a s e l i n e was a n a l y s e d and then a 0.5ml 

a l i q u o t of the e l u t e d s o l u t i o n was added to the c e l l f o r a n a l y s i s . 

S i n c e the c o n c e n t r a t i o n s of the four d i s s o l v e d m e t a l s a r e c o n s i d e r a b l y 

d i f f e r e n t and Zn and Cu have a h i g h e r s e n s i t i v i t y to ASV than Cd and 

Pb two d i f f e r e n t c u r r e n t ranges had to be used to g i v e the a p p r o p r i a t e 

r e s p o n s e s . A t y p i c a l t r a c e of an a n a l y s i s i s shown in F i g u r e 2 . 1 0 . 

The sample c o n c e n t r a t i o n s were c a l c u l a t e d from s t a n d a r d 

a d d i t i o n of a p p r o p r i a t e s t a n d a r d s , d i l u t e d from A r i s t a r lOOOmg/1 metal 

n i t r a t e s o l u t i o n s . A l i q u o t s of 25 pL of a mixed metal s t a n d a r d were 

put i n t o the c e l l f o r each a d d i t i o n t h i s being the s m a l l e s t 

r e p r o d u c i b l e vo lume. For 10 weighed s t a n d a r d a d d i t i o n s the 

c o e f f i c i e n t of v a r i a t i o n was 10%. The d e p o s i t i o n t ime was chosen t o 

be 2 min as the l o n g e r . t h i s t ime the more l i k e l y i s i n t e r f e r e n c e from 

d i s s o l v e d o r g a n i c m a t e r i a l which a l though p a r t i a l l y e x c l u d e d from the 

sample has s t i l l to be c a r e f u l l y a v o i d e d . The d e p o s i t i o n v o l t a g e was 

- 1 . 3 V and the scan through +1,5V. 

S e v e r a l exper imenta l runs were a n a l y s e d u s i n g ASV a f t e r the 

s u b - s a m p l i n g and p r e c o n c e n t r a t i o n s t e p s had been f u l l y d e v e l o p e d . The 

r e s u l t s of d u p l i c a t e measurements of one sample a r e shown i n T a b l e 

2 . 1 3 . T h i s sample was s p l i t i n t o two p o r t i o n s one of which was 

f u r t h e r s u b d i v i d e d i n t o four 200ml a l i q u o t s which were f i l t e r e d and 

C h e l e x e d . The o ther p o r t i o n was f i l t e r e d and then d i v i d e d i n t o t h r e e 

200ml a l i q u o t s f o r s e p a r a t e C h e l e x i n g . These r e s u l t s show, t h a t a 

c o n s i d e r a b l e v a r i a t i o n , in p a r t i c u l a r f o r Pb and C d , i s i n t r o d u c e d 

dur ing the f i l t r a t i o n s t e p but a l s o sugges t t h a t t h e r e a r e problems 

w i th the a n a l y s e s of the s a m p l e s . The blank c o n c e n t r a t i o n s of Pb and 

Cd were o f ten up to 5 p g / l and 1 pg/1 r e s p e c t i v e l y which was very h igh 
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(a) 

(b) 

Zn C d Pb C u 

F i g u r e 2 . 1 0 . A t y p i c a l * t r a c e f o r an a n a l y s i s by ASV showing the 
b a s e l i n e , the sample and the s t a n d a r d a d d i t i o n p e a k s . 
The s e n s i t i v i t y in ( a ) i s used to a n a l y s e f o r Cd and 
Pb w h i l e t r a c e (b) would be used f o r Zn and C u . These 
two t r a c e s would norma l ly be super imposed on each o t h e r 
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compared to t y p i c a l c o n c e n t r a t i o n s shown in T a b l e 2 .13 

C o n c e n t r a t i o n ( g g / l ) 

Zn Cd Pb Cu 

S e p a r a t e l y 

t r e a t e d 

(1 ) 15.1 0 .39 0 .97 9 . 4 

(2 ) 16 .0 0.71 1.14 10 .6 

(3 ) 11 .0 0 .67 1.68 10.1 

( 4 ) 14 .6 0 .43 0 .97 9 . 4 

Mean i S . D . 14 .4 ± 2 . 3 0 .55 ± 0 .16 1.19 ± 0 .34 9 . 9 ± 0 .6 

Che lexed 

s e p a r a t e l y 

(5 ) 13 ,8 0 .86 1.07 8 . 8 

( 6 ) 12 .7 0.84 1.04 8 . 3 

( 7 ) 1 1 . 2 0 .77 0.81 7 .8 

Mean ± S . D . 12 ,6 ± 1.3 0 .82 ± 0 .05 0,97 ± 0 .14 8 , 3 ± 0 .4 

Tab le 2 . 1 3 . The r e s u l t s of a n a l y s e s c a r r i e d out on one sample a f t e r 

s e p a r a t e p o r t i o n s had been t r e a t e d in d i f f e r e n t w a y s . Samples 1-4 

were f i l t e r e d , Che lexed and a n a l y s e d c o m p l e t e l y s e p a r a t e l y . Samples 

5-7 were f i l t e r e d as one sample and s u b s e q u e n t l y s p l i t i n t o t h r e e 

p o r t i o n s f o r C h e l e x i n g and a n a l y s i s . 

Comparing the p r o f i l e s of the Pb and Cd w i t h t h o s e of Zn and 

Cu i t was apparent t h a t t h e r e was l i t t l e c o n s i s t e n c y f o r the a n a l y s i s 

of t h e s e m e t a l s . Thus d e t e r m i n a t i o n s of Pb and Cd were abandoned in 

favour of Cu and Z n . T h i s d id not a c t u a l l y speed up the work but the 
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a n a l y t i c a l p r e c i s i o n improved and fewer r e p e t i t i v e a n a l y s e s were 

n e c e s s a r y . However, c o n s i d e r i n g a l l f a c t o r s , i t was r e a l i s e d t h a t an 

a n a l y s i s of t h i s na ture fo r two m e t a l s , p a r t i c u l a r l y Cu and Z n , 

o f f e r e d few advantages over c o n v e n t i o n a l AAS. 

2,3,5 Analysis of Solutions by AAS 

Atomic Absorpt ion Spec t romet ry (AAS) a n a l y s e s were c a r r i e d out 

on an Ins t rumenta l L a b o r a t o r i e s 151 spec t rophotometer u s i n g an 

a i r / a c e t y l e n e f lame and the a p p r o p r i a t e h o l l o w ca thode lamps f o r Zn 

and Cu and sometimes Fe and Mn. A n a l y s i s was e i t h e r d i r e c t on samples 

from the v o l u m e t r i c f l a s k s or a f t e r d i l u t i o n in 25ml p l a s t i c b e a k e r s . 

B l a n k s were determined on Nanopure water and four mixed metal 

s t a n d a r d s , prepared from lOOOmg/1 s o l u t i o n s (BDH) . were used to g i v e a 

c a l i b r a t i o n graph over the l i n e a r range ( a p p r o x i m a t e l y 0 . 1 - 1 . 2 m g / l ) 

f o r Cu and Z n . Background c o r r e c t i o n was used where a p p r o p r i a t e . 

Comparison of t h i s t e c h n i q u e of a n a l y s i s w i t h the ASV on 

samples which had been t r e a t e d by the m i c r o - C h e l e x method showed t h a t 

AAS gave a f a r smoother c u r v e f o r c o n c e n t r a t i o n v e r s u s t i m e . An 

example of t h i s f o r the Zn c o n t r o l f o r one exper iment i s shown in 

F i g u r e 2 . 1 1 . P l o t t i n g the r e s u l t s from ASV v e r s u s t h o s e from AAS, as 

d e s c r i b e d in S e c t i o n 2 . 3 . 4 , had shown a v e r y s i m i l a r a n a l y t i c a l 

r e p r o d u c i b i l i t y can be a c h i e v e d but t h i s i s o n l y a t the h igh metal 

c o n c e n t r a t i o n s genera ted by c o n c e n t r a t i n g 8 l i t r e s i n t o 25ml . 

T h e r e f o r e , f o r a n a l y s i s of f u r t h e r samples AAS was used t o examine the 

behav iour of Cu and Zn o n l y . T a b l e 2.14 g i v e s the r e s u l t s of the 

a n a l y s e s of f i v e r e p l i c a t e samples from an e x p e r i m e n t a l r u n . T h i s 

shows the c o e f f i c i e n t of v a r i a t i o n to be ±15% for both Zn and Cu a f t e r 
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F i g u r e 2 . 1 1 . An example of Zn c o n c e n t r a t i o n s , p l o t t e d v e r s u s t ime , determined by 
both ASV ( • ) and AAS ( • ) . T h i s sample was a con t ro l run c o n c u r r e n t l y 
wi th an adsorp t ion exper iment . 



the p r e p a r a t i v e and a n a l y t i c a l p r o c e d u r e s . 

C o n c e n t r a t i o n 

Zn (mg/1) Cu ( p g / l ) 

R e p l i c a t e 

samples 1 2 . 2 7 .6 

14.4 7 .8 

1 3 . 8 7.1 

17 .7 7 .8 

12 .6 5 .4 

Mean ± S . D . 14.1 ± 2 , 2 7.1 ± 1.0 

Tab le 2 . 1 4 . R e s u l t s from a n a l y s e s by AAS of f i v e r e p l i c a t e samples 

and t h e i r mean and s tandard d e v i a t i o n . 
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CHAPTER THREE 

THE MICROSTRUCTURES OF ESTUARINE PARTICLES-
RESULTS AND DISCUSSION 

T h i s s tudy of the m i c r o s t r u c t u r e s o f e s t u a r i n e p a r t i c l e s was 

undertaken because l i t t l e i s known about the morphologies of n a t u r a l 

p a r t i c l e s u r f a c e s and t h e i r r e l a t i o n s h i p to s o r p t i o n p r o c e s s e s . T h i s 

i s the f i r s t attempt to determine the s u r f a c e a r e a and p o r o s i t y of 

n a t u r a l e s t u a r i n e p a r t i c l e s and to examine the r o l e s u r f a c e c o a t i n g s 

( fer romanganese oxyhydrox ides and o r g a n i c m a t t e r ) have in c o n t r o l l i n g 

t h e s e c h a r a c t e r i s t i c s . Many such s t u d i e s have been c a r r i e d out on the 

s u r f a c e s of s y n t h e t i c and n a t u r a l s u b s t a n c e s ( e g . P a r f i t t and S i n g , 

1976) but t h e s e c o n c e n t r a t e on s i n g l e component m a t e r i a l s w i t h 

i n d u s t r i a l a p p l i c a t i o n s . I t i s e s s e n t i a l t h a t the s u r f a c e s of m u l t i -

component e s t u a r i n e m a t e r i a l s a r e c o r r e c t l y p e r c e i v e d be fore the 

heterogeneous chemica l r e a c t i v i t y in e s t u a r i e s can be f u l l y 

i n t e r p r e t e d . 

T h i s c h a p t e r i s d i v i d e d i n t o t h r e e s e c t i o n s d e a l i n g f i r s t w i th 

some p h y s i c a l c h a r a c t e r i s t i c s of the p a r t i c l e s , then w i t h the c h e m i c a l 

components, fo l lowed by the c o n c l u s i o n s from t h i s a s p e c t o f the s t u d y . 

Throughout t h i s c h a p t e r i t i s worth r e c a l l i n g t h a t " s u r f a c e a r e a " 

r e f e r s t o v a l u e s o b t a i n e d s p e c i f i c a l l y by the BET method i n m / g 

u n l e s s o t h e r w i s e s t a t e d . 
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3,1, The Morphology of Estuarine Par t ic les . 

3,1,1, General Considerations, 

I t has been i d e n t i f i e d in t h i s work and by o t h e r s (Adamson, 

1982; S i n g , 1982) t h a t s u r f a c e a r e a s a r e not d i r e c t l y comparable when 

determined u s i n g d i f f e r e n t p r e p a r a t i o n t e c h n i q u e s or a n a l y t i c a l 

methods ( s e e S e c t i o n 2 . 1 . 1 ) . However, i f one assumes t h a t d r i e d 

e s t u a r i n e m a t e r i a l , prepared by a c o n s i s t e n t method, i s r e p r e s e n t a t i v e 

o f the n a t u r a l p a r t i c l e s , i t i s p o s s i b l e to deduce impor tant 

i n f o r m a t i o n about p a r t i c l e s u r f a c e c h a r a c t e r i s t i c s by comparing 

r e l a t i v e d i f f e r e n c e s in s u r f a c e a r e a s and p o r o s i t i e s . 

P r e l i m i n a r y s t u d i e s d e r i v i n g the BET s u r f a c e a r e a s of 

p a r t i c l e s r e v e a l e d a wide range of a r e a s f o r both n a t u r a l and 

s y n t h e t i c m a t e r i a l s . T a b l e 3.1 shows t h a t n a t u r a l sediment p a r t i c l e s 

from the m i d - e s t u a r i n e reg ion of the Plym R i v e r have a v e r y low 

s u r f a c e a r e a ( 2 . 9 - 4 . 3 m ' ' / g ) w h i l e the a r e a s f o r sed iments from the 
2 

Carnon R i v e r a r e an order of magnitude g r e a t e r {63.8m / g ) . The 

s u r f a c e a r e a s of sediments and suspended p a r t i c l e s from the Tamar 

E s t u a r y , l i e between t h o s e of the Carnon and Plym m a t e r i a l s . 

F u r t h e r m o r e , i t i s apparent t h a t the s u r f a c e a r e a of the Tamar E s t u a r y 

suspended m a t e r i a l i s about 80% g r e a t e r than t h a t ob ta ined f o r 

a s s o c i a t e d sediment m a t e r i a l . The f a c t t h a t t h i s i n t r a - and i n t e r -

e s t u a r i n e v a r i a b i l i t y can be i d e n t i f i e d , i n d i c a t e s t h a t t h i s w e l l 

e s t a b l i s h e d n i t r o g e n probe t e c h n i q u e can be a p p l i e d to n a t u r a l 

s a m p l e s , removed from t h e i r normal e n v i r o n m e n t , t o compare and 

c o n t r a s t t h e i r s u r f a c e morphology. The wide range of s u r f a c e a r e a s 

found in t h e s e samples a l s o s u g g e s t s t h a t t h e r e may be a v a r i e t y of 
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Sample S u r f a c e a r e a (m / g ) 

Plym E s t u a r y 
Plym E s t u a r y 
Tamar E s t u a r y 
Tamar E s t u a r y 
Tamar R i v e r -
Carnon R i v e r 
Carnon R i v e r • 

sediments 
sediments 

- suspended s o l i d s 
- sediments 
suspended s o l i d s 

suspended s o l i d s 
sediments 

4 . 3 
2 . 9 

19 .0 
10 .8 
10 .3 
5 6 . 0 
6 3 . 8 

Tab le 3 . 1 . Examples of s u r f a c e a r e a s determined by BET n i t r o g e n 
a d s o r p t i o n f o r n a t u r a l samples from t h r e e d i f f e r e n t l o c a l i t i e s in S.W, 
England 

Sample 

Humic a c i d ( A l d r i c h - T e c h n i c a l ) 
C r y s t a l l i n e S i O ^ 
Pure K a o l i n i t e 
Haemati te 

I l l i t e 

G o e t h i t e 

L e p i d o c r o c i t e 
Amorphous FeOOH ( n a t u r a l ) 
Amorphous FeOOH ( s y n t h e t i c ) 
Amorphous MnO^ 

S u r f a c e a r e a 

( m ^ g ) 

0 .7 
3 .3 

12 .9 
44 

93-132 

9-153 

97-121 
141-211 
159-234 
470 

R e f e r e n c e 

T h i s work 
Mart in e t a l ( 1986 ) 
T h i s work 
Madrid and 
De Arambarr i (1985) 
Green land and Quirk 
(1962) 
Schwertmann et a l . 
( 1985 ) 
Crosby e t a l . ( 1983 ) 
Marsh e t a l . (1984) 
Crosby et a l 
T h i s work 

(1983) 

Tab le 3 . 2 . S u r f a c e a r e a s determined fo r v a r i o u s c o n s t i t u e n t s of 
n a t u r a l s a m p l e s , dur ing t h i s work and by o t h e r s , u s i n g the BET 
n i t r o g e n a d s o r p t i o n t e c h n i q u e . 

96 



chemica l components which c o n t r o l the s u r f a c e a r e a s of n a t u r a l 

m a t e r i a l s . 

Tab le 3 .2 shows the s u r f a c e a r e a s of some e n v i r o n m e n t a l l y 

r e l e v a n t m a t e r i a l s determined d u r i n g t h i s work and by o t h e r s . These 

show a range of s u r f a c e a r e a s ( 0 . 5 - 4 7 0 m ^ / g ) f o r v a r i o u s c o n s t i t u e n t s 

which a r e known to be p r e s e n t in n a t u r a l e s t u a r i n e p a r t i c l e s ( q u a r t z , 

a l u m i n o s i l i c a t e c l a y s , amorphous Fe and Mn hydrox ides and o r g a n i c 

m a t e r i a l ) . The s u r f a c e a r e a s of the c o n s t i t u e n t m a t e r i a l s v a r y 

c o n s i d e r a b l y , as seen by the v a l u e s g iven in T a b l e 3 . 2 , which depend 

on the s o u r c e , wea ther ing regime and the p o t e n t i a l f o r a g e i n g , 

e s p e c i a l l y f o r f r e s h l y formed p r e c i p i t a t e s . 

S t u d i e s on the major e l ementa l compos i t ion of e s t u a r i n e 

p a r t i c l e p o p u l a t i o n s would suggest t h a t the d i f f e r e n c e s observed a r e 

due to v a r i a t i o n in the p a r t i c l e s o u r c e s ( D ' A n g l e j a n and S m i t h , 1973, 

Mar t in and Meybeck, 1 9 7 9 ) . However, around the f r e s h water b r a c k i s h 

water i n t e r f a c e f l o c c u l a t i o n of o r g a n i c m a t e r i a l and hydrous i r o n 

o x i d e s has been w i d e l y repor ted (Aston and C h e s t e r , 1973; S h o l k o v i t z , 

1976, S h o l k o v i t z e t a l . , 1 9 7 8 ) . These m a t e r i a l s which coa t the 

u n d e r l y i n g l i t h o g e n o u s m a t e r i a l have a s i g n i f i c a n t e f f e c t on the 

charge p r o p e r t i e s of the p a r t i c l e s (Hunter and L i s s , 1982) and may 

modify the s u r f a c e a rea and p o r o s i t y of the p a r t i c l e s ( E i s m a e t a l 

1978; S a l e h and J o n e s , 1 9 8 4 ) . For example , i f the l i t h o g e n o u s 
2 

component of a sample was k a o l i n i t e (12.9m / g ) and t h i s was c o a t e d 
o 

w i t h f r e s h l y p r e c i p i t a t e d amorphous Fe oxyhydrox ides (141-211m / g ) 

one a n t i c i p a t e s the s u r f a c e a rea would i n c r e a s e . On the o t h e r h a n d , 

i f t h e s e same p a r t i c l e s were coa ted by f l o c c u l a t e d o r g a n i c m a t e r i a l , a 

d e c r e a s e in s u r f a c e a r e a may be expected as the measured s u r f a c e a rea 
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2 fo r humic a c i d i s a p p a r e n t l y very low (0.7m / g ) . T h u s , knowledge of 

the way In which c o a t i n g s c o n t r o l the observed s u r f a c e a r e a of n a t u r a l 

e s t u a r i n e p a r t i c l e s i s e s s e n t i a l i f any u n d e r s t a n d i n g of s u r f a c e 

s o r p t i o n p r o c e s s e s i s to be r e a l i s e d (Mar t in e t a l 1 9 8 6 ) . 

The a d d i t i o n a l advantage of t h i s s t u d y i s t h a t , f o r the f i r s t 

t i m e , the i n t e r n a l p o r o s i t y of n a t u r a l e s t u a r i n e p a r t i c l e s was 

examined . BET n i t r o g e n a d s o r p t i o n h y s t e r e s i s loops g i v e I n f o r m a t i o n 

on the pore s i z e , volume and shape so t h a t d e t a i l s of the morphology 

of the p a r t i c l e s u r f a c e can be ga ined and compar isons made. Examples 

of the h y s t e r e s i s loops f o r the Plym and Tamar e s t u a r i n e sediment 

samples drawn i n F i g u r e 3.1 show the mesopore volume of the Tamar 

m a t e r i a l ( 6 . 7 x 10"^ cm^/g) to be 3 t imes t h a t of the Plym 

- 3 3 

( 2 . 5 X 10 cm / g ) . The shapes of the h y s t e r e s i s loops i n d i c a t e 

fo r both samples t h a t m i c r o - and meso-pores (<2-50nm) a r e p r e s e n t . 

In fo rmat ion on the s i z e of pores i s of v a l u e when a s s e s s i n g whether or 

not s u r f a c e adsorbed ions can p e n e t r a t e the p a r t i c l e m a t r i x . T h i s 

p e n e t r a t i o n , or t u n n e l i n g , w i l l i n v o l v e a k i n e t i c a l l y s low d i f f u s i o n 

i n t p the mat r ix of the p a r t i c l e s a f t e r which a d s o r p t i o n may or may not 

o c c u r . There have been few at tempts to t r y t o s p e c i f y the r e l a t i o n ­

s h i p between p a r t i c l e p o r o s i t y and s u r f a c e s o r p t i o n r e a c t i o n s ( C a b r e r a 

e t a l . , 1981; Madrid and De A r a m b a r r i , 1985) a l though s e v e r a l s t u d i e s 

have i n d i c a t e d t u n n e l i n g to be of importance f o r k i n e t i c a l l y s low 

s o r p t i o n r e a c t i o n s (Bar row, 1983; N y f f e l e r e t a l . , 1 9 8 4 ) . I t I s the 

I n t e n t i o n of t h i s s tudy t h a t , through a r i g o r o u s examinat ion of the 

morphology of n a t u r a l p a r t i c l e s u r f a c e s , some of the complex p h y s i c o -

chemica l c o n t r o l s on s u r f a c e s o r p t i o n p r o c e s s e s can be e l u c i d a t e d . 
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F i g u r e 3 . 1 . Ni trogen a d s o r p t i o n - d e s o r p t i o n isotherms fo r a Tamar sediment sample of s u r f a c e 
area of 10.8m2/g (open symbols) and a Plym sediment sample of s u r f a c e area 4.3m2/g 
( c l o s e d symbols) .© Adsorpt ion • Desorpt ion 



3 , 1 , 2 , The R e l a t i o n s h i p Between Suspended and Sediment M a t e r i a l s , 

To i n v e s t i g a t e the v a r i a t i o n in s u r f a c e a r e a s of e s t u a r i n e 

m a t e r i a l , samples of Tamar suspended s o l i d s from the v i c i n i t y of the 

t u r b i d i t y maximum z o n e , and the a s s o c i a t e d sediment p a r t i c l e s were 

c o l l e c t e d i n the sunmier of 1984 and t h e i r s u r f a c e a r e a s determined 

a f t e r a i r d r y i n g . The v a l u e s f o r t h e s e samples in Tab le 3 .3 show t h a t 

suspended m a t e r i a l has s i g n i f i c a n t l y more s u r f a c e a r e a than the 

c o r r e s p o n d i n g sediment p a r t i c l e s (Mil 1 ward e t a l , , 1 9 8 5 ) . 

As d i s c u s s e d in S e c t i o n 2 . 2 . 2 problems were encountered i n the 

a n a l y s i s o f a i r d r i e d m a t e r i a l because i t was d i f f i c u l t to e x t r a c t a 

r e p r e s e n t a t i v e s a m p l e . T h e r e f o r e , to a s c e r t a i n t h a t the d i f f e r e n c e s 

seen between suspended and sediment were r e a l , a t - t e s t was c a r r i e d 

out on 5 r e p l i c a t e a n a l y s e s of c o r r e s p o n d i n g suspended and sediment 

samples as shown i n Table 3 . 4 . T h i s c o n f i r m s t h a t to 99% c o n f i d e n c e 

the two samples have d i f f e r e n t s u r f a c e a r e a s as i s the c a s e f o r a l l 

s a m p l e s . The two p o s s i b l e r e a s o n s advanced t o e x p l a i n the data i n 

Table 3 .3 a r e ( 1 ) the s e l e c t i v e r e s u s p e n s i o n (or r e t e n t i o n in 

s u s p e n s i o n ) o f a p a r t i c u l a r f r a c t i o n o f the sediment w i t h i n the 

t u r b i d i t y maximum zone and ( 2 ) the fo rmat ion of f r e s h f l o c c u l a n t s in 

the low s a l i n i t y reg ion of the e s t u a r y . 

F i r s t l y , p a r t i c l e s of a p a r t i c u l a r s i z e or s e t t l i n g v e l o c i t y 

may be suspended w i t h i n the t u r b i d i t y maximum zone depending on the 

p r e v a i l i n g t u r b u l e n c e i n t h e e s t u a r y ( F e s t a and Hanson, 1978; B a l e et_ 

a l . , 1984; E i s m a , 1 9 8 6 ) . D i s a g g r e g a t i o n of resuspended p a r t i c l e s may 

occur and can be r e g u l a t e d by the f l u c t u a t i o n s in s a l i n i t y ( F e s t a and 

Hanson, 1 9 7 8 ) , P a r t i c l e s may a l s o be d i s a g g r e g a t e d by the s h e a r 

s t r e s s on the sediment dur ing t i d a l s t i r r i n g s i n c e i n t e r p a r t i c l e 
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S u r f a c e a rea (m / g ) 

T u r b i d i t y (mg/L ) 

65 
190 
260 
270 
690 

S a l i n i t y ( V o o ) Suspended 

2 .3 
0 .4 
0.1 
0 .3 
0 .7 

19 
22 
20 
22 
22 

Sediment 

13.1 
16 .2 
12.4 
14.8 

9.1 

Tab le 3 . 3 . S u r f a c e a r e a s of a i r d r i e d Tamar E s t u a r y suspended s o l i d s 
and a s s o c i a t e d sediment samples c o l l e c t e d in the summer of 1984. 

S u r f a c e a r e a (m / g ) 

Suspended Sediment 

Mean ± s . d 

17 
17 
19 
15 
15 
17 ± 1.7 

1 0 . 3 
8 . 4 
8 . 2 
8 . 0 
8 .1 
8 . 6 ± 0 . 9 

t - t e s t l i m i t s 
Upper 
Lower 

20 .4 
13 .5 

10 .5 
6 .7 

Tab le 3 . 4 . A t - t e s t a n a l y s i s on f i v e r e p l i c a t e d e t e r m i n a t i o n s of the 
s u r f a c e a r e a of suspended and sediment m a t e r i a l which shows to 99% 
c o n f i d e n c e t h a t the two m a t e r i a l s have d i f f e r e n t s u r f a c e a r e a s . 
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f o r c e s a r e e x t r e m e l y weak and a g g r e g a t e s can be broken i n t o s m a l l e r 

u n i t s or t h e i r pr imary p a r t i c l e s ( J a m e s , 1 9 8 7 ) . P a r t i c l e s i z e 

d i s t r i b u t i o n s were measured as d e s c r i b e d in S e c t i o n 2 . 1 . 4 fo r samples 

of Tamar r e s u s p e n d a b l e sediment and suspended p a r t i c l e s . An example 

of t h e r e s u l t s f o r c o r r e s p o n d i n g sediment and suspended m a t e r i a l i s 

shown i n F i g u r e 3 . 2 . The data show the modal p a r t i c l e s i z e fo r the 

suspended p a r t i c l e s to be s m a l l e r than t h a t f o r the sediment 

p a r t i c l e s . 

Folk-Ward s t a t i s t i c s were used to c a l c u l a t e mean p a r t i c l e 

s i z e s assuming s p h e r i c a l non-porous p a r t i c l e s ( F o l k , 1 9 6 6 ) . The 

r e s u l t s a r e shown i n Tab le 3 . 5 w i th o ther compara t i ve s a m p l e s , some of 

which had a h igher modal s i z e f o r the suspended p a r t i c l e s than the 

sediment p a r t i c l e s . The c a l c u l a t e d mean v a l u e s , a l though i n g e n e r a l 

agreement w i t h the h i s t o g r a m s , do not i n d i c a t e any c o n s i s t e n t t r e n d 

between a l l suspended and sediment s a m p l e s . Geometr ic s u r f a c e a r e a s 

which have been c a l c u l a t e d from t h e s e mean p a r t i c l e s i z e s ( s e e T a b l e 

2 2 

3 . 5 ) , range from 0.14m /g to 0.34m / g and t h e s e a r e two o r d e r s of 

magnitude s m a l l e r than t h o s e measured by n i t r o g e n a d s o r p t i o n ( 1 3 . 1 -

22.5m / g ) . A l s o shown in Tab le 3 . 5 a r e the s t a n d a r d d e v i a t i o n s , f o r 

the mean p a r t i c l e s i z e s , in phi u n i t s , which canbeused as an index of 

p a r t i c l e s o r t i n g ( F o l k , 1 9 6 6 ) . A l l t h e s e n a t u r a l p a r t i c l e p o p u l a t i o n s 

would f a l l i n t o the poor ly s o r t e d c a t e g o r y as the s tandard d e v i a t i o n s 

a r e between 1 and 2 w h i l e t h e example f o r k a o l i n i t e would be 

modera te ly s o r t e d . 

In t h i s work >0.45Mm was used as the o p e r a t i o n a l d e f i n i t i o n 

of p a r t i c u l a t e m a t e r i a l but the lowest measurab le p a r t i c l e s i z e by 

l a s e r d i f f r a c t i o n was 1.9Mm. T h i s c u t - o f f p r e s e n t s a problem s i n c e 
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F i g u r e 3 . 2 . Examples of the p a r t i c l e s i z e d i s t r i b u t i o n determined 
by l a s e r p a r t i c l e s i z i n g . (A) The d i s t r i b u t i o n f o r a 
Tamar suspended p a r t i c l e p o p u l a t i o n w i t h a mean p a r t i c l e 
s i z e of 8.7Mm. (B) The d i s t r i b u t i o n f o r a resuspended 
sediment sample w i t h a p a r t i c l e s i z e of I S . B p m . 
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SUSPENDED SEDIMENT 

T u r b i d i t y BET Mean S . D . Geometric BET Mean S . D . Geometric 

s u r f a c e area p a r t i c l e s u r f a c e area s u r f a c e area p a r t i c l e s u r f a c e area 

(mg/L) (m^/g) slze(Mni) (m^/g) (m^/g) s lze( i jn i ) K / g ) 

65 19.4 8 .7 1.07 0.24 13.1 13.6 1.45 0.15 

190 22.1 12.5 1.16 0.16 16.2 8 .4 1.24 0.24 

270 22 .5 10.1 1.11 0.20 14.8 8 .6 1.09 0.23 

K a o l i n i t e 12.9 5.2 0.84 0.38 

Table 3 . 5 . The mean p a r t i c l e s i z e and c a l c u l a t e d geometric s u r f a c e a reas fo r s e l e c t e d Tamar suspended and 
a s s o c i a t e d sediment samples and fo r a k a o l i n i t e sample . A lso Inc luded i s the standard d e v i a t i o n ( S . D . ) of the 
p a r t i c l e s i z e us ing the iS s c a l e . 



t h e r e i s a reg ion in the s i z e d i s t r i b u t i o n where t h e r e i s no 

in fo r m a t ion about p a r t i c l e s i z e . T h i s problem i s s i m i l a r to many 

o ther a n a l y t i c a l methods ( R i l e y , 1 9 7 5 ) . As an example of t h i s 

u n c e r t a i n t y F i g u r e 3 .3 shows the r e s u l t s of d e t e r m i n i n g the range of 

p a r t i c l e s i z e s of a n a t u r a l suspended sample b e f o r e and a f t e r 

d i g e s t i o n w i t h hydrogen perox ide to remove o r g a n i c m a t t e r . These show 

a d e c r e a s e in p a r t i c l e s i z e a f t e r d i g e s t i o n , the c a l c u l a t e d mean 

p a r t i c l e s i z e d e c r e a s i n g from 10.7pm b e f o r e t r e a t m e n t t o 5.7pm a f t e r 

o x i d a t i o n . However t h i s method does not q u a n t i f y the reg ion between 

0.45pm and 1.9pm which fo r the u n t r e a t e d p a r t i c l e s c o n t a i n s 4.6% of 

the c u m u l a t i v e weight w h i l e f o r t h e d i g e s t e d p a r t i c l e s c o n t a i n s 17.8%. 

T h i s s o u r c e of e r r o r in the c a l c u l a t i o n of the mean p a r t i c l e 

s i z e s i s not s u f f i c i e n t to i n c r e a s e the sma l l geometr ic s u r f a c e a r e a s 

r e l a t i v e t o t h o s e measured by BET n i t r o g e n a d s o r p t i o n . The p a r t i c l e s 

would need to have an average d iameter of 0.1pm in o rder to g i v e a 

c a l c u l a t e d s u r f a c e a rea of 20m / g . S i n c e a l l p a r t i c u l a t e samples 

were f i l t e r e d through 0.45pm f i l t e r s and even t a k i n g i n t o account 

f i l t e r c l o g g i n g e f f e c t s ( G i b b s , 1974; R i l e y . 1975; F a i s s t , 1 9 8 0 ) , i t 

i s h i g h l y improbable tha t a l a r g e p r o p o r t i o n of t h e s e very smal l 

p a r t i c l e s would be r e t a i n e d w i t h i n the sample f o r s u r f a c e a r e a 

a n a l y s i s . 

T h e r e f o r e , i t i s deduced t h a t the m a j o r i t y of the s u r f a c e 

a r e a seen u s i n g gas a d s o r p t i o n t e c h n i q u e s must be as a r e s u l t of 

i r r e g u l a r p a r t i c l e shape and i n t e r n a l pore s t r u c t u r e and t h e r e i s 

l i t t l e e v i d e n c e to suggest t h a t t h e r e i s a c o n n e c t i o n between p a r t i c l e 

s i z e and measured s u r f a c e a r e a f o r e s t u a r i n e p a r t i c l e s . The pore 

space may be in c y l i n d r i c a l or i n k - b o t t l e shaped p o r e s , s l i t s in c l a y 
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F i g u r e 3 . 3 . The p a r t i c l e s i z e d i s t r i b u t i o n f o r a Tamar suspended 
sample (A) be fo re d i g e s t i o n w i t h hydrogen p e r o x i d e 
and (B) a f t e r d i g e s t i o n . Data c o u r t e s t y o f Mr A . J . B a l e 
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m i n e r a l s or in s p a c e s between p a r t i c l e s j o i n e d t o g e t h e r as a g g r e g a t e s . 

In r e a l i t y i t i s probably a combinat ion of a l l t h e s e s p a c e s . 

The second p o s s i b l e reason f o r o b s e r v i n g a h i g h e r s u r f a c e 

a rea in the suspended m a t e r i a l than in the sediment m a t e r i a l c o u l d be 

the format ion of f r e s h f l o c c u l a n t s . In the low s a l i n i t y reg ion o f the 

t u r b i d i t y maximum, the d i s s o l v e d and c o l l o i d a l , o r g a n i c and i n o r g a n i c 

m a t e r i a l p r e s e n t in the r i v e r water can f l o c c u l a t e on meet ing the 

b r a c k i s h water (Boy le e t a l 1 9 7 4 ; S h o l k o v i t z , 1976; S h o l k o v l t z e t 

a l _ . , 1978; Fox and Wofsy, 1 9 8 3 ) . C o n s t i t u e n t s which f l o c c u l a t e onto 

the s u r f a c e s of the suspended p a r t i c l e s w i l l a l t e r the s u r f a c e 

c h a r a c t e r i s t i c s of the p a r t i c l e s ( G i b b s , 1973; Hunter and L i s s , 1 9 8 2 ) . 

Suspended p a r t i c l e s have been seen to age and l o s e s u r f a c e a rea w h i l e 

l e f t f o r 48h i n the sample b o t t l e s d u r i n g t h i s p r o j e c t ( s e e S e c t i o n 

2 . 2 . 2 ) , and a s i m i l a r age ing p r o c e s s has been seen f o r p r e c i p i t a t e d Fe 

oxyhydrox ides l e f t in s u s p e n s i o n fo r 2h or l o n g e r (Crosby e t a l 

1 9 8 3 ) , Thus newly f l o c c u l a t e d m a t e r i a l w i l l be p r e s e n t In the 

suspended mat ter of the e s t u a r y and the suspended m a t e r i a l may have a 

h igher s u r f a c e a r e a than comparable sediment m a t e r i a l because of the 

p resence of f r e s h s u r f a c e c o a t i n g s of Fe o x y h y d r o x i d e s . 

Comparing the h y s t e r e s i s c u r v e s f o r suspended and sediment 

m a t e r i a l ( s e e F i g u r e s 3.4 and 3 . 5 ) shows s i m i l a r c h a r a c t e r i s t i c s f o r 

pore s i z e and shape but a lower pore volume f o r the sediment ( 9 . 9 X 

10"^cm^/g) than f o r the suspended sample ( 1 . 6 X 1 0 " ^ c m ^ / g ) . 

The i s o t h e r m s a r e of the type B u s i n g the Oe Boer c l a s s i f i c a t i o n 

( S i n g , 1976) which i s i n d i c a t i v e of s l i t shaped pores or p a r a l l e l 

p l a t e s i n the mesopore range (2-50nm) and they a l s o show low p r e s s u r e 

h y s t e r e s i s . T h i s low p r e s s u r e h y s t e r e s i s , super imposed on the 
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F i g u r e 3 . 4 . A n i t rogen a d s o r p t i o n - d e s o r p t i o n isotherm for a Tamar suspended sample of s u r f a c e area 
19.4m2/g a s s o c i a t e d wi th the sediment sample fo r which the h y s t e r e s i s loop i s shown in 
F i g u r e 3 . 5 . O Adsorpt ion • Desorpt ion 
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F i g u r e 3 . 5 . A n i t rogen a d s o r p t i o n - d e s o r p t i o n isotherm for the sediment sample of s u r f a c e area 
13.1m2/g a s s o c i a t e d wi th the suspended sample f o r which the h y s t e r e s i s loop i s 
shown in F i g u r e 3 . 4 . 0 Adsorpt ion • Desorpt ion 



i s o t h e r m , i s thought to be due t o i r r e v e r s i b l e i n t e r c a l a t i o n of t h e 

n i t r o g e n m o l e c u l e s in narrow s l i t s (<2nm) or a c r o s s the neck of o t h e r 

types of p o r e s . 

An analogous d e c r e a s e in pore volume w h i l e the o t h e r pore 

c h a r a c t e r i s t i c s a re r e t a i n e d has been seen f o r F e ( I I ) d e r i v e d Fe 

oxyhydrox ides aged f o r two hours and one week by Crosby et a l . ( 1 9 8 3 ) . 

As shown i n Tab le 3 ,6 the pore volume d e c r e a s e d from 1.8 X 

- 1 3 2 
10 cm /g f o r two hour o ld m a t e r i a l ( s u r f a c e a r e a = 121m / g ) t o 

- 2 3 2 
6 . 3 X 10 cm^/g fo r week o ld m a t e r i a l ( s u r f a c e a rea = 97m / g ) . 

T h i s s u g g e s t s t h a t i t i s f e a s i b l e f o r the h i g h e r s u r f a c e a r e a o f the 

suspended m a t e r i a l to be due to the f r e s h n e s s of c e r t a i n components of 

the p a r t i c l e s . T h i s i s d i s c u s s e d i n more d e t a i l in subsequent 

s e c t i o n s . 

A compar ison of the s u r f a c e a r e a of Res t ronguet Creek 

suspended s o l i d s and sediment m a t e r i a l was a l s o c a r r i e d o u t . T h i s 

gave a s u r f a c e a r e a fo r the sed iments of 35.5m^/g and fo r the 

suspended m a t e r i a l of 125.5m''/g as i s shown i n Tab le 3 .6 w i t h v a l u e s 

fo r o t h e r s e l e c t e d m a t e r i a l s . T h i s i n d i c a t e s t h a t each e s t u a r i n e 

system i s i n d i v i d u a l a l though t r e n d s w i t h i n d i f f e r e n t e s t u a r i e s a r e 

the same. Examinat ion of the h y s t e r e s i s c u r v e seen in F i g u r e 3 .6 f o r 

the suspended m a t e r i a l from the Res t rongue t Creek shows in p a r t i c u l a r 

l a r g e mesopores and macropores to be p r e s e n t . There i s no e v i d e n c e of 

m ic ropores in t h i s s o l i d , p o s s i b l y because t h e r e i s v e r y l i t t l e 

a l u m i n o s i l i c a t e c l a y i n the Res t ronguet C r e e k . The pore volume f o r 

the Res t ronguet Creek suspended m a t e r i a l i s of a magnitude 

i n t e r m e d i a t e between the n a t u r a l Fe o x i d e s p r e c i p i t a t e d by Crosby e t 

a l . (1983) and the Tamar m a t e r i a l . The v e r y h igh Fe c o n c e n t r a t i o n s 
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Sample S u r f a c e a r e a Pore volume 

(m^/g) (cm^/g) 

Tamar suspended 19.4 1.6 X 10"^ 

Tamar sediment 13.1 9 . 9 X 10"-^ 

Res t ronguet suspended 125 .5 3 .7 X 10"^ 

Rest ronguet sediment 3 5 . 5 

Amorphous FeOOH^ 

2 hour o ld 121 1.8 X 1 0 ' ^ 

1 week o ld 97 6 . 2 X 10"^ 

C a - W i l l a l o o k a 

i l l i t e * ^ 164 1.9 X 10"^ 

Tab le 3 . 6 . A comparison of s u r f a c e a r e a s and pore volumes of 

n a t u r a l and p r e c i p i t a t e d m a t e r i a l s . 

^ Va lues from Crosby e t a l . (1983) ^ Value from Quirk (1978 ) 

(up to 5mg/ l ) found in the Carnon R i v e r which f lows i n t o the 

Rest ronguet Creek w i l l g r e a t l y i n f l u e n c e the s u r f a c e a r e a o f t h i s 

m a t e r i a l (Marsh e t a l . , 1984; J o h n s o n , 1 9 8 6 ) . In the low s a l i n i t y 

reg ion of the e s t u a r y amorphous Fe o x i d e s would p r e c i p i t a t e and a 

l a r g e q u a n t i t y of f r e s h Fe oxyhydrox ides would I n c r e a s e the s u r f a c e 

a rea and p o r o s i t y of the suspended m a t e r i a l . The f a c t t h a t the pore 

volume and s u r f a c e a rea a r e not d i r e c t l y r e l a t e d i s a l s o worth 

c o n s i d e r a t i o n . I t i s most important to de termine the p o r o s i t y of 

p a r t i c l e s before a t tempt ing to r e l a t e s o r p t i o n r e a c t i o n s t o p a r t i c l e 

morphology ( C a b r e r a e t a l 1 9 8 1 ; Madrid and De A r a m b a r r i , 1 9 8 5 ) . 
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F i g u r e 3 . 6 . A n i t rogen a d s o r p t i o n - d e s o r p t i o n isotherm for suspended m a t e r i a l , from Restronguet 
C r e e k , of s u r f a c e a reaof 125 .5m2/g .o A d s o r p t i o n P Desorpt ion 



3 . 1 , 3 , The S u r f a c e Areas o f Suspended S o l i d s from the Tamar E s t u a r y ^ 

Two a x i a l t r a v e r s e s of the Tamar E s t u a r y ( 2 9 - 1 0 - 8 5 and 1 8 - 9 -

86) were c a r r i e d out to c o l l e c t d i s c r e t e samples of suspended 

p a r t i c u l a t e m a t e r i a l through the whole hydrodynamic regime of the 

e s t u a r y . T a b l e 3 .7 shows the range of c o n d i t i o n s dur ing t h e s u r v e y s 

and T a b l e s 3 .8a and 3.8b show the s a l i n i t y , t u r b i d i t y - and s u r f a c e 

a r e a f o r e a c h s a m p l e . The da ta e x h i b i t a c l e a r l i n k , f o r both 

s u r v e y s , between s u r f a c e a r e a and s a l i n i t y , the h i g h e s t s u r f a c e a r e a 

being found f o r m a t e r i a l from the low s a l i n i t y reg ion of the e s t u a r y 

( T i t l e y e t a 1 1 9 8 7 ) . The data from 2 9 - 1 0 - 8 5 , p l o t t e d i n F i g u r e 3 .7 

a f f i r m t h i s t r e n d when s u r f a c e a r e a and s a l i n i t y a re p l o t t e d v e r s u s 

d i s t a n c e down e s t u a r y . T h i s a l s o shows a c o r r e l a t i o n between s u r f a c e 

a r e a and t u r b i d i t y . 

To t e s t i f t h i s was a r e p r o d u c i b l e phenomenon o t h e r r e s u l t s 

from the Tamar were p l o t t e d v e r s u s log ( s a l i n i t y ) t o g e t h e r w i t h the 

data from the two a x i a l s u r v e y s as shown in F i g u r e 3 . 8 . T h i s g i v e s a 

c u r v e which i n d i c a t e s the n o n - c o n s e r v a t i v e behav iour of s u r f a c e a r e a 

p a r t i c u l a r l y in the low s a l i n i t y r e g i o n of the e s t u a r y . A s i m i l a r 

t r e n d has r e c e n t l y been seen in the Girondq and L o i r e e s t u a r i e s by 

Mart in e t a l . (1986) which s u g g e s t s o b s e r v a t i o n s l i k e t h e s e a r e 

a p p l i c a b l e t o many e s t u a r i e s . I t i s a l s o i n t e r e s t i n g t o note t h a t the 

s u r f a c e a r e a s of suspended m a t e r i a l from t h e s e F rench e s t u a r i e s , 

determined by BET argon a d s o r p t i o n ( a p p r o x i m a t e l y 8-40m / g ) , a r e 

v e r y s i m i l a r in magnitude t o t h o s e measured i n the Tamar E s t u a r y . 

A s i m i l a r p l o t of s u r f a c e a r e a v e r s u s t u r b i d i t y was 

c o n s t r u c t e d as shown i n F i g u r e 3 ,9 but t h i s g i v e s o n l y a moderate 

c o r r e l a t i o n ( s i g n i f i c a n t at the 95% l e v e l ) . T h i s cou ld be because 
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Survey date 2 9 - 1 0 - 8 5 18 -9 -86 
R a i n f a l l (mm) i n 
p r e v i o u s 2 weeks 0 6 . 4 
T i d a l Range (m) 4 . 4 4 . 7 
R i v e r F low (m / s ) 5 .7 8 .7 
Range of 

t u r b i d i t y (mg/L) 80-530 70-580 
pH range 7 . 7 - 7 . 9 7 . 4 - 7 . 8 
Temperature 

range ( " C ) 1 0 . 7 - 8 . 0 1 3 . 2 - 1 1 . 4 

T a b l e 3 . 7 . An o u t l i n e of the c o n d i t i o n s observed d u r i n g two a x i a l 
s u r v e y s of the Tamar E s t u a r y . The ranges quoted a r e f o r the s a l i n i t y 
range of 19*/oo to <0.5''/oo to e n a b l e an i n t e r s u r v e y compar ison t o be 
made. The r a i n f a l l da ta i s from the Plymouth P o l y t e c h n i c 
m e t e o r o l o g i c a l s t a t i o n and t h e r e f o r e r e l e v a n t to Plymouth. 
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S a l i n i t y T u r b i d i t y S u r f a c e a r e a 

( V o o ) (mg/L ) (m^/9) 

2 8 . 5 60 8 .4 
2 2 . 5 190 10.7 

9 .7 115 14 .0 
5 .0 130 17 .2 
3.1 470 18 .0 
2 . 2 480 19 .8 
0 .15 530 17 .8 
0 .09 140 14 .6 
0 .06 215 13 .9 

Tab le 3 . 8 a . S a l i n i t y , t u r b i d i t y and BET n i t r o g e n a d s o r p t i o n s u r f a c e 
a r e a data f o r the 29 -10-86 s u r v e y of the Tamar E s t u a r y . 

S a l i n i t y T u r b i d i t y S u r f a c e a r e a 

( V o o ) ( m q / L ) ( m ^ g ) 

1 9 . 0 70 14 .2 
1 3 . 5 210 12 .0 

8 . 2 150 13 .3 
4 . 7 235 15.1 
2 . 6 500 16.7 
0 .9 580 15 .8 

<0.5 410 15 .2 

Tab le 3 . 8 b . S a l i n i t y , t u r b i d i t y and BET n i t r o g e n a d s o r p t i o n s u r f a c e 
a r e a da ta f o r the 18-9 -86 s u r v e y of the Tamar E s t u a r y . 
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B E T Sur face Area(mJ^g) 
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F i g u r e 3 . 8 . A p l o t o f BET s u r f a c e area v e r s u s l o g ( s a l i n i t y ) f o r samples c o l l e c t e d f rom t h e Tamar 
E s t u a r y . E r r o r b a r s a r e shown f o r two e x a m p l e s , t he l a r g e r f o r a i r d r i e d m a t e r i a l and 

. t h e s m a l l e r f o r f r e e z e d r i e d m a t e r i a l . The area shown a t 0 ° / o o s a l i n i t y i s f o r a f r e s h w a t e r 
s a m p l e . o S e e T a b l e 2 . 5 . • S e e T a b l e 3 . 3 . • See Tab le 3 . 8 a . ® See Tab le 3 . 8 b . X See F i g u r e s 4 . 1 - 4 . 4 . 



B E T S u r f a c e Area(my/g) 
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F i g u r e 3 . 9 . A p l o t o f BET s u r f a c e a rea v e r s u s t u r b i d i t y f o r samples c o l l e c t e d f rom the Tamar E s t u a r y . E r r o r 
b a r s a r e shown on two p o i n t s , t h e l a r g e r r e l a t i n g t o a i r d r i e d samples and t he s m a l l e r t o f r e e z e 
d r i e d s a m p l e s . The c o r r e l a t i o n f o r t he r e g r e s s i o n l i n e i s s i g n i f i c a n t a t t he 95% l e v e l . 

^ See T a b l e 2 . 5 . • S e e T a b l e 3 . 3 . D S e e T a b l e 3 . 8 a . ® See Tab le 3.8b.'>CSee F i g u r e s 4 . 1 - 4 . 4 , 



t u r b i d i t y i s dependen t on many f a c t o r s i n c l u d i n g r i v e r f l o w , t i d a l 

range and t o p o g r a p h y ( A l l e n e t a l 1 9 8 0 ; D ' A n g l e j a n and I n g r a m , 

1 9 8 4 ) . A l s o , i n some p a r t s o f t h e Tamar E s t u a r y t h e r e a r e v e r y 

o b v i o u s l o c a l i s e d a r e a s o f sed imen t r e s u s p e n s i o n due t o f r i c t i o n o f 

w a t e r on t h e banks o f meanders and i n a r e a s exposed t o s t r o n g w i n d s 

w h i c h g i v e r i s e t o p o o l s o f v e r y h i g h t u r b i d i t y . 

D u r i n g t h e two a x i a l e s t u a r i n e s u r v e y s t h e s i z e 

d i s t r i b u t i o n s o f t h e suspended p a r t i c l e s were measured and i n T a b l e s 

•3.9a and 3 . 9 b c a l c u l a t e d g e o m e t r i c s u r f a c e a r e a s and measured n i t r o g e n 

a d s o r p t i o n a r e a s a r e r e p r e s e n t e d ( T i t l e y e t a l . , 1 9 8 7 ) . A g a i n t h e 

s t a n d a r d d e v i a t i o n s s u g g e s t t h e s e samples a r e p o o r l y s o r t e d and no 

c o r r e l a t i o n between t h e g e o m e t r i c and measured s u r f a c e a r e a s can be 

s e e n . 

S t u d i e s by Rhodes ( 1 9 8 5 ) i n t h e Tamar E s t u a r y f o u n d t h a t f o r 

n i n e a x i a l e s t u a r i n e s u r v e y s , d u r i n g t h e neap t o s p r i n g c y c l e s , t h e 

modal p a r t i c l e s i z e w i t h i n t h e t u r b i d i t y maximum was r e a s o n a b l y 

c o n s t a n t . An i n c r e a s e i n p a r t i c l e s i z e was i n d i c a t e d w i t h i n t h e 

t u r b i d i t y maximum f o r o n l y one s u r v e y and f o r s i x o f t h e s e s u r v e y s an 

i n c r e a s e was o b s e r v e d I n t h e f r e s h w a t e r and a t h i g h s a l i n i t i e s 

( > 1 5 ' / o o ) . I n a d d i t i o n B a l e e t a l . ( 1 9 8 4 ) used t h e l a b o r a t o r y - b a s e d 

l a s e r p a r t i c l e s i z e r f o r samples c o l l e c t e d i n t h e t u r b i d i t y maximum o f 

t h e Tamar E s t u a r y . T h i s showed t h a t t h e l o w e s t mean s i z e s , 2 0 - 2 5 p m , 

were o b s e r v e d i n t h e t u r b i d i t y maximum w h i l e t h e l o w e r e s t u a r y had 

s i z e s I n t h e range A0-60\im. The d a t a i n t h e t w o s u r v e y s r e p o r t e d h e r e 

show s i m i l a r f e a t u r e s . For example a t t h e t u r b i d i t y maximum ( 5 3 0 m g / L ) 

on t h e 2 9 - 1 0 - 8 5 t h e mean p a r t i c l e s i z e i s 13.7pm w h i l e on 1 8 - 9 - 8 6 

(580mg/L ) t h e mean p a r t i c l e s i z e i s 9.Q\im. 
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S a l i n i t y S u r f a c e a r e a Mean p a r t i c l e G e o m e t r i c s u r f a c e 

( V o o ) ( m ^ / g ) d i a m e t e r (pm) a rea ( m ^ / g ) 

2 8 . 5 8 . 4 2 6 . 6 0 . 0 7 
2 2 . 5 1 0 . 7 1 7 . 1 0 . 1 2 

9 . 7 1 4 . 0 1 5 . 2 0 . 1 3 
5 . 0 1 7 . 2 1 2 . 3 0 . 1 6 
3 . 1 1 8 . 0 2 6 . 1 0 . 0 7 
2 . 2 1 9 . 8 2 0 . 1 0 . 0 9 
0 . 1 5 1 7 . 8 1 3 . 7 0 . 1 5 
0 . 0 9 1 4 . 6 1 6 . 0 0 . 1 2 
0 . 0 5 1 3 . 9 2 3 . 9 0 . 0 8 

T a b l e 3 . 9 a . The mean p a r t i c l e d i a m e t e r s o f Tamar suspended m a t e r i a l 
c o l l e c t e d 2 9 - 1 0 - 8 5 and t h e c a l c u l a t e d g e o m e t r i c s u r f a c e a r e a s f o r 
c o m p a r i s o n w i t h t h e measured BET s u r f a c e a r e a s . 

S a l i n i t y S u r f a c e a r e a Mean p a r t i c l e G e o m e t r i c s u r f a c e 

( V o c ) d i a m e t e r {\xm) a rea ( m ^ / g ) 

1 9 . 0 1 4 . 2 1 1 . 0 0 . 1 8 
1 3 . 5 1 2 . 0 12 .7 0 . 1 6 

8 . 2 1 3 . 3 1 0 . 7 0 .19 
4 . 7 1 5 . 1 1 1 . 6 0 .17 
2 . 6 1 6 . 7 1 0 , 9 0 . 1 8 
0 . 9 1 5 . 8 9 . 8 0 . 2 0 

< 0 . 5 1 5 . 2 7 .7 0 . 2 6 

T a b l e 3 . 9 b . The mean p a r t i c l e d i a m e t e r s o f Tamar suspended m a t e r i a l 
c o l l e c t e d 1 8 - 0 9 - 8 6 and t h e c a l c u l a t e d g e o m e t r i c s u r f a c e a r e a s . f o r 
c o m p a r i s o n w i t h t h e measured BET s u r f a c e a r e a s . 
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The l a s e r p a r t i c l e s i z e a n a l y s e s r e p o r t e d above and t h e 

e a r l i e r s t u d i e s o f Ba le e t a l . ( 1 9 8 4 ) and Rhodes ( 1 9 8 5 ) were c a r r i e d 

o u t on p a r t i c u l a t e samples r e t u r n e d t o t h e l a b o r a t o r y f o r a n a l y s i s . 

C o l l e c t i n g n a t u r a l s u s p e n s i o n s f o r p a r t i c l e s i z e a n a l y s i s has been 

r e p o r t e d t o m o d i f y t h e i n t e g r i t y o f l a r g e a g g r e g a t e p a r t i c l e s (E lsma 

e t a l 1 9 8 3 ) . More r e c e n t work by Ba le ( 1 9 8 7 ) i n w h i c h t h e l a s e r 

p a r t i c l e s i z e r has been used i n s i t u has a p p a r e n t l y c o n f i r m e d t h a t 

p a r t i c l e s i z e s do d e c r e a s e i n t h e r e g i o n o f t h e t u r b i d i t y maximum. 

However , i t has t o be r e c o g n i s e d t h a t t h e d e p l o y m e n t o f a l a r g e 

i n s t r u m e n t i n t h e t u r b u l e n t r eg ime o f t h e t u r b i d i t y maximum may 

i n t r o d u c e s u f f i c i e n t shea r s t r e s s f o r f r a g i l e a g g r e g a t e s t o 

d i s i n t e g r a t e i n t o t h e i r c o n s t i t u e n t p a r t i c l e s . T h u s , t o some e x t e n t 

t h e q u e s t i o n o f t h e p a r t i c l e s i z e d i s t r i b u t i o n i n t h e t u r b i d i t y 

maximum rema ins an open q u e s t i o n . N e v e r t h e l e s s i t wou ld appea r t h a t 

as f a r as t h e v a r i a t i o n i n t h e BET s u r f a c e a r e a s i n t h e l o w s a l i n i t y 

r e g i o n i s c o n c e r n e d , t h e p a r t i c l e s i z e p l a y s a m i n o r r o l e because i t 

g i v e s r i s e t o v e r y s m a l l g e o m e t r i c s u r f a c e a r e a s . 

I t I s p o s s i b l e f r o m t h e s e o b s e r v a t i o n s o f t h e c o i n c i d e n c e o f 

low s a l i n i t y and h i g h s u r f a c e a rea t h a t t h e cause may be t h e n e w l y 

f l o c c u l a t e d r i v e r i n e m a t e r i a l . C o l l o i d a l r i v e r i n e m a t e r i a l w i l l e n t e r 

t h e e s t u a r y and f l o c c u l a t e o n t o p a r t i c l e s u r f a c e s on m e e t i n g t h e 

s a l i n e w a t e r . These p a r t i c l e s w i l l have a h a l f l i f e i n t h e e s t u a r y o f 

a t l e a s t 1.4 y e a r s ( B a l e e t a l . , 1985) b e i n g c o n t i n u a l l y r e s u s p e n d e d 

and d e p o s i t e d . D u r i n g t h a t t i m e t h e m a t e r i a l may age and i t s s u r f a c e 

a rea d e c r e a s e . I f t h e c i r c u l a t i o n p a t t e r n s w i t h i n t h e e s t u a r y were t o 

be t h e cause o f p a r t i c l e s e l e c t i o n a b e t t e r c o r r e l a t i o n c o u l d be 

e x p e c t e d f o r s u r f a c e a rea and t u r b i d i t y a l t h o u g h t h i s i s n o t 

121 



c o n c l u s i v e . T h i s h y p o t h e s i s i s d i s c u s s e d i n g r e a t e r d e t a i l i n t h e 

f o l l o w i n g s e c t i o n on t h e c h e m i c a l components o f n a t u r a l e s t u a r i n e 

p a r t i c l e s . 

1 2 2 



3,2, An Examination of the Effect of Chanical Composition on the 

Characteristics of Pa r t i c l es . 

3,2,1> Identification of the Crystal l ine Components. 

X - r a y d i f f r a c t i o n a n a l y s e s were c a r r i e d o u t t o i d e n t i f y t h e 

c r y s t a l l i n e components o f t h e u n d e r l y i n g l i t h o g e n o u s m a t r i x . 

M a t e r i a l s f r o m t h e P l y m , Tamar and R e s t r o n g u e t e s t u a r i e s we re examined 

b e f o r e and a f t e r c h e m i c a l t r e a t m e n t s b u t few v a r i a t i o n s i n t h e 

c r y s t a l l i n e m a t r i x were seen a f t e r t r e a t m e n t . 

An a n a l y s i s o f Plym s e d i m e n t ( s u r f a c e a rea = 4 .3m / g ) 

r e v e a l e d t h a t i t c o n t a i n e d q u a r t z , k a o l i n i t e and m u s c o v i t e o n l y , no 

o t h e r c r y s t a l l i n e component b e i n g p r e s e n t i n an i d e n t i f i a b l e q u a n t i t y 

( a p p r o x i m a t e l y >5%) . N a t u r a l s i l i c a s t e n d t o have s u r f a c e a r e a s v e r y 

s i m i l a r t o t h e i r g e o m e t r i c s u r f a c e a r e a s and k a o l i n i t e was measured t o 

have a s u r f a c e a rea o f 12 .9m^ /g i n t h i s work a l t h o u g h t h i s can v a r y 

c o n s i d e r a b l y d e p e n d i n g on s o u r c e , as i s common w i t h a l l c l a y s 

( G r e e n l a n d and Q u i r k , 1962 ; D u t t a and G u p t a , 1974 ; B a r b y , 1976 ; Van 

O l p h e n , 1 9 7 6 ) . The m u s c o v i t e was a c t u a l l y a m u s c o v i t e - i l l i t e 

i n t e r m e d i a t e w h i c h had been c o n s i d e r a b l y w e a t h e r e d as can be seen f r o m 

peak b r o a d e n i n g on X - r a y d i f f r a c t i o n p a t t e r n s - The s u r f a c e a r e a s o f 

i l l i t e s may a l s o v a r y w i d e l y and v a l u e s f r o m 70-132m' - /g have been 

q u o t e d d e p e n d i n g on t h e i r o r i g i n ( G r e e n l a n d and Q u i r k , 1962 ; M a r t i n et^ 

a l 1 9 8 6 ) . M u s c o v i t e has been f o u n d by w a t e r a d s o r p t i o n t o have a 

s u r f a c e a r e a o f 10-46m^/g ( M i k h a i l e t a l . , 1 9 7 9 ) . 

Suspended and s e d i m e n t p a r t i c u l a t e m a t e r i a l f r o m t h e Tamar 

E s t u a r y a l s o c o n t a i n e d q u a r t z , k a o l i n i t e and w e a t h e r e d m u s c o v i t e bu t 

i n a d d i t i o n most samples c o n t a i n e d c h l o r i t e and t r a c e s o f F e , These 

samples i n d i c a t e d t h e p r e s e n c e o f s m a l l amounts o f c r y s t a l l i n e Fe 
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o x i d e s i n t h e f o r m o f l e p i d o c r o c i t e , m a g n e t i t e and g o e t h i t e a l t h o u g h 

t h e l ow peak h e i g h t s and c o m p l e x i t y o f t h e d i f f r a c t o g r a m s p r e v e n t e d 

s p e c i f i c i d e n t i f i c a t i o n . An examp le o f a t y p i c a l t r a c e f o r a Tamar 

suspended s o l i d s sample i s shown i n F i g u r e 3 ,10 w i t h some key peaks 

i d e n t i f i e d . The amorphous Fe o x y h y d r o x i d e " f e r r i h y d r i d e " c o u l d n o t be 

i d e n t i f i e d as a l l r e c o g n i s e d X - r a y d i f f r a c t i o n l i n e s were o b s c u r e d by 

k a o l i n i t e , q u a r t z and m u s c o v i t e i n t h e s e samples (Schwer tmann and 

F i s c h e r , 1973 ; M u r r a y , 1 9 7 9 ) . The d i f f r a c t o g r a m f o r t h e f r e s h w a t e r 

suspended p a r t i c l e s f r o m t h e Tamar R i v e r i n d i c a t e d t h e p r e s e n c e o f 

q u a r t z , k a o l i n i t e and w e a t h e r e d m u s c o v i t e o n l y . 

The a n a l y s i s f o r t h e R e s t r o n g u e t Creek suspended m a t e r i a l 

showed w e a t h e r e d m u s c o v i t e and s m a l l t r a c e s o f q u a r t z bu t no o t h e r 

c r y s t a l l i n e m a t e r i a l was p r e s e n t . The c o r r e s p o n d i n g s e d i m e n t m a t e r i a l 

i n d i c a t e d t h e p r e s e n c e o f q u a r t z , m u s c o v i t e and a l s o g o e t h i t e . 

Hydrous Fe o x i d e s , as p r e v i o u s l y d i s c u s s e d ( see T a b l e 3 . 2 ) , t e n d t o 

have h i g h s u r f a c e a reas b u t s y n t h e t i c g o e t h i t e has been r e p o r t e d t o 

have s u r f a c e a r e a s r a n g i n g f r o m 9 -153 m / g d e p e n d i n g on t h e 

t e m p e r a t u r e o f f o r m a t i o n (Schwer tmann e t a l . , 1 9 8 5 ) , 

These a n a l y s e s show t h a t n a t u r a l e s t u a r i n e samp les a r e a 

complex m i x t u r e w i t h c l a y s , q u a r t z and p o s s i b l y Fe and Mn 

o x y h y d r o x i d e s as m a j o r c o m p o n e n t s . Each o f t h e s e components have 

d i f f e r e n t s u r f a c e a reas w h i c h may v a r y w i d e l y d e p e n d i n g on t h e s o u r c e 

and age o f t h e m a t e r i a l . Q u a n t i t a t i v e i n f o r m a t i o n was n o t a v a i l a b l e 

f r o m t h e s e a n a l y s e s and t h u s i t was i m p o s s i b l e t o compare r e l a t i v e 

amounts o f m a t e r i a l s u s i n g t h e s e d a t a . H a v i n g e s t a b l i s h e d t h e n a t u r e 

o f t h e l i t h o g e n o u s components o f t h e p a r t i c l e s t h e p u r p o s e o f t h e 

f o l l o w i n g s e c t i o n s i s t o t r y t o d e t e r m i n e w h i c h o f t h e s e components 
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C h l o r i t e 
Quartz 

Muscovite 

Kaolinite 

4 0 30 20 10 6 ' 

F i g u r e 3 . 1 0 . An example o f a t y p i c a l X - r a y d i f f r a c t o g r a m o f a suspended Tamar sample . Some key peaks 
a re i d e n t i f i e d . 



a r e I n s t r u m e n t a l I n d e t e r m i n i n g t h e s u r f a c e a rea and p o r o s i t y o f 

n a t u r a l p a r t i c l e s . 

3,2,2 , The Influence of Organic Material on Surface Morphology, 

There i s e v i d e n c e f r o m s t u d i e s o f e l e c t r o p h o r e t i c m o b i l i t y 

t h a t e s t u a r i n e and seawa te r p a r t i c l e s a r e c o a t e d w i t h o r g a n i c 

m a t e r i a l s w h i c h c o n f e r a u n i f o r m l y n e g a t i v e s u r f a c e c h a r g e on t h e 

p a r t i c l e s ( N e i h o f and L o e b , 1972 ; H u n t e r and L i s s , 1979 ; H u n t e r and 

L i s s , 1 9 8 2 ) . I t has been s u g g e s t e d t h a t t h i s u n i f o r m s u r f a c e c o a t i n g 

may mask t h e p r o p e r t i e s o f t h e u n d e r l y i n g l i t h o g e n o u s m a t e r i a l and 

p r e s e n t a d i f f e r e n t t y p e o f s u r f a c e t o a d s o r b i n g s p e c i e s ( L i o n e t a l 

1982 ; D a v i s , 1 9 8 4 ) . There i s a l s o e v i d e n c e f o r Fe and Mn 

o x y h y d r o x i d e s h a v i n g a s i g n i f i c a n t r o l e i n c o a t i n g t h e s u r f a c e s o f 

p a r t i c l e s and t h i s w i l l be d i s c u s s e d i n S e c t i o n 3 . 2 . 3 . E x a m i n i n g t h e 

e f f e c t s o f o r g a n i c m a t t e r (and t h e e f f e c t s o f Fe and Mn o x y h y d r o x i d e s ) 

on t h e s u r f a c e a rea and p o r o s i t y o f e s t u a r i n e p a r t i c l e s i s t h e r e f o r e 

i m p o r t a n t i f a d e t a i l e d p i c t u r e o f n a t u r a l s u r f a c e s o r p t i o n r e a c t i o n s 

I s t o be b u i l t u p . 

D u r i n g t h e s u r v e y s d i s c u s s e d I n S e c t i o n 3 . 1 , s u b - s a m p l e s o f 

t h e d r i e d p a r t i c l e s used f o r s u r f a c e a rea d e t e r m i n a t i o n were a n a l y s e d 

f o r t h e i r c a r b o n c o n t e n t . T a b l e 3 . 1 0 shows r e s u l t s o f t h i s f o r 

c o m p a t i b l e suspended and s e d i m e n t samples f r o m t h e Tamar E s t u a r y and 

R e s t r o n g u e t Creek ( M i l 1 ward e t a l . , 1 9 8 5 ) . Fo r t h e Tamar samples 

t h e r e was a c o r r e l a t i o n (>95%) between i n c r e a s i n g c a r b o n c o n t e n t and 

d e c r e a s i n g s u r f a c e a r e a . T h i s c o r r e l a t i o n was n o t seen f o r t h e 

R e s t r o n g u e t Creek samples bu t t h e i n t e r t i d a l zone o f t h i s e s t u a r y has 

s e d i m e n t s c o n t a m i n a t e d by a h i g h Fe and t r a c e m e t a l c o n t e n t ( J o h n s o n , 
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1986 ; M l l l w a r d and M a r s h , 1986) and t h u s v e r y l i t t l e b i o l o g i c a l 

a c t i v i t y . 

Suspended Sed iment 

T u r b i d i t y S u r f a c e a rea % Carbon S u r f a c e a rea % Carbon 

( m g / L ) ( m 2 / g ) (m2 / ( j ) 

65^ 1 9 . 4 4 . 0 1 3 . 1 6 . 2 

190^ 2 2 . 1 3 , 6 1 6 . 2 4 . 0 

260^ 2 0 . 4 2 . 6 1 2 . 4 4 , 6 

270^ 2 2 . 5 3 . 2 1 4 . 8 3 . 8 

690^ 2 2 . 7 3 . 8 9 . 1 4 . 7 

150*^ 125 .5 2 . 7 3 5 . 5 1.7 

T a b l e 3 . 1 0 , BET n i t r o g e n a d s o r p t i o n s u r f a c e a r e a s and c a r b o n 

c o n t e n t s d e t e r m i n e d on a i r d r i e d suspended and a s s o c i a t e d s e d i m e n t 

s a m p l e s . ^Tamar E s t u a r y ; ^ R e s t r o n g u e t C r e e k . 

To c o n t i n u e t h i s l i n e o f a t t a c k , one p a i r o f t h e Tamar 

samples and t h o s e f r o m t h e R e s t r o n g u e t were d i g e s t e d w i t h h y d r o g e n 

p e r o x i d e ( s e e S e c t i o n 2 . 2 . 3 ) and t h e s u r f a c e a rea and c a r b o n c o n t e n t 

o f t h e p r o d u c t s r e a n a l y s e d . These r e s u l t s , shown i n T a b l e 3 . 1 1 , 

i n d i c a t e a l a r g e i n c r e a s e i n s u r f a c e a rea and a d e c r e a s e i n c a r b o n 

c o n t e n t f o r samples f rom b o t h e s t u a r i e s ( M i l l w a r d e t a l 1 9 8 5 ) . 

R e g r e s s i n g d a t a f o r b o t h t h e u n d i g e s t e d and d i g e s t e d samples f r o m t h e 

Tamar gave a good c o r r e l a t i o n (>95%) between s u r f a c e a rea and c a r b o n 

c o n t e n t and i t I s i n t e r e s t i n g t o n o t e t h a t t h e R e s t r o n g u e t m a t e r i a l 
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w h i c h had a l o w c a r b o n c o n t e n t b e f o r e d i g e s t i o n has a l s o l o s t c a r b o n 

and g a i n e d s u r f a c e a r e a . A s i m i l a r i n c r e a s e i n BET n i t r o g e n 

a d s o r p t i o n s u r f a c e a rea on removal o f o r g a n i c m a t e r i a l has been seen 

f o r a s e r i e s o f s o i l samples ( B u r f o r d e t a l . , 1 9 6 4 ) , T h i s g a i n i n 

s u r f a c e a r e a s u g g e s t s t h a t t h e o r g a n i c m a t e r i a l , w h i c h has a l ow 

s u r f a c e a r e a , may be b l o c k i n g i n t e r n a l p o r e s on t h e p a r t i c l e s w h i c h 

t h e n become a v a i l a b l e on t h e remova l o f o r g a n i c c a r b o n ( B u r f o r d et_ 

a l . , 1 9 6 4 ) . 

Sample Suspended Sed iment 

S u r f a c e a rea % Carbon S u r f a c e a rea % Carbon 

( m 2 / g ) ( m ^ / g ) 

Tamar-

U n t r e a t e d 1 9 . 4 4 . 0 1 3 . 1 6 . 2 

Tamar-

D i g e s t e d 3 1 . 5 0 . 5 1 5 . 4 1.0 

R e s t r o n g u e t -

U n t r e a t e d 125 .5 2 . 8 3 5 . 5 1.7 

R e s t r o n g u e t -

D i g e s t e d 184 .7 0 . 1 6 0 . 9 < 0 . 1 

T a b l e 3 . 1 1 . A c o m p a r i s o n o f t h e s u f a c e a r e a s and c a r b o n c o n t e n t s o f 

d i g e s t e d and u n t r e a t e d , suspended and s e d i m e n t m a t e r i a l f r o m t h e Tamar 

E s t u a r y and R e s t r o n g u e t C r e e k . 

To examine i n more d e t a i l t h e r e l a t i o n s h i p between c a r b o n 

c o n t e n t and s u r f a c e a rea and h a v i n g o b s e r v e d t h a t f o r a l l samples some 
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r e s i d u a l c a r b o n was n o t removed by t h e d i g e s t a f u r t h e r e x p e r i m e n t was 

c a r r i e d o u t t o f o l l o w t h e d i g e s t i o n p r o c e s s . Samples were d i g e s t e d 

f o r v a r i o u s l e n g t h s o f t i m e (up t o 24h) and t h e s u r f a c e a r e a and 

c a r b o n c o n t e n t o f t h e d i g e s t e d p a r t i c l e s m e a s u r e d . The p l o t t e d c u r v e 

i n F i g u r e 3 . 1 1 o f s u r f a c e a rea a g a i n s t c a r b o n c o n t e n t shows an 

i n c r e a s e i n s u r f a c e a rea as t h e c a r b o n i s removed f r o m t h e s u r f a c e o f 

t h e p a r t i c l e s a l t h o u g h some r e s i s t a n t c a r b o n rema ins on t h e p a r t i c l e s 

(G legg e t a l , , 1 9 8 7 ) , I n c l u d e d i n t h i s f i g u r e a r e t h e s u r f a c e a r e a s 

f o r some p u r e m a t e r i a l s l i s t e d i n T a b l e 3 , 2 , These m a t e r i a l s w h i c h 

may c o n t r o l t h e s u r f a c e a r e a o f t h e n a t u r a l p a r t i c l e s show p o s s i b l e 

e x t r e m e s u r f a c e a r e a v a l u e s . The r e s i d u a l c a r b o n i s p r e s u m a b l y 

i n o r g a n i c c a r b o n i n t h e f o r m o f c a r b o n a t e w h i c h i s r e s i s t a n t t o m i l d 

o x i d a t i o n ( M o r r i s e t a l . , 1 9 8 2 b ) . 

T h i s g a i n i n s u r f a c e a rea c o u l d a r i s e f o r t h r e e r e a s o n s . 

The f i r s t c o u l d be t h e u n b l o c k i n g o f i n t e r n a l po res o r c a v i t i e s w h i c h 

have been c o v e r e d i n o r g a n i c m a t e r i a l . The second reason c o u l d be t h e 

d i s a g g r e g a t i o n o f t h e component p a r t i c l e s t o r e v e a l t h e s m a l l e r 

p r i m a r y p a r t i c l e s as was d i s c u s s e d f o r a d i g e s t e d sample i n S e c t i o n 

3 , 1 . 2 . E x p e r i m e n t s d e s i g n e d t o e l u c i d a t e t h i s mechanism were c a r r i e d 

o u t i n t h i s l a b o r a t o r y ( T i t l e y , P e r s o n a l C o m m u n i c a t i o n , 1986 ) on a 

sample o f c h i n a c l a y w h i c h i n i t i a l l y had a s u r f a c e a rea o f 11,2m / g 

and c o n t a i n e d l i t t l e o r no c a r b o n ( < 0 . 0 2 % ) . A f t e r d i g e s t i o n t h i s 

sample had a s u r f a c e a rea o f 13.7m / g . The s m a l l i n c r e a s e i n 

2 

s u r f a c e a rea o f 2.5m / g , p r e s u m a b l y due t o d i s a g g r e g a t i o n , i s much 

l e s s t h a n t h e i n c r e a s e s i n s u r f a c e a rea o b s e r v e d on d i g e s t i o n o f 

n a t u r a l s a m p l e s . The t h i r d e x p l a n a t i o n f o r t h e i n c r e a s e i n s u r f a c e 

a rea on d i g e s t i o n c o u l d be t h e l o s s o f t h e mass o f t h e l o w s u r f a c e 
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a r e a component i n t h e o r g a n i c m a t e r i a l ( < l m ^ / g ) . The e x p e c t e d 

s u r f a c e a rea i n c r e a s e on t h e remova l o f o r g a n i c m a t e r i a l (due t o t h e 

I n c r e a s e d w e i g h t o f t h e r e s i d u a l m a t e r i a l w h i c h has a h i g h e r s u r f a c e 

a r e a ) w o u l d be a p p r o x i m a t e l y 10% for Tamar m a t e r i a l and l e s s f o r 

R e s t r o n g u e t p a r t i c l e s . T h i s does n o t a c c o u n t f o r t h e somet imes v e r y , 

l a r g e i n c r e a s e s I n s u r f a c e a r e a o b s e r v e d . On t h i s e v i d e n c e I t may be 

deduced t h a t t h e h i g h e r s u r f a c e a r e a s seen f o r t h e d i g e s t e d n a t u r a l 

samples a r e due t o t h e u n b l o c k i n g o f p o r e s on remova l o f o r g a n i c 

c a r b o n . 

F i g u r e 3 .12 shows t h e h y s t e r e s i s l o o p f o r t h e d i g e s t i o n 

p r o d u c t o f t h e suspended sample used p r e v i o u s l y f o r p o r o s i t y a n a l y s i s 

( see F i g u r e 3 . 4 ) . The c a l c u l a t e d minimum mesopore vo lume f o r t h i s 

- 2 3 - 2 3 
d i g e s t e d sample i s 2 . 3 X 10 cm / g compared t o 1.6 X 10 cm / g 

f o r t h e u n d i g e s t e d m a t e r i a l . I n c o n j u n c t i o n w i t h t h i s i n c r e a s e i n 

mesopore vo lume v i s u a l e x a m i n a t i o n o f t h e h y s t e r e s i s c u r v e s s u g g e s t s 

t h e r e i s a change i n t h e shape o f t h e c u r v e a t nea r a t m o s p h e r i c 

p r e s s u r e s . T h i s a l t e r a t i o n i n shape i n d i c a t e s t h e p r e s e n c e o f m a c r o -

and l a r g e meso -po res w h i c h were n o t f o u n d i n t h e n a t u r a l s a m p l e . T h i s 

same t r e n d can be seen by c o m p a r i n g F i g u r e s 3 .13 and 3 .14 f o r a 

s i m i l a r l y t r e a t e d sample o f Tamar suspended p a r t i c l e s . These changes 

must be i n t e r p r e t e d w i t h g r e a t c a r e ( S i n g , 1982) b u t t h e y do c o n c u r 

w i t h t h e p r o p o s i t i o n t h a t remova l o f o r g a n i c m a t e r i a l can u n c o v e r 

p o r e s i n w h i c h gas a d s o r p t i o n may s u b s e q u e n t l y t a k e p l a c e . 

The samples f r o m t h e two c o m p l e t e a x i a l s u r v e y s o f t h e Tamar 

were a l s o a n a l y s e d f o r c a r b o n and t h e r e s u l t s o f t h i s w i t h t h e C/N 

r a t i o a r e shown i n Tab les 3 .12a and 3 . 1 2 b . No c o r r e l a t i o n can be seen 
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S a l i n i t y S u r f a c e a r e a % Carbon C/N 

( V o o ) (m^/g) 

2 8 . 5 8 . 4 6 .7 12.1 
2 2 . 5 10 .7 6 . 4 13 .2 

9 . 7 14 .0 6 .6 12 .3 
5 .0 1 7 . 2 6 . 4 13 .3 
3.1 18 .0 6 .4 12 .3 
2 . 2 19 .8 6 .9 13.1 
0 . 1 5 17 .8 6 . 0 11 .9 
0 .09 14.6 6 . 6 12 .2 
0 .06 13 .9 7.1 12.1 

Tab le 3 . 1 2 a . S u r f a c e a r e a s , carbon content and c a r b o n / n i t r o g e n r a t i o 
of the suspended samples c o l l e c t e d on the 2 9 - 1 0 - 8 5 from the Tamar 
E s t u a r y , 

S a l i n i t y S u r f a c e a r e a % Carbon C/N 

( V o o ) {m^/()) 

19 .0 14 .2 6 . 2 4 . 8 
1 3 . 5 12 .0 5 .2 6 .8 

8 . 2 1 3 . 3 5.1 5 .6 
4 . 7 15.1 4 . 5 6 .2 
2 . 6 16 .7 5 .2 6 .2 
0 . 9 15 .8 4 .7 6 .2 

<0.5 15 .2 4 . 9 6 .6 

Tab le 3 . 1 2 b . S u r f a c e a r e a s , carbon content and c a r b o n / n i t r o g e n r a t i o 
of the suspended samples c o l l e c t e d on the 18-9 -86 from the Tamar 
E s t u a r y . 
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between the carbon content or C/N r a t i o and s u r f a c e a r e a f o r e i t h e r 

s u r v e y . The t r e n d between carbon c o n t e n t and t u r b i d i t y i n t h e p r e s e n t 

work i s not in complete agreement w i t h the r e s u l t s of M o r r i s e t a l . 

{1982b) as shown in F i g u r e 3 , 1 5 . However, t h e r e may be s e a s o n a l 

v a r i a b i l i t y i n the o r g a n i c c o n t e n t and more than one s u r v e y i s 

r e q u i r e d to show t h i s temporal e f f e c t . The d i s s o l v e d and c o l l o i d a l 

o r g a n i c mat ter w i t h i n the e s t u a r y may change i t s compos i t ion a c c o r d i n g 

t o s e a s o n and t h i s i n t u r n may a f f e c t t h e compos i t ion of t h e o r g a n i c 

m a t e r i a l a s s o c i a t e d w i th the p a r t i c l e s . For a q u a t i c p l a n k t o n i c 

m a t e r i a l the C/N r a t i o would be expected to be 6 .63 (Stumm and Morgan, 

1 9 8 1 ) . T h i s i s a p p l i c a b l e t o t h e 1 8 - 9 - 8 6 s u r v e y when presumably 

p l a n k t o n i c a c t i v i t y would be p r e v a l e n t and c o n t r i b u t i n g carbon to 

n i t r o g e n in the r a t i o 6 . 6 3 . In c o m p a r i s o n , the 29 -10 -85 data has a 

C/N r a t i o of around 13 wh ich would be more a k i n t o t e r r e s t r i a l p l a n t 

f ragments w i th a low p r o t e i n con ten t and a h igh c a r b o h y d r a t e content 

(McLusky, 1 9 8 1 ) . Seasonal changes in carbon content have been shown 

i n t h e c o l l o i d a l m a t e r i a l from t h e Patuxent E s t u a r y and t h i s i s 

a t t r i b u t e d to a h igh in s i t u b i o l o g i c a l a c t i v i t y in the summer ( S i g l e o 

and H e l z , 1 9 8 1 ) . Organ ic m a t e r i a l on the s u r f a c e of p a r t i c l e s has 

been shown t o c o n t r o l the uptake o f some t r a c e m e t a l s and d i f f e r e n t 

t y p e s o f o r g a n i c m a t e r i a l s may i n t e r a c t in d i f f e r e n t ways ( D a v i s and 

L e c k i e , 1 9 7 8 b ; D a v i s , 1 9 8 4 ) . 

The samples from t h e 2 9 - 1 0 - 8 5 s u r v e y of the Tamar E s t u a r y 

were d i g e s t e d and t h e i r s u r f a c e a r e a s r e m e a s u r e d . The s u r f a c e a r e a s 

fo r the d i g e s t e d m a t e r i a l (shown in F i g u r e 3 , 1 6 ) a r e h i g h e r than the 

u n d i g e s t e d m a t e r i a l and a l l the d i g e s t e d samples have the same s u r f a c e 

a r e a s w i t h i n a n a l y t i c a l r e p r o d u c i b i l i t y (mean s u r f a c e a r e a = 
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F i g u r e 3 .15 A p l o t of t o t a l carbon c o n t e n t v e r s u s t u r b i d i t y f o r the 
29 -10 -85 s u r v e y (open symbols ) and f o r the 18 -9 -86 
s u r v e y ( c l o s e d s y m b o l s ) . A l s o i n c l u d e d i s the range 
of the data from a s u r v e y c a r r i e d out by M o r r i s e t a l . 
(1982b) on the 2 7 / 2 8 - 8 - 8 0 . ( = ) . 
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2 
25.8ni / g ± 5.8%) i r r e s p e c t i v e o f the i n i t i a l s u r f a c e a rea ( T i t l e y 
e t a 1 1 9 8 7 ) . T h i s sugges ts as be fo re t h a t o r g a n i c m a t e r i a l i s 
b l o c k i n g the pores of the sample and i t s removal has r e v e a l e d 
a d d i t i o n a l i n t e r n a l s u r f a c e of the p a r t i c l e s . An e q u i v a l e n t s e r i e s 
of samples from the Gironde E s t u a r y has shown a s i m i l a r i n c r e a s e to a 
uni form s u r f a c e a rea a f t e r hydrogen p e r o x i d e d i g e s t i o n (Mar t in e t a l . , 
1 9 8 6 ) . 

The samples from the Tamar E s t u a r y have an a lmost c o n s t a n t 

carbon content f o r each s u r v e y from the f r e s h w a t e r j u s t beyond the 

t u r b i d i t y maximum to a s a l i n i t y >20**/oo . In the Gironde where 

sampl ing was c a r r i e d out from the s e a w a t e r to IGOkm upstream of the 

f r e s h water b r a c k i s h water i n t e r f a c e , a c o r r e l a t i o n between s u r f a c e 

a r e a and carbon content can be s e e n . T h i s has a l s o been i n t e r p r e t e d 

as o r g a n i c mat ter b l o c k i n g some s u r f a c e s i t e s on the p a r t i c l e s (Mar t in 

e t a l . , 1 9 8 6 ) . I t i s p o s s i b l e t h a t the macropores which a r e r e v e a l e d 

on d i g e s t i o n of the p a r t i c l e s a r e the i n t e r n a l s t r u c t u r e s of Fe and Mn 

oxyhydrox ides and t h i s i s i n v e s t i g a t e d in the f o l l o w i n g s e c t i o n . 

3,2,3, The Influence of Fe and Hn Oxyhydroxide Surface Coatings on 

the Characteristics of Par t ic les . 

I t has long been e s t a b l i s h e d t h a t c o l l o i d a l Fe o x y h y d r o x i d e s 

f l o c c u l a t e dur ing the mixing of r i v e r and sea wa te rs (Boy le e t a l 

1977; Mayer . 1982; Fox and Wofsy, 1983; L i e t a l . , 1984) and t h e r e i s 

e v i d e n c e t h a t they may form c o a t i n g s on n a t u r a l e s t u a r i n e p a r t i c l e s 

(Aston and C h e s t e r , 1973; G i b b s , 1973; Anderson e t a l . , 1984; Eastman 

and C h u r c h , 1 9 8 4 ) . Work by Crosby et a l . (1983) and Marsh et a l . 
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(1984) has shown t h a t Fe oxyhydrox ides f l o c c u l a t e d from n a t u r a l w a t e r s 

have v e r y l a r g e s u r f a c e a r e a s and p o r o s i t i e s but the e f f e c t t h a t t h e s e 

oxyhydrox ides may have on the p h y s i c a l s u r f a c e c h a r a c t e r i s t i c s o f 

n a t u r a l p a r t i c l e s has been l i t t l e examined . T h i s e f f e c t may be 

I n s t r u m e n t a l in c o n t r o l l i n g the s u r f a c e s o r p t i o n p r o c e s s e s w i t h i n 

e s t u a r i e s (Mar t in e t a l 1 9 8 6 ) . 

An a c e t i c a c i d / h y d r o x y l a m i n e h y d r o c h l o r i d e mix ( T e s s i e r et_ 

a l 1 9 8 0 ) was used a t pH = 3 to remove s u r f a c e Fe and Mn 

oxyhydrox ides from n a t u r a l p a r t i c l e s c o l l e c t e d d u r i n g the s u r v e y of 

2 9 - 1 0 - 8 5 ( s e e S e c t i o n 2 . 2 . 4 ) . The r e s u l t s in T a b l e 3 .13 show the 

amount of Fe and Mn l e a c h e d and the s u r f a c e a r e a s before and a f t e r 

l e a c h i n g . N e i t h e r the amount of Fe nor of Mn l e a c h e d show any 

r e l a t i o n s h i p to the s u r f a c e a r e a s found in the u n t r e a t e d s a m p l e s . 

However i t i s i n t e r e s t i n g to note t h a t the l e a c h e d samples of 

p a r t i c l e s a l l have the same s u r f a c e a r e a w i t h i n a n a l y t i c a l 

r e p r o d u c i b i l i t y (mean s u r f a c e a r e a = 16.3m / g ± 8%) , and t h a t t h i s 

s u r f a c e a r e a i s lower than t h a t determined b e f o r e t rea tment fo r the 

m a j o r i t y of the samples ( T i t l e y e t a l 1 9 8 7 ) . T h i s s u r f a c e a r e a 1s 

a l s o f a r lower than t h a t seen fo r the hydrogen perox ide d i g e s t e d 

p a r t i c l e s (25 .8m^/g) ( s e e S e c t i o n 3 . 2 . 2 ) . The l e a c h e d s u r f a c e a r e a s 

a r e shown f o r comparison in F i g u r e 3.16 v / l th the d i g e s t e d and 

u n t r e a t e d s u r f a c e a r e a s . I t c o u l d be c o n c l u d e d t h a t the s u r f a c e a r e a 

of the l e a c h e d m a t e r i a l i s the s u r f a c e a r e a of the u n d e r l y i n g 

l i t h o g e n o u s m a t e r i a l . 

Mart in et a l . (1986) found a r e l a t i o n s h i p s i m i l a r to t h i s on 

removal of amorphous ox ide c o a t i n g s w i t h NaOH and N a - d l t h i o n i t e a s the 

s u r f a c e a r e a (BET argon a d s o r p t i o n ) d e c r e a s e d to a uni form l e v e l of 
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S a l i n i t y Leached Fe Leached Mn S u r f a c e a rea 

( V o o ) (mg/g) (mg/g) (m^/g) 

Na tura l Leached 

2 8 . 5 9 .92 0 .62 8 . 4 14 ,2 

2 2 . 5 7 .09 0 .49 10 .7 15 ,0 

9 . 7 7 .98 0 .54 14 .0 16 ,2 

5 .0 7 .00 0 .48 1 7 . 2 17 ,3 

3.1 6 .52 0 .50 18 .0 16 ,3 

2 . 2 6 .55 0 .52 1 9 . 8 16 .8 

0 .15 7,47 0 .44 17 ,8 18 .7 

0 .09 7.11 0 .55 14 .6 16 ,9 

0 .06 7 .25 0 .74 13 .9 15 .0 

Tab le 3 . 1 3 . The q u a n t i t i e s of Fe and Mn l e a c h e d by an a c e t i c 

a c i d / h y d r o x y 1 a m i n e h y d r o c h l o r i d e l e a c h f o r the 2 9 - 1 0 - 8 5 s a m p l e s . The 

mean s u r f a c e a r e a f o r the l e a c h e d samples i s 16 .3 ± 1. 4m2/g . 

about IQm^/q. They conc lude from t h i s and o t h e r exper iments t h a t 

t h e r e i s a near uni form c o a t i n g o f amorphous o x i d e s on the s u r f a c e of 

the p a r t i c l e s . Work by T o r r e s Sanchez et a l . (1985) i n d i c a t e s t h a t Fe 

oxyhydrox ides p r e c i p i t a t e d onto the s u r f a c e of k a o l i n i t e form smal l 

e v e n l y d i s p e r s e d p a r t i c l e s w i t h a s u r f a c e a r e a of >150m^/g. T h i s 

idea i s in good agreement w i t h the p r e s e n t r e s u l t s which show t h a t 

a f t e r a c e t i c a c i d / h y d r o x y l a m i n e h y d r o c h l o r i d e l e a c h i n g the carbon 

content i n the sample was o n l y s l i g h t l y d e c r e a s e d from an average of 

6.6% to an average of 5.0%. T h i s d e c r e a s e may be due to f l o e s 

c o m p r i s i n g Fe o x i d e s and o r g a n i c m a t e r i a l be ing r e l e a s e d i n t o s o l u t i o n 
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by the l e a c h i n g agents (Perdue e t a l . , 1976) but i n d i c a t e s t h a t the 

m a j o r i t y of the carbon i s e i t h e r s t i l l p r e s e n t on the s u r f a c e of the 

p a r t i c l e s thus b l o c k i n g the pores or i n c o r p o r a t e d in the sample as 

pure o r g a n i c p a r t i c l e s . 

The h y s t e r e s i s c u r v e f o r a c e t i c a c i d / h y d r o x y l a m i n e 

h y d r o c h l o r i d e l eached p a r t i c l e s shown in F i g u r e 3 .17 i s very s i m i l a r 

to t h a t seen fo r the u n t r e a t e d p a r t i c l e s ( F i g u r e 3 . 1 3 ) as t h e r e i s no 

h igh p r e s s u r e h y s t e r e s i s and thus no macropores a c c e s s i b l e to n i t r o g e n 

g a s . T h i s a f f i r m s the idea tha t o r g a n i c mat te r on the s u r f a c e 

m o d i f i e s the gas a d s o r p t i o n p r o p e r t i e s of the s a m p l e s . I f the 

r e s i d u a l o r g a n i c mat ter in the sample a f t e r a c e t i c a c i d / h y d r o x y l a m i n e 

h y d r o c h l o r i d e l e a c h i n g was due to p u r e l y o r g a n i c p a r t i c l e s , the 

s u r f a c e o r g a n i c mat ter a l l being removed, i t would be expected t h a t 

the h y s t e r e s i s c u r v e would be s i m i l a r t o t h a t seen f o r the p e r o x i d e 

d i g e s t e d p a r t i c l e s as humic m a t e r i a l has a v e r y low s u r f a c e a rea 

(<lm / g ) and p o r o s i t y . However, s i n c e t h i s i s not the c a s e i t may 

be conc luded tha t the s u r f a c e a r e a and p o r o s i t y seen f o r the l e a c h e d 

p a r t i c l e s i s t h a t o f the p a r t i c l e s w i t h p a r t or a l l of the o r g a n i c 

s u r f a c e c o a t i n g s but w i thout the hydrous Fe and Mn o x i d e s which were 

p r e s e n t in an e a s i l y l e a c h a b l e form. 

An EDTA l e a c h (pH = 7 ) (Aggett and R o b e r t s , 1986) was used 

on the samples from 18 -9 -86 ( s e e S e c t i o n 2 . 2 . 4 ) to see i f t h i s would 

remove a d i f f e r e n t f r a c t i o n of f r e s h and aged Fe and Mn h y d r o x i d e s 

compared to the a c e t i c a c i d / h y d r o x y l a m i n e h y d r o c h l o r i d e l e a c h . 

However as shown in T a b l e 3.14 a v e r y s i m i l a r amount of Fe was l e a c h e d 

when compared to the 29 -10 -85 d a t a s e t but t h e r e was c o n s i s t e n t l y l e s s 

Mn removed. T h i s s u g g e s t s t h a t the l e a c h e s were not removing 

142 



F i g u r e 3.17 A n i t rogen a d s o r p t i o n - d e s o r p t i o n isotherm for an a c e t i c ac id /hydroxy lamine hydroch lor ide 
leached sample of Tamar suspended p a r t i c l e s fo r which the s u r f a c e area i s 16.7m2/g. 
( c f . F i g u r e s 3.13 and 3 . 1 4 ) . o Adsorpt ion • Desorpt ion 



s i g n i f i c a n t l y d i f f e r e n t f r a c t i o n s of f r e s h and aged Fe o x i d e s . The 

s u r f a c e a r e a s a f t e r l e a c h i n g were again found to d e c r e a s e to a 
2 

c o n s t a n t l e v e l (mean s u r f a c e a r e a = 10.2m / g ± 9.8%) which a l though 
2 

lower than was seen f o r the 29 -10 -85 survey (16.3m / g ) I n d i c a t e s the 

same t r e n d . 

The s u r f a c e a r e a s of the u n t r e a t e d p a r t i c l e s from the 29-10-

85 s u r v e y were more v a r i a b l e and in genera l h i g h e r than t h o s e seen 

S a l i n i t y T u r b i d i t y Leached Fe Leached Mn S u r f a c e a r e a 

( V o o ) (mg/L) (mg/g) (mg/g) (m^/g) 

Natura l Leached 

19 .0 70 9 .85 0.31 14 .2 1 0 . 5 

13 .5 210 5.96 0 .37 12 .0 9.1 

8 . 2 150 7.16 0 .32 13 .3 9 . 9 
4 . 7 235 6 .42 0 .29 15.1 10 .7 

2 .6 500 6 .35 0 .37 16.7 10 .7 

0 .9 580 6 .45 0 ,33 15.8 11 .7 

<0.5 410 6.01 0.41 15 ,2 8 . 8 

Tab le 3 . 1 4 : The amounts o f Fe and Mn removed by an EDTA l e a c h on 

the samples from the 18-9 -86 s u r v e y . A l s o shown a r e the s u r f a c e a r e a s 

measured be fo re and a f t e r t h e l e a c h i n g . The mean s u r f a c e a r e a s a r e 

f o r the n a t u r a l samples 14.6 ± l ,6m^/g and f o r the l e a c h e d samples 

10 .2 ± l . O m ^ / g . 

f o r the 18-9 -86 s u r v e y . The p o s s i b i l i t y t h a t t h i s was due to the 

i n c r e a s e d amount of l e a c h a b l e Mn in the 2 9 - 1 0 - 8 5 s u r v e y was 
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i n v e s t i g a t e d . Using the s u r f a c e a r e a va lue f o r amorphous MnO^ 

determined in t h i s work (400m'' /g) i t can be c a l c u l a t e d t h a t 20mg 

Mn/g s o l i d would be r e q u i r e d t o i n c r e a s e the s u r f a c e a r e a of the s o l i d 

by 8m / g . Approx imate ly 0.5mg Mn/g s o l i d was l e a c h e d and t h i s in 

c o n j u n c t i o n w i th the o b s e r v a t i o n t h a t a s i m i l a r amount of Mn was 

leached from a l l samples of the 29 -10 -85 s u r v e y ( s u r f a c e a r e a s 8 . 4 -

19.8m^/g) l e a d s to the c o n c l u s i o n t h a t . i t i s improbable t h a t 

amorphous Mn o x i d e s a r e the key f a c t o r d e t e r m i n i n g s u r f a c e a r e a . 

To t r y to e l u c i d a t e the reasons f o r the d i f f e r e n t s u r f a c e 

a r e a s fo r the two s u r v e y s be fore l e a c h i n g the c o n d i t i o n s dur ing the 

s u r v e y s in Table 3 .7 were examined . Both s u r v e y s were run on a r i s i n g 

s p r i n g t i d e and fo r both s u r v e y s the r a i n f a l l in the two weeks 

p r e v i o u s to the s u r v e y was n e g l i g i b l e . The t u r b i d i t i e s f o r each 

s u r v e y were very s i m i l a r . The o n l y c h a r a c t e r i s t i c s which have been 

i d e n t i f i e d as v a r y i n g a r e the pH and tempera ture of the e s t u a r i n e 

water and of t h e s e two c h a r a c t e r i s t i c s the tempera ture i s the most 

o b v i o u s l y d i f f e r e n t ( 3 ' ' C ) . 

Work by Marsh et a l . (1984) has shown t h a t two s y n t h e t i c 

m a t e r i a l s p r e c i p i t a t e d in s i m i l a r c o n d i t i o n s but a t d i f f e r e n t 

tempera tures (2°C and IS^'C) from F e { I I ) have g iven v e r y d i f f e r e n t 

s u r f a c e a r e a s . The one p r e c i p i t a t e d from a s o l u t i o n a t 2*C had a 
2 

s u r f a c e a r e a of 299m /g w h i l e t h a t p r e c i p i t a t e d a t 15""C had a 

s u r f a c e a r e a of 121m^/g. I t i s t h e r e f o r e p o s s i b l e t h a t the 

d i f f e r e n c e in temperature may have i n f l u e n c e d the s u r f a c e a r e a s of the 

p a r t i c l e s from the two s u r v e y s . The high tempera ture fo r the 18 -9 -86 

s u r v e y may have caused the samples to have a lower s u r f a c e a rea w h i l e 

the low tempera tures p r e v a i l i n g d u r i n g the 2 9 - 1 0 - 8 5 s u r v e y would be 
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the reason f o r the samples hav ing a g e n e r a l l y h i g h e r s u r f a c e a r e a . 

T h i s i s a p o s s i b l e e x p l a n a t i o n of why a l though samples from the two 

s u r v e y s have d i f f e r e n t s u r f a c e a r e a s a s i m i l a r amount of Fe was 

l e a c h e d . I t i n f e r s t h a t the amorphous Fe and Mn o x i d e s a r e p r e s e n t in 

the s i m i l a r c o n c e n t r a t i o n s but in d i f f e r e n t s t a t e s of c r y s t a l l i n i t y . 

A second reason f o r the d i f f e r e n c e s between the two s u r v e y s 

may be r e l a t e d to the C/N r a t i o . I t may be t h a t p a r t i c u l a r t y p e s of 

o r g a n i c m a t e r i a l w i l l have a d i s t i n c t e f f e c t on the BET s u r f a c e a r e a 

o f the p a r t i c l e s perhaps due t o some type of s p e c i f i c s i t e b i n d i n g . 

However i t has not been p o s s i b l e to i n v e s t i g a t e t h i s any f u r t h e r . 

I t i s more d i f f i c u l t to e x p l a i n why the same amount of Fe i s 

l e a c h e d from samples of one s u r v e y a l though they a l l may have 

d i f f e r e n t s u r f a c e a r e a s . As p r e v i o u s l y d i s c u s s e d when Fe 

oxyhydrox ides age they l o s e s u r f a c e a r e a (Bye and S i n g , 1972; Crosby 

e t a l . , 1983) and i t i s p o s s i b l e t h a t t h i s v a r i a t i o n i n s u r f a c e a r e a 

i s due to the d i f f e r e n t age of the m a t e r i a l . Us ing v a l u e s from the 

work of Crosby e t a l . (1983) i t would be n e c e s s a r y f o r a p p r o x i m a t e l y 

50mg of new i r o n to be p r e s e n t in Ig of sample i f the s u r f a c e a rea was 

t o be i n c r e a s e d by lOm'^/g, T h i s i s a f a r h i g h e r amount than was 

removed from any of the samples by e i t h e r l e a c h i n g a g e n t . The 

c o n c l u s i o n which i s drawn from t h i s s tudy i s t h a t dur ing i n i t i a l 

s t a g e s of ageing the amorphous Fe and Mn o x y h y d r o x i d e s in the 

p a r t i c l e s w i l l age but remain o n l y weakly a s s o c i a t e d ( e x t r a c t a b l e ) 

w i t h the p a r t i c l e s throughout the e s t u a r y . T h e r e f o r e the same amount 

of f l o c c u l a t e d Fe and Mn oxyhydrox ide c o a t i n g w i l l be p r e s e n t and 

a v a i l a b l e f o r l e a c h i n g from the suspended p a r t i c l e s but the s u r f a c e 

a r e a w i l l d i f f e r . I f t h i s i s the c a s e then s u r f a c e a r e a may be the 
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o n l y method a v a i l a b l e to d i s t i n g u i s h between the f r e s h l y p r e c i p i t a t e d 

and aged Fe and Mn oxyhydrox ides p r e s e n t on e s t u a r i n e p a r t i c l e s which 

may be i n s t r u m e n t a l in c o n t r o l l i n g the s u r f a c e s o r p t i o n p r o c e s s e s . 
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3.3 Conclusions from Part icle Chacterisation Study, 

Natural pa r t i c les from the Tamar Estuary have been shown to 

comprise a complex mixture of quar tz , k a o l i n i t e , muscovite, i l l i t e and 

c h l o r i t e wi th surface coatings of organic matter and Fe and Mn hydrous 

oxides. These par t i c les have BET nitrogen adsorption surface areas 
2 

ranging from 8-25m / g . The suspended material has a higher surface 

area than the associated sediment material and the highest surface 

area for suspended material i s in the low s a l i n i t y region of the 

estuary. 

An examination of the pa r t i c l e size of samples has shown no 

cor re la t ion between mean p a r t i c l e size and the BET surface area. The 

sizes measured are , i f anyth ing, too smal l , due to disaggregation on 

handling (Eisma et a l . , 1983; Rale et a l 1 9 8 4 ) but these give 

geometric surface areas at least two orders of magnitude smaller than 

the BET adsorption areas. Nitrogen adsorption-desorption experiments 

on the natural samples indicated micro- and meso-pores to be present 

and t h i s could be in the form of cy l i nd r i ca l pores, s l i t shaped pores, 

spaces in between par t i c les jo ined as aggregates or a combination of 

these wi th i nk -bo t t l e pores poebens, 1980; Sing, 1976). 

A l l the pa r t i c l es from the Tamar contained approximately 6% 

carbon and removal of these surface coatings gave an increase in the 

surface areas. For one ax ia l t raverse a l l the suspended samples 
2 

increased in surface area to 25.8 ± 1.5m /g a f t e r ox idat ive 

digest ion regardless of the i n i t i a l value and hysteresis analysis 

showed macropores to be revealed on d iges t ion . This has been 

interpreted as the opening of pores previously blocked by the coating 

of organic matter, which has a low surface area (<lm / g ) . 
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Fe and Mn oxyhydroxide coatings were removed from the 

par t i c les by leaching. Approximately the same amount of Fe was 

removed from a l l samples even when using two types of leaching 

solut ion on samples of very d i f f e r e n t surface areas• No cor re la t ion 

between surface area and leached Fe or leached Mn could be found. 

Af ter leaching the par t i c les have a constant low surface area for each 

survey but t h i s area was d i f f e r e n t for each of the two estuarine 

traverses carr ied ou t . This suggests that Fe oxyhydroxides increase 

the surface area of the underlying l ithogenous mater ia l as would be 

expected considering the large surface areas found for prec ip i ta ted 

hydrous Fe oxides from natural solut ions (Crosby et a1 1983; Marsh 

et a l 1 9 8 4 ) , Temperature was the most eas i ly I d e n t i f i a b l e 

d i f ference between the two surveys and i t is suggested that t h i s may 

have a l tered the charac te r i s t i cs of the f loccu la ted so l id and thus 

explain the d i f ference between the surface areas of the two surveys 

(29-10-85 and 18-9-86) although i t is possible that the composition of 

the organic material also has an e f f e c t . 

Organic material and hydrous Fe oxides have long been 

considered to be present on the surface of natural pa r t i c l es and t h i s 

study has shown that they are Instrumental In con t ro l l i ng the surface 

area avai lable for ni trogen gas adsorpt ion. The organic matter 

appears to block o f f pores ( p a r t i c u l a r l y macropores) in the surface of 

the par t i c les which can only be revealed by ox idat ive d iges t i on . The 

hydrous Fe and Mn oxides are dispersed over the pa r t i c l es and confer a 

larger surface area on the pa r t i c l e mat r ix . Since no cor re la t ion can 

be found with organic content or wi th leached Fe oxyhydroxides I t Is 

the conclusion of th i s study that surface area determination may be 
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the only way to i den t i f y a la rge , po 'ss lb ly ac t i ve , surface area In 

natural p a r t i c l e s . 

A study of the e f fec ts these coatings have on the 

heterogenous chemical r e a c t i v i t y of the pa r t i c les wi th dissolved 

const i tuents is urgent ly required (Lion et a l . , 1982). Many studies 

have reported that adsorption involves a two stage react ion - an 

i n i t i a l k i n e t i c a l l y fast react ion followed by a slower d i f f us i on 

cont ro l led step during which the ions may tunnel in to the pore spaces 

in the so l id (Barrow, 1983; Nyf fe ler et a l 1 9 8 4 ; Bolan et a l . , 1985; 

Theis and Kaul, 1985). 

The adsorption of phosphate has been most widely examained. 

Crosby et a l . (1984) reported contrast ing behaviour wi th regard to 

uptake of phosphate onto prec ip i ta ted Fe oxyhydroxides. They found 

that the short term (2h) uptake behaviour in simulated natural 

condit ions varied depending on the oxidat ion state of the Fe before 

p rec ip i ta t ion and on the age of the p r e c i p i t a t e . The age and i n i t i a l 

oxidat ion state of Fe have also been shown to have s i gn i f i can t e f fec ts 

on the porosity and surface area of the prec ip i ta tes (Crosby et a 1 • , 

1983). Anderson et al . (1985) also report the bulk and surface 

propert ies of Al/Fe hydroxides to be related to t he i r chemical 

h i s to ry . 

Hansmann et a l . (1985) have shown that the uptake of 

phosphate onto co l l o ida l goethi te causes bridging between p a r t i c l e s . 

This a f fec ts the reaction s i t e a v a i l a b i l i t y and the rate of 

disaggregation shows hysteresis depending on the i n i t i a l extent of 

phosphate adsorpt ion. Lijklema (1980) has observed hysteresis when 

studying the pH dependence of phosphate adsorption onto d i f f e r e n t ages 
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of amorphous Fe and Al oxides. Other workers have reported the 

penetrat ion or tunnel ing of phosphate in to the i n t e r i o r of so i l s 

(Barrow, 1983) and Fe and Al hydroxides (Bolan et a l 1 9 8 5 ) . Cabrera 

et a l . (1981) have found that for lep idocroc i te and goethi te the 

re la t i ve amounts desorbed can be related to the quant i ty of micropores 

w i th in the par t i cu la te phase. The adsorption and desorption of 

phosphate from lep idocroc i te and haematite has also been re lated to 

the porous nature of the sol ids by Madrid and De Arambarri (1985). 

They explained the d i f f e r i n g rates of sorpt ion reactions in terms of 

the shape of mesopores w i th in the s o l i d . These resu l ts show the 

importance of the nature of the adsorbent when discussing the 

adsorption of phosphate to oxide surfaces. 

L i t t l e work has been carr ied out to attempt to re la te the 

porosi ty of complex natural mater ia ls to the sorpt ion behaviour of 

trace metal ions. Natural Tamar suspended sol ids have been shown in 

t h i s study to have s l i t shaped pores in the size range <2-50nm. Pores 

of <2nm are t y p i c a l l y found in clay minerals between l a t t i c e layers . 

The clays found in the Tamar samples were of the non-expanding type 

which have a f ixed i n te r - l aye r spacing of 0.72nm for kao l i n i t e and 

approximately Inm for i l l i t e s . Kao l in i te w i l l no t , in a perfect 

c r y s t a l , al low water between the layers but defects w i l l be found 

wi th in the st ructure g iv ing areas in to which d i f f us i on may occur. 

Within i l l i t e s , the weathering products of muscovite, there i s no 

swel l ing of the clay but water does permeate the in te r lame l la r spaces 

(Van Olphen, 1976). Therefore the small (<2nm) s l i t - l i k e pores seen 

associated wi th the dr ied Tamar samples w i l l in s i t u be f i l l e d wi th 

water and d i f f us ion of trace metals may occur. The layer spaces of 
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i l l i t e s are reported to be large enough to accommodate the d i f f us i on 

of K Ions in to the l a t t i c e (Van Olphen, 1976), These K ions have a 

Pauling crys ta l diameter of 0.27nm, compared to 0,18nm for 2n and 

0.20nm for Cu ions ( M i l l e r o , 1969), Thus, the p o s s i b i l i t y ex is ts that 

these trace metal ions could d i f f use in to the in te r lame l la r spaces of 

the clay mat r ix . 

Montmor i l lon i te , an expanding clay has been reported as 

showing low pressure gas adsorption hysteresis due to In te rca la t ion of 

small polar molecules (Sing, 1976). I t has also been shown to 

In terca la te organic molecules w i th in the in te r lame l la r spaces and may 

be used fo r ca ta l y t i c processes (Breen et a l 1 9 8 5 ; Yasunaga and 

Ikeda, 1985). Therefore I t may also be expected that the non-

expanding clays which have water In the network due to defects or a 

large layer spacing may be able to adsorb and i n te rca la te trace metal 

ions as shown diagramat ical ly In Figure 3.18a. 

In so i l s weathered clay lamellae may aggregate wi th e i ther 

face-face or edge-face In teract ions as shown In Figure 3.18b. 

Domains, b u i l t up wi th face-face i n te rac t i ons , from i l l i t i c clays have 

been shown to have pores mainly in the range 0.5-lOnm wi th a dominant 

peak of pore size at about 3.5nm (Quirk, 1978). These are b u i l t up, 

overcoming e lec t ros ta t i c repu ls ion , during successive wett ing and 

d ry ing , freezing and thawing cycles w i th in the so i l (Rimmer, 1987) and 

i t may be that these are carr ied in to the estuarine zone. Edge-face 

in teract ions w i l l resul t in structures of the "cardhouse" or " p i n ­

cushion" types. These Involve energe t ica l l y favourable in te rac t ions 

of clay p la te le ts and w i l l give r ise to a large Internal volume 

( W i l l i a m s and James, 1978) . 
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1nm (zn) Jo-l8nm 

Zn Intercalation 

20nm \ 

t3'5nm 

Domain 

Figure 3.18a. An example of Zn i n te rca la t i on between pa ra l l e l 
p lates w i th in an a luminos i l i ca te c lay matr ix and 
some l i k e l y dimensions of a domain formed from 
weathered c lay p l a t e l e t s . 

Card house 
floe 

1pm 

Figure 3.18b 

Pin cushion 
floe 

A schematic representat ion of a cardhouse f loe 
consist ing of kao l i n i t e edge-face in te rac t ions 
and of a pincushion f loe consist ing of a centra l 
quartz grain which in teracts wi th the edge of the 
kao l i n i t e p l a t e l e t s . 

153 



Dif fus ion in to pore spaces such as these, before adsorption 

can take place, w i l l be slow and th i s process may be the cause of the 

secondary slow reaction often observed in adsorption experiments (Li 

et a l 1 9 8 4 a ) . Once the ions have d i f fused in to these pores t h e i r 

adsorption may be influenced by addi t ional bonding to other nearby 

surfaces across narrow areas of the pores (see fo r example the "card-

house" s t ruc tu re . Figure 18b). These in terca la ted ions w i l l then be 

less l i k e l y to desorb as the so lut ion condi t ions change. This 

behaviour may explain the observations of slow desorp4jon of 

phosphate from so i l s (Barrow, 1983) and from Fe oxides (Cabrera et_ 

a l 1 9 8 1 ; Madrid and De Arambarr i , 1985) as the ions could be f i r m l y 

held by these mu l t ip le bonds. 

Therefore, i t is possible that slow sorpt ion reactions may 

be a t t r i bu ted to both penetrat ion of the porous network (from which i t 

is d i f f i c u l t to d i f f use ) and in te rca la t ion across narrow porous 

s t ruc tu res . However there is no information on these e f fec ts wi th 

regard to natural pa r t i c les and so lu t ions . In the fo l lowing chapter 

i t i s shown that the sorpt ion of t race metal ions on the surface and 

wi th in the porous structures of natural estuarine pa r t i c les can be 

examined and related to the information about the surface 

charac ter is t i cs gained in t h i s chapter. Information on the controls 

of surface sorpt ion reactions is of great importance i f an 

understanding of these heterogeneous processes is to be developed. 
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CHAPTER FOUR 

THE SORPTION BEHAVIOUR OF Zn AND Cu IN ESTUARINE MEDIA, 

The discussion of pa r t i c l e charac te r i s t i cs in Chapter 3 

suggested that the poros i t ies as well as surface areas could play a 

ro le in the sorption behaviour of trace metals. Thus, the central 

object ives of the sorpt ion experiments carr ied out in t h i s work were 

to examine the re la t ionsh ip between the par t i c les and the removal of 

Zn and Cu from solut ion as well as providing quan t i ta t i ve information 

on the rates of these react ions. Essential k i ne t i c data fo r estuarine 

systems is extremely sparse in the l i t e r a t u r e as i t is res t r i c ted to 

studies of Mn (Morris and Bale, 1979; Morris et a l . , 1981). This 

study represents the f i r s t attempt to provide rate constants for 

sorption processes involv ing the uptake of Zn and Cu onto estuarine 

p a r t i c l e s . 

At the beginning of t h i s work I t was decided to undertake the 

experiments as close to natural condit ions as poss ib le . This meant 

that a method for the rapid analysis of many samples had to be 

developed, to enable a deta i led study of the uptake process. Hence 

the multi-channel micro-Chelex method (see Chapter 2) was developed 

which, apart from the recent developments of Flow In jec t ion Analysis-

Atomic Absorption Spectrophotometry (Olsen et a l 1 9 8 3 ) , is the only 

procedure avai lable for processing samples on a short enough timescale 

for k ine t i c s tudies. Developments of th i s type are important because 

one of the drawbacks of the sorpt ion studies ( invo lv ing added rad io ­

t racers) carr ied out by Nyf fe ler et a l . (1984) Is that they attempt 
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k ine t ic analysis on only 4-6 data points covering up to 50 days. The 

small dataset produced by these workers has obvious l i m i t a t i o n s , 

especia l ly when applying i t to p a r t i a l l y mixed estuaries l i ke the 

Tamar with f lushing times in the range 5-10 days (Uncles et a l . , 

1983a). Clear ly there i s a need to examine the shor t - and long-term 

sorption behaviour on timescales comparable to those seen in estuaries 

(minutes-days). 

In a l l experiments shown in the fo l low ing sections the 

f i l t e r e d r i ve r waters contained trace metals present as natural 

dissolved species at natural concentrat ions. The well characterised 

par t i c les were from the t u r b i d i t y maximum of the Tamar Estuary and 

they represent a pa r t i c l e population which r i ve r water would encounter 

in the high t u r b i d i t y mixing zone. Furthermore, in order that some 

comparison could be made wi th f i e l d observations the experimental 

condit ions selected were s imi la r to those encountered in f i e l d work by 

Ackroyd et a l . (1986). In keeping wi th t h i s work the dissolved metal 

analyses were determined on the CheTex extractable f rac t i on (Florence, 

1977). 
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4,1, Sorption of Hetals in Tamar Estuary Waters, 

F i r s t l y , control runs on f i l t e r e d r i ve r water were carr ied 

out to ascertain the uptake onto the wal ls of the containers (see for 

example Figure 2 , 1 1 ) , This showed, in a l l cases, that over a period 

of several days the loss to the wal ls for both Cu and Zn was <10% of 

the dissolved metal . 

At the s ta r t of the par t ic le /water mixing studies four 

prel iminary experiments were carr ied out in order to determine the 

expected concentration ranges and to ve r i f y the preparative and 

analy t ica l procedures. These involved fo l lowing the concentrations of 

Zn and Cu i n 1 0 l i t r e samples of untreated estuarine water, co l lected 

from the t u r b i d i t y maximum region of the Tamar Estuary, The samples 

were continuously mixed and a l iquots of suspension withdrawn over a 4 0 

hour per iod. The s ta r t i ng condit ions of these experiments are shown 

in Table 4 . 1 and they show s imi la r features to those described in t h i s 

work and by Ackroyd et a l . ( 1 9 8 6 ) . There was a weak t u r b i d i t y maximum 

at very low s a l i n i t y which contained suspended pa r t i c l es w i th the 

highest surface areas. The dissolved metal concentrations were 

highest in the freshwater samples and decreased as the s a l i n i t y 

increased to 2 ' / o o . For both Zn and Cu there was an increase in the 

dissolved concentration at the highest s a l i n i t y ( 5 * / o o ) . 

The time dependent behaviour of these samples is depicted in 

Figures 4 . 1 and 4 . 2 . In general the resu l ts for Zn and Cu show the 

same t rends. Results were also obtained for Pb and Cd which were in 

reasonable agreement wi th the Zn and Cu but as was discussed in 

Section 2 . 3 . 4 there was a large scat ter on the data and so they are 

not reported here. In freshwater there was clear evidence of rapid 
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Figure 4 . 1 . Time dependent behaviour of dissolved Zn in natural Tamar 
estuar ine suspensions, (a) 0 ° / o o (b) 0 . 5 % o (c) 2 ° / o o 
(d) B V o o . 
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Figure 4 . 2 . Time dependent behaviour of dissolved Cu in natural Tamar 
estuarine suspensions, (a) O V o o (b) O . S V o o (c) 2 V o o 
(d) 5 % o . 

1 5 9 



Sa l in i t y Turb id i ty BET surface I n i t i a l metal 
( V o o ) (mg/L) area (m^/g) concentrations (Mf l /L ) 

Zn Cu 

0 50 10,3^ 36 21 
0,5 180 23.0 23 7 
2 70 16.5 12 4 
5 40 11.5 17 5 

Table 4 , 1 . Character is t ics of the samples from the Tamar Estuary 
used for the experiments shown in Figures 4.1 and 4 .2 . 
^ I nsu f f i c i en t material fo r ana lys is ; t h i s value is representat ive 
of data obtained in other surveys. 

uptake of the metals onto the par t i c les over a period of 40h with 

about 50% of dissolved Zn and 30% of dissolved Cu being removed. At 

0.5*700 uptake appeared to continue for the f i r s t 4h a f t e r which a 

desorption from the par t i c les was evident . A s im i la r trend was seen 

in the two higher s a l i n i t y samples (2 '*/oo and 5 ' * /oo ) but wi th great ly 

reduced magnitudes. The fact that some sorpt ion behaviour was 

observed suggests that the par t i c les were not at equi l ib r ium with the 

dissolved phase when co l l ec ted . This might be expected as in the 

upper estuary the physical timescales of mixing and advection are of 

the order of minutes or hours. Thus, these resu l ts are ind ica t i ve of 

reactions which were continuing to equ i l i b r ium. 

This time dependent behaviour also agrees wi th the resu l ts of 

Ackroyd et a l . (1986) as they found that the highest metal removal was 

in the freshwater near the t u r b i d i t y maximum and suggest that 
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desorptlon from the par t i c les at higher s a l i n i t i e s can explain the 

often observed mid-estuarlne maxima in dissolved Zn and Cu. 

Experiments by Campbell et a l . (1985) with Mersey Estuary waters 

showed an increase in dissolved Cu, a f te r storage for 25h, of 140% and 

10% In low ( < l ' / o o ) and high (22**/oo ) s a l i n i t y samples, respect ive ly . 

While the desorption of Cu in the low s a l i n i t y sample was far greater 

than was seen for t h i s work, possibly due to large par t i cu la te 

po l lu tant inpu ts , i t emphasises the high r e a c t i v i t y of low s a l i n i t y 

estuarine samples. Laboratory mixing experiments (Van der Weijden et_ 

a l 1 9 7 7 ; Li et a l 1 9 8 4 a ) have confirmed that both Zn and Cu appear 

to desorb from par t i c les when r i ver and seawater are mixed. Fie ld 

observations by Evans and Cutshall (1973) also reported that Zn 

desorbed from suspended sol ids in the Columbia River . 

One fur ther observation from these resu l ts is that the 

v a l i d i t y of some estuarine trace metal d i s t r i b u t i o n s could be in doubt 

when these are measured on f i l t e r e d , preconcentrated bulk (>5L) 

samples. Generally up to 4hr may be required to f i l t e r the samples 

and these studies demonstrate that during t h i s t imescale there may be 

large changes occurring in the trace metal p a r t i t i o n i n g . Of 

par t i cu la r in teres t to t h i s study is the ind ica t ion that both 

adsorption and desorption processes should be invest igated in studies 

of heterogeneous chemical r e a c t i v i t y . 
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4 .2 , Mixing Experiments Using Taroar Water, 

Several mixing experiments were car r ied out using port ions of 

Tamar par t i c les from the same bulk sample and d i f f e r e n t condit ions of 

s a l i n i t y and t u r b i d i t y which were manipulated as discussed in Section 

2.3. Data on the nature of the pa r t i c l e population are shown In Table 

4 .2 , Using these par t i c les for a l l the Tamar mixing experiments 

enabled the uptake behaviour of wel l -character ised par t i c les to be 

examined under d i f f e ren t condi t ions. The temperature was constant in 

a l l cases at lO'C, 

BET surface area (m^/g) 
Mean pa r t i c l e diameter (gm) 

% Carbon 
% Nitrogen 

Leached by EDTÂ  

Fe{Mg/g) 
Mn(Mg/g) 

Leached by Acetic mix^ 
Fe(Mg/g) 
Mn(Mg/g) 
Zn{Mg/g) 
Cu(Mg/g) 

Tamar Expts 

14,0 
9,8 
5.1 
1,0 

6770 
390 

9100 
600 
85 
95 

Carnon Expts 

13.1 

5.2 
0.7 

5690 
380 

7030 
430 

Table 4 ,2 . The charac ter is t i cs of suspended pa r t i c l es taken from 
the t u r b i d i t y maximum of the Tamar Estuary fo r use in the mixing 
experiments wi th Tamar water (see Section 4.2) and Carnon water (see 
Section 4 . 3 ) . The trace metal data Is In agreement wi th previous 
surveys of the Tamar Estuary suspended pa r t i c l es by Morris et a l , 
(1986) Leached as discussed In Section 2 .2 .4 . 
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4,2,1> Zn Behaviour. 

The resul ts of a freshwater and a brackish water adsorption 

experiment are shown in Figure 4 .3 . These were carr ied out using a 

t u r b i d i t y of about 400mg/L. In the freshwater case there was a rapid 

uptake of 50% of dissolved Zn in the f i r s t 2h fol lowed by a steady 

decrease in solut ion concentration wi th about 70% removal a f t e r 96h. 

The second set of resul ts presented in Figure 4.3 are for s a l i n i t y = 

10'*/oo wi th a resul tant increase in pH to 8.2, There was no 

d iscern ib le rapid i n i t i a l uptake of Zn only a slow steady removal over 

the experiment duration (90h) of 30% of the dissolved Zn. 

The condit ions for the freshwater experiment in Figure 4.4 

were bas ica l ly the same as before except the t u r b i d i t y was lower 

(200mg/L). This gave much the same kind of react ion curve with both 

the i n i t i a l and f i na l concentrations being s i m i l a r . In the brackish 

water experiment where s a l i n i t y = V/oo , again wi th a lower t u r b i d i t y 

(200mg/L), the rate and extent of uptake was not as great . This run 

showed a r e l a t i v e l y small (10%) uptake in the f i r s t hour and 50% 

uptake over the whole 90h per iod . This is 20% more uptake than was 

observed for the sample where the s a l i n i t y was 10**/oo . 

The resul ts from the freshwater experiments were very s imi la r 

and indicated that doubling the t o ta l avai lable p a r t i c l e surface area 

had no noticeable e f fec t on the adsorption of Zn. The resu l ts suggest 

that the par t i c les and water were far removed from equ i l ib r ium when 

mixed but rapid ly (<2h), via a k i n e t i c a l l y fast reac t ion , reached a 

quasi -equi l ibr ium s ta te . True equi l ib r ium was not apparently reached 

even by 90h, ind icat ing a k i n e t i c a l l y slow reac t ion . This slow 

approach to equi l ibr ium was also observed by Li et a l . (1984a) and 
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% Z n in Solution 

Time (hours) 100 

Figure 4.3. The percentage Zn remaining in solut ion versus time for two Tamar water suspensions 
with a t u r b i d i t y of 400mg/L. 

O Sa l in i t y = O V o o . pH = 7.5, 100% [Zn] = 14.5(jg/L. 
• Sa l in i t y = 1 0 % o , pH = 8.2, 100% [Zn] = 15.0|jg/L. 
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Figure 4.4. The percentage Zn remaining in solut ion versus time for two Tamar water suspensions 
with a t u r b i d i t y of 200mg/L. 

O Sa l in i t y = O V o o . pH = 7.5, 100% [Zn] = 13.7Mg/L. 
• Sa l in i t y = r / o o . pH = 8.2, 100% [Zn] = IG.Opg/L. 



Nyf fe ler et_al_. (1984) who showed, by fo l lowing the values, rapid 

i n i t i a l changes in the dissolved metal concentration fol lowed by a 

slow approach to equi l ib r ium over more than ten days. Using the 

quant i ty of leachable Zn, from Table 4 .2 , wi th the 90h adsorbed and 

dissolved concentrations for the freshwater experiments i t is possible 

to ca lcu late that 80-90% of the react ive Zn in the sample was in the 

adsorbed form. This Is in good agreement wi th the resu l ts of Mouvet 

and Bourg (1983), determined using Meuse River samples, where 79% was 

found to be in the pa r t i cu la te phase. 

In brackish water both the extent and the apparent rate of 

adsorption were reduced compared to the freshwater experiments. This 

d i f ference Is probably due to competit ion of major seawater cations 

(Ca and Mg) with Zn for act ive s i tes on the pa r t i c l es (Bourg, 1983; 

Schlndler, 1981). These data contrast with those of Aston and Duursma 

(1973) who showed by radio- isotope studies no dependence of Zn 

adsorption on s a l i n i t y . However, they are in good agreement wi th the 

work of Bale (1987) and Li et a 1 . (1984a) who carr ied out sorpt ion 

studies in natural solut ions wi th the addi t ion of rad io- isotopes. 

Bale (1987) reported that in freshwater a rapid i n i t i a l uptake (<lh) 

of 50% of the dissolved Zn was followed by a fu r ther 10% in the 

subsequent 15h. A proport ion of t h i s I n i t i a l uptake in these 

experiments may have been due to simple equ i l i b ra t i on of the pa r t i c l e 

surface wi th the rad io- Isotope. However, as the s a l i n i t y was 

increased to 5 ' / o o the extent of removal in 16h was reduced from 

approximately 60% to 40% and th i s Is consistent with these r e s u l t s . 

An addi t ional experiment was carr ied out In which the 

desorption of Zn and Cu was followed as a funct ion of t ime. (These 
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"metal - f ree" par t i c les were then used in subsequent adsorption 

experiments and for the purposes of t h i s work are ca l led "cleaned" 

p a r t i c l e s ) . The par t i c les were "cleaned" by suspending them in 

Nanopure water for 6h. The desorption was monitored and as 

i l l u s t r a t e d in Figure 4,5 there was a maximum desorption of 4pg/L 

{ i . e . 10% of l ab i l e par t i cu la te Zn, see Table 4.2) of which l.Spg/L 

was released immediately. The p r o f i l e for the uptake onto these 

par t i c les shows, in Figure 4.6, an immediate removal from solut ion of 

40% of the dissolved Zn. As compared wi th the other freshwater 

p ro f i l es t h i s is 10-20% more i n i t i a l adsorption than was previously 

observed (see Figures 4,3 and 4 . 4 ) . This rapid uptake can be 

envisaged for Zn as being equivalent to (1) the replacement of the 

metal desorbed from the pa r t i c l es and (2) the usual rapid adsorption 

observed in the freshwater experiments (see Figures 4.3 and 4 . 4 ) . 

Af ter i n i t i a l adsorption there was a fu r ther 50% removal of dissolved 

Zn from solut ion in a manner consistent wi th the other freshwater 

isotherms. The equi l ibr ium concentration in solut ion was about Spg/L 

which is very s imi lar to that seen in both the other Tamar freshwater 

adsorption runs. 

The equi l ibr ium data and so lut ion condit ions for a l l 

experiments are tabulated in Table 4 .3 . The only s i gn i f i can t 

cor re la t ion is between the f i na l concentrations of Zn in so lu t ion and 

s a l i n i t y , as presented in Figure 4 .7 . These data ind icate that the 

f i na l Zn concentration in so lut ion was s imi la r for a l l experiments 

i r respect ive of t u r b i d i t y (200-500mg/L), i n i t i a l Zn concentration in 

solut ion (14-25pg/L) or amount taken up by the par t i c les but dependent 

on s a l i n i t y . Also in Table 4.3 values of metal concentration on the 
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Figure 4.5. The concentration of Zn in solut ion versus time in a suspension of Tamar par t ic les 

in Nanopure water at a t u rb i d i t y of 500mg/L. 
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Figure 4.6. The percentage Zn remaining in solut ion versus time a f te r the "cleaned" par t ic les 
(see Figure 4.5) were suspended in Tamar River water with t u rb i d i t y = 500mg/L, 
pH = 7.5 and 100% [Zn] = 26.4|jg/L. 
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Figure 4 .7 . Final concentration of Zn determined n f t e r 90h in the 
Tamar mixing experiments versus s a l i n i t y . 
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Sal in i ty Equil ibrium Turbidi ty Total uptake Uptake by 
b 

Calculated 
( V o o ) Cone. (pg/L) (mg/L) part ic les (pg/g) Concentration 

on part ic les (pg/g) 

0 5 400 10 28 65 
0 5 200 9 56 65 
o' 6 500 20 42 78 
I 8 200 8 40 78 

10 11 400 4 13 45 

Table 4 .3 . A comparison of the character ist ics of the Zn adsorption to part ic les suspended in Tamar Water 
a 

Particles used In "cleaning" experiment. b 
Calculated using the values from Bale (1987) 

d 



par t i c les calculated using the values of Bale (1987) are shown. 

These values are in reasonable agreement wi th the leachable Zn 

concentrations from th i s work (see Table 4,2) and wi th those quoted by 

Morris et a l . (1986). Considering the adsorbed and leachable Zn in 

t o t a l the value calculated from the i s only ha l f the possible 

l a b i l e surface Zn. This suggests that during the course of the 

experiment some metal becomes i r r eve r s i b l y bound to the p a r t i c l e s . 

4 , 2 , 2 . Cu Behaviour. 

The resul ts of mixing experiments car r ied out at 0**/oo and 

10"/oo s a l i n i t y and wi th a t u r b i d i t y of 400mg/L are depicted in Figure 

4 .8 . In the freshwater run the Cu concentrations were low and the 

data were scattered but there was a slow adsorptive loss over 90h of 

about 20%. The brackish water experiment (where S = 10**/oo ) had a 

s l i g h t l y higher s ta r t i ng concentration of Cu and gave a smoother 

p r o f i l e wi th a to ta l loss of about 50%. As in the Zn case an 

addi t ional set of experiments were carr ied out wi th the t u r b i d i t y 

decreased to 200mg/L and the resul ts for 0 and l ^ / o o s a l i n i t y are shown 

in Figure 4 .9 . This i l l u s t r a t e s that in the freshwater there was 

again a slow uptake of about 30% of the dissolved Cu over 24h. The 

p r o f i l e fo r the brackish water sample showed up to 10% less removal 

than the freshwater sample over 24h but t h i s removal continued to 40% 

a f te r 90h. 

These resul ts show the uptake of Cu from freshwater to be 

slow and smaller In extent than in brackish water. Using the value 

for leachable Cu for these par t i c les (95pg Cu/g pa r t i c l es ) and the 

to ta l in so lut ion in freshwater i t has been calculated that about 70-
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Figure 4.8. The percentage Cu remaining in solut ion versus time for two Tamar water suspensions 

with a t u r b i d i t y of 400mg/L. 
O Sa l in i t y = 0 % o . pH = 7.5, 100% [Cu] = 9.0pg/L. 
• Sa l in i t y = 1 0 % o , pH = 8.2, 100% [Cu] = lO.Spg/L. 
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Figure 4.9. The percentage Cu remaining in solut ion versus time for two Tamar water suspensions 
with a t u r b i d i t y of 200mg/L. 

O Sa l in i t y = O V o o , pH = 7.5, 100% [Cu] = 9.0Mg/L. 
• Sa l in i t y = l * * / o o , pH = 8.2, 100% [Cu] = 14.0pg/L. 



80% was in the adsorbed form at equ i l i b r i um. This is lower than the 

89% reported by Mouvet and Bourg (1983) who also saw a surp r i s ing ly 

small amount complexed by humics when compared to other work In 

freshwaters (Florence, 1977; Mantoura et a l 1 9 7 8 ; Bourg, 1983) and 

in seawater (Van den Berg et a l 1 9 8 7 ) . 

In sal ine water there was a larger uptake than in freshwater 

due to the f loccu la t ion of co l l o i da l organic material In which Cu is 

complexed, Sholkovltz and Copland (1981) observed the coagulation of 

organic material in f i l t e r e d r i ve r water samples to which major Ions 

were added at seawater concentrat ions. Their work Indicated a removal 

of 40% of dissolved Cu in 3h due to t h i s coagulation of co l l o i da l 

organic mate r ia l , wi th complexed Cu, on encountering the more 

concentrated ionic media. Sholkovitz (1976) has also shown a removal 

of about 40% of Cu from f i l t e r e d r i ve r water on the addi t ion of 

f i l t e r e d seawater. The observation by Mil lward and Moore (1982) that 

adsorption of Cu from an organic free model estuarine media was 

s a l i n i t y independent corrobrates the suggestion that the addi t ional 

removal seen here was due to the f loccu la t ion of organic mater ial in 

which Cu was complexed. The p r o f i l e for Cu adsorption when the 

s a l i n i t y = K / o o shows no observable competit ion for act ive surface 

s i tes betweeiCu and major seawater ions. I t also indicates that the 

small increase in s a l i n i t y to l ^ / o o was s u f f i c i e n t to cause some 

f loccu la t ion of co l lo ida l ma te r i a l . 

These Cu adsorption resul ts contrast s ta rk l y wi th those found 

for Zn. There was far less removal from freshwater of Cu than Zn but 

w i th in brackish water they had s im i la r adsorption p r o f i l e s . This can 

be explained by examining t h e i r d i f f e r i n g speciation w i th in synthet ic 
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estuarine waters in the presence of quartz pa r t i c l es (Bourg, 1983). 

Zn was present in freshwater p r imar i l y (57%) In the pa r t i cu la te form 

but as the water becomes more sal ine I t is in competit ion wi th the 

major seawater Ions fo r act ive s i tes and thus there is more in the 
2+ 

Zn*- free ion form (up to 45% in 30*'/oo seawater), In con t ras t , Cu 

is mainly present as humic complexes In freshwater (65%), some of 

which w i l l be l a b i l e and observable a f te r Chelex-100 ex t r ac t i on . A 

fur ther 18% Is in the Cu(0H)2 form and only 15% in the adsorbed form 

in freshwater. The percentage Cu In the complexed and adsorbed forms 

w i l l decrease as the s a l i n i t y of the water Increases. Thus to account 

for the addi t ional observed removal from the dissolved phase in 

brackish water (S = 10** /oo) i t is surmised that Cu in organic 

complexes was des tab i l i sed , by the increased ion ic s t reng th , and 

f l occu la ted , and thus a greater proport ion of the dissolved Cu was 

removed (Gibbs, 1986). 

A f i na l experiment was carr ied out involv ing the "c leaning" 

of par t i c les by desorption in Nanopure water. The desorption p r o f i l e 

of Cu over 6h In deionlsed water i s shown In Figure 4.10. This 

represents an Immediate desorption of 1.5pg/L of Cu ( i . e . about 3% of 

l ab i l e par t i cu la te Cu, see Table 4.2) which remains constant (wi th in 

experimental e r ro r ) throughout the 6h per iod. These "cleaned" 

par t i c les were then used in an adsorption experiment depicted in 

Figure 4 .11 . This adsorption had a very marked I n i t i a l uptake of 

about 5pg/L (30%) of Cu fol lowed by a more gradual uptake u n t i l only 

35% remained in so lu t i on . 

This Is in d i rec t contrast wi th a l l other resu l ts for Cu 

adsorption from Tamar water. I t is interpreted by considering surface 
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Time (hours) 

""^g""^ The concentration of Cu in solut ion versus time in a suspension of Tamar par t ic les 
in Nanopure water at a t u rb i d i t y of 500mg/L. 
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Figure 4 .11. The percentage Cu remaining in solut ion versus time a f te r the "cleaned" par t ic les 

(see Figure 4.10) were suspended in Tamar River water with t u rb i d i t y = 500mg/L, 
pH = 7.5 and 100% [Cu] = 14.0|jg/L. 



Cu act ive s i tes on the par t i c les before "c leaning" to be occupied. 

Therefore on removal of the Cu by desorption many possible adsorption 

s i tes fo r Cu became vacant and were rap id ly f i l e d on resuspension. 

The addi t ional i n i t i a l uptake of S.Spg/L may have been due to extra 

s i tes on the par t i c les normally f i l l e d by other ions in freshwater 

also becoming vacant on desorption and enabling a larger uptake of Cu. 

Calculat ion shows that 90% of the to ta l Cu a f t e r adsorption was 

present in the par t i cu la te phase which is in excel lent agreement with 

the resul ts of Mouvet and Bourg (1983). Why t h i s comparabi l i ty should 

improve a f te r cleaning is unclear although i t is l i k e l y to be because 

Mouvet and Bourg (1983) also "cleaned" t he i r pa r t i c les before 

experimental runs. 

From these resul ts i t can be seen that in Tamar freshwater, 

wi th a Cu concentration of around lOpg/L, the pa r t i c l es and solut ion 

were general ly not far from equi l ibr ium on mixing and thus there was a 

small slow uptake throughout the experiment. This i n i t i a l quasi-

equi l ibr ium was disturbed by suspending the p a r t i c l e population in 

deionised water to remove the l a b i l e Cu a f te r which there was a rapid 

re-establishment of the quasi -equi l ibr ium on resuspension in r i ve r 

water. 

The values for the f i na l concentration in so lut ion and the 

amount taken up by the par t i c les are shown in Table 4 .4 . In contrast 

to the Zn resul ts there is no pattern to the f i n a l concentration of Cu 

in solut ion but a l l samples have reached a s imi la r concentrat ion. 

There is no evidence of a co r re la t ion between e i ther s a l i n i t y or 

t u r b i d i t y and the to ta l metal adsorbed at equ i l i b r i um. The minimum 

d i s t r i b u t i o n c o e f f i c i e n t , K^, was calculated from the dissolved and 
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a d s o r b e d Cu and t h e s e a r e a l s o g i v e n i n T a b l e 4 . 4 . These v a l u e s a r e 

r e a s o n a b l y c o n s i s t e n t and show no v a r i a t i o n w i t h s a l i n i t y . They a r e 

much h i g h e r t h a n v a l u e s d e t e r m i n e d by Gupta and H a r r i s o n ( 1 9 8 2 ) f o r Cu 

i n t h e p resence o f k a o l i n and humic a c i d . 

1.80 



S a l i n i t y E q u i l i b r i u m T u r b i d i t y T o t a l u p t a k e Uptake by 

( V o o ) Cone. ( M 9 / L ) (mg /L ) p a r t i c l e s ( u g / q ) 

0 7 .5 400 1.5 4 
0 5 .5 200 3 15 
o ' 5 500 9 18 
1 8 200 6 30 

10 5 400 5 ,5 14 

Tab le 4 . 4 . A compar i son o f t he c h a r a c t e r i s t i c s o f t h e Cu a d s o r p t i o n t o p a r t i c l e s 

Minimum Kd ( m l / g ) 

5 X 10^ 

2 .7 X 10 

3.6 X 10 

3.7 X 10^ 

2 .8 X 10 

CX3 

V^alues f o r t h e minimum have a l s o been c a l c u l a t e d f rom t h e observed up take 

P a r t i c l e s used i n " c l e a n i n g " e x p e r i m e n t . 



4 , 3 , Mix ing Exper iments Us ing C a m o n Water . 

F u r t h e r a d s o r p t i o n e x p e r i m e n t s were c a r r i e d o u t u s i n g w a t e r 

f r o m t h e p o l l u t e d Carnon R i v e r . T h i s was t o e n a b l e h i g h e r 

c o n c e n t r a t i o n s o f me ta l t o be examined w i t h o u t t h e need f o r a d d i t i o n 

o f s p i k e s o f t h e m e t a l s w h i c h wou ld n o t be i n e q u i l i b r i u m w i t h t h e 

r i v e r w a t e r . The Carnon w a t e r was t a k e n f r o m I m m e d i a t e l y be l ow a 

m i n e s t r e a m o u t p u t and on c o l l e c t i o n t h e pH was <5 and t h e d i s s o l v e d 

m e t a l c o n c e n t r a t i o n s were h i g h as r e p o r t e d i n T a b l e 4 . 5 . The w a t e r was 

k e p t o v e r n i g h t I n a c o n s t a n t t e m p e r a t u r e r o o m , {10'*C) i n w h i c h t h e 

e x p e r i m e n t s were c a r r i e d o u t , and f i l t e r e d i m m e d i a t e l y b e f o r e m i x i n g 

when t h e pH was a l s o a l t e r e d . The p r e s e n c e o f h i g h F e ( I I ) 

c o n c e n t r a t i o n s w h i c h p r e c i p i t a t e d w i t h t i m e , r e d u c e d t h e m e t a l 

c o n c e n t r a t i o n s t o t h o s e w h i c h a r e g i v e n f o r t h e s t a r t i n g v a l u e f o r 

each e x p e r i m e n t . The p a r t i c l e s used were v e r y s i m i l a r t o t h o s e used 

I n t h e Tamar e x p e r i m e n t s and t h e d e t a i l s o f t h e i r c h a r a c t e r i s t i c s a r e 

g i v e n i n T a b l e 4 , 2 . 

M e t a l Cu Fe Mn Zn 

C o n c e n t r a t i o n ( g g / L ) 500 3000 1800 16000 

T a b l e 4 . 5 . T y p i c a l t r a c e m e t a l c o n c e n t r a t i o n s i n t h e Carnon R i v e r 

Water i m m e d i a t e l y on c o l l e c t i o n . 

4 , 3 , 1 , Zn b e h a v i o u r . 

Tv/o f r e s h w a t e r a d s o r p t i o n e x p e r i m e n t s were r u n u s i n g Carnon 

R i v e r w a t e r w i t h d i f f e r e n t t u r b i d i t i e s and Zn c o n c e n t r a t i o n s . The 
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r e s u l t s f o r t h e 500mg/L sample p r e s e n t e d i n F i g u r e 4 , 1 2 i n d i c a t e an 

i r m i e d i a t e u p t a k e (<10 m i n u t e s ) o f 20% o f d i s s o l v e d Zn ( f r o m 2600 | j g /L 

t o 2 1 0 0 p g / L ) f o l l o w e d by a s l o w e r remova l t o a f i n a l c o n c e n t r a t i o n o f 

40% o f t h e o r i g i n a l d i s s o l v e d Z n . The r e s u l t s f r o m t h e sample w i t h a 

t u r b i d i t y o f 1500mg/L a r e shown i n F i g u r e 4 . 1 3 . T h i s sample had a 

much h i g h e r Zn s t a r t i n g c o n c e n t r a t i o n ( 1 6 4 0 0 p g / L ) bu t t h e r e was 

i n i t i a l l y a s i m i l a r amount o f r emova l ( 2 5 0 0 p g / L ) w h i c h t r a n s l a t e s t o 

o n l y 20% o f t h e t o t a l d i s s o l v e d Z n . A f t e r t h i s i n i t i a l u p t a k e t h e r e 

was a s l o w e r removal w h i c h gave an o v e r a l l l o s s o f 30% o f t h e 

d i s s o l v e d Zn t o t h e p a r t i c u l a t e p h a s e . For t h e s e two e x p e r i m e n t s t h e 

remova l a t e q u i l i b r i u m was a b o u t 3000pg Z n / g p a r t i c l e s whereas i n t h e 

Tamar w a t e r i t was a round 40^jg Z n / g p a r t i c l e s . The c o i n c i d e n c e o f t h e 

maximum Zn a d s o r p t i o n f o r t h e s e two d i f f e r e n t Carnon e x p e r i m e n t s may 

i n d i c a t e t h a t SOOOpg Zn /g p a r t i c l e s s a t u r a t e s t h e p a r t i c l e s a l t h o u g h 

two samples a r e n o t c o n c l u s i v e . Howeve r , s i n c e e s s e n t i a l l y t h e same 

t y p e o f p a r t i c l e s were used i n a l l e x p e r i m e n t s t h i s s u g g e s t s t h a t 

t h e r e a r e a s u b s t a n t i a l number o f a c t i v e s i t e s a v a i l a b l e on Tamar 

p a r t i c l e s and under normal c o n d i t i o n s ( A c k r o y d e t a l > , 1986) t h e s e 

w i l l n e v e r be s a t u r a t e d w i t h t r a c e m e t a l s . 

The f r e s h w a t e r v a l u e s f r o m Ba le ( 1 9 8 7 ) were used t o 

c a l c u l a t e t h e " t h e o r e t i c a l " p a r t i c u l a t e Zn c o n c e n t r a t i o n s . The 

c a l c u l a t i o n s gave a c o n c e n t r a t i o n o f 14000 and IBOOOOpg Z n / g p a r t i c l e s 

f o r t h e samples o f 500 and 1500mg/L t u r b i d i t y , r e s p e c t i v e l y . However 

as s t a t e d above t h e amount o f m e t a l a c t u a l l y removed f r o m t h e Carnon 

w a t e r was o n l y 3000^jg Zn /g p a r t i c l e s and t h i s w i t h t h e o r i g i n a l l a b i l e 

Zn (<100pg Zn /g p a r t i c l e s o b s e r v e d a f t e r l e a c h i n g ) f a l l s f a r s h o r t o f 

t h e p r e d i c t e d v a l u e . S u i t a b l e v a l u e s o f were t h e n c a l c u l a t e d 
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F i g u r e 4 . 1 2 . The p e r c e n t a g e Zn r e m a i n i n g i n s o l u t i o n ve rsus t i m e i n a Carnon Water suspens ion w i t h 
t u r b i d i t y = 500mg/L, pH = 7.5 and 100% [ Z n ] = 2600pg /L . 
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F i g u r e 4 . 1 3 . The p e r c e n t a g e Zn r e m a i n i n g i n s o l u t i o n ve r sus t i m e i n a Carnon Water suspens ion w i t h 
t u r b i d i t y = 1500mg/L, s a l i n i t y = 0 % o , pH = 7 .0 and 100% [ Z n ] = IGOOpg/L. 



f r o m t h e o b s e r v e d d i s s o l v e d and p a r t i c u l a t e Zn and t h e s e a r e shown i n 

T a b l e 4 . 6 . These v a l u e s a r e a p p r o x i m a t e l y two o r d e r s o f 

m a g n i t u d e l e s s t h a n t h o s e q u o t e d by B a l e ( 1 9 8 7 ) and show t h a t each 

e s t u a r i n e sys tem has i t s own c h e m i c a l as w e l l as p h y s i c a l 

c h a r a c t e r i s t i c s . B a l e ( 1 9 8 7 ) has p r e v i o u s l y d e s c r i b e d t h e dependence 

o f v a l u e s on s a l i n i t y , pH and t e m p e r a t u r e and t h i s work i n d i c a t e s 

t h a t t h e y a r e a l s o dependen t on t h e d i s s o l v e d m e t a l c o n c e n t r a t i o n . 

W h i l e t h e c o m p l e x i t y o f t h e c o n t r o l s on v a l u e s i m p l i e s t h a t 

a t t e m p t i n g t o p r o v i d e a u n i q u e s e t o f v a l u e s a p p l i c a b l e t o a l l 

e s t u a r i e s i s f u t i l e , t h e l o w v a l u e s o b s e r v e d i n T a b l e 4 . 6 must be 

v e r y i m p o r t a n t w i t h r e s p e c t t o mine s t r e a m s e n t e r i n g e s t u a r i e s s i m i l a r 

t o t h e Tamar . They s u g g e s t t h a t i f w a t e r w i t h a v e r y h i g h Zn 

c o n c e n t r a t i o n e n t e r s an e s t u a r y even w i t h a t u r b i d i t y o f up t o 

1500mg/L a l a r g e p r o p o r t i o n o f t h i s m e t a l w i l l r e m a i n i n s o l u t i o n . 

The r a t e o f a d s o r p t i o n w i l l t h e n p r e s u m a b l y be c o n t r o l l e d by t h e 

t i m e s c a l e o f p h y s i c a l m i x i n g o f t h e p o l l u t e d w a t e r w i t h f r e s h 

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

I n i t i a l Zn T u r b i d i t y Uptake by Obse rved 

c o n c e n t r a t i o n ( m q / L ) p a r t i c l e s Kri ( m l / g ) 

( u g / L ) ( u g Z n / g ) 

1100 500 3120 2 . 8 X 10^ 

16400 1500 2930 1.8 X 10^ 

T a b l e 4 . 6 . The c o n c e n t r a t i o n o f Zn t a k e n up by t h e p a r t i c l e s a t 90h 

i n t h e Carnon m i x i n g e x p e r i m e n t s . C a l c u l a t e d v a l u e s o f f o r t h e s e 

e x p e r i m e n t s a r e a l s o g i v e n . 
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F o l l o w i n g on f r o m t h e s e a d s o r p t i o n e x p e r i m e n t s two o t h e r 10 

l i t r e samples were i n i t i a l l y t r e a t e d i n t h e same way as t h e h i g h 

t u r b i d i t y sample ( see F i g u r e 4 , 1 3 ) , b u t i n t h e s e cases t h e p a r t i c l e 

p o p u l a t i o n s were c o m p l e t e l y f i l t e r e d o u t a f t e r I h and 2 4 h . These 

f i l t e r e d p a r t i c l e s were t h e n resuspended i n b u f f e r e d w a t e r and t h e i r 

d e s o r p t i o n p r o f i l e s o b s e r v e d o v e r 9 0 h . The p r o f i l e s we re n e a r l y 

i d e n t i c a l i n shape and i n d i c a t e d d e s o r p t i o n o f up t o SOOpg/L a f t e r 

2h f o l l o w e d by a l m o s t c o m p l e t e r e a d s o r p t i o n o f t h e d i s s o l v e d Zn by 

9 0 h . F i g u r e s 4 .14 and 4 . 1 5 show a maximum d e s o r p t i o n o f 25% o f t h e 

e x p e r i m e n t a l l y abso rbed Zn i n t h e case o f t h e sample aged f o r I h i n 

Carnon w a t e r b u t o n l y 20% o f t h e p a r t i c u l a t e Zn by t h e sample aged f o r 

2 4 h , These d e s o r p t i o n e x p e r i m e n t s d i s a g r e e w i t h t h o s e c a r r i e d o u t by 

B a l e ( 1 9 8 7 ) w h i c h showed no r e a d s o r p t i o n o f Zn between 4 and 4 0 h . 

They a r e i n agreement w i t h t h e Th s o r p t i o n r e s u l t s o f Moore and 

M i l l w a r d ( 1 9 8 7 ) w h i c h showed d e s o r p t i o n f o l l o w e d by r e a d s o r p t i o n o f 

t h e r a d i o s o t o p e t o m a r i n e p a r t i c l e s suspended i n s e a w a t e r . They a l s o 

r e p o r t e d a d i f f e r e n c e i n t h e amount o f d e s o r p t i o n d e p e n d i n g on t h e 

t i m e f o r w h i c h t h e p a r t i c l e s were aged i n s u s p e n s i o n bu t t h e i r 

d i s c r e p a n c y was c o n s i d e r a b l y l a r g e r . 

4 , 3 , 2 . Cu B e h a v i o u r , 

Two f r e s h w a t e r a d s o r p t i o n e x p e r i m e n t s w i t h t u r b i d i t i e s o f 

500mg/L and 1500mg/L were c a r r i e d o u t , i n w h i c h a l l o t h e r s o l u t i o n 

c h a r a c t e r i s t i c s were s i m i l a r . The r e s u l t s a r e p r e s e n t e d i n F i g u r e s 

4 . 1 6 and 4 . 1 7 . Bo th i s o t h e r m s showed a r a p i d i n i t i a l ( < 2 h ) remova l o f 

60% o f t h e d i s s o l v e d Cu a f t e r w h i c h t h e r e was a s l o w e r a d s o r p t i o n o f a 

f u r t h e r 25%. T h i s s u p p o r t s t h e p r o p o s i t i o n t h a t t h e s u r f a c e o f t h e 
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F i g u r e 4 .14 The p e r c e n t a g e adsorbed Zn r e l e a s e d t o s o l u t i o n by p a r t i c l e s aged f o r I h i n a 
suspens ion s i m i l a r t o t h a t shown i n F i g u r e 4 . 1 3 . The t o t a l Zn adsorbed d u r i n g 
age ing was Z lOOgg /L , t h e pH = 6 .5 and t h e t u r b i d i t y = 1500 mg /L . 
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F i g u r e 4 . 1 5 . 
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The p e r c e n t a g e adsorbed Zn r e l e a s e d t o s o l u t i o n by p a r t i c l e s aged f o r 24h I n a 
suspens ion s i m i l a r t o t h a t shown i n F i g u r e 4 . 1 3 . The t o t a l Zn adsorbed d u r i n g 
age ing was 2600^Jg /L , t h e pH = 6 .5 and t h e t u r b i d i t y = 1500 mg /L . 
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F i g u r e 4 . 1 6 . The p e r c e n t a g e Cu r e m a i n i n g i n s o l u t i o n ve rsus t ime i n a Carnon w a t e r suspens ion w i t h 
t u r b i d i t y = 500mg/L , s a l i n i t y 0 % o , pH = 7 .0 and 100% [ C u ] = 42Mg/L. 
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The p e r c e n t a g e Cu r e m a i n i n g i n s o l u t i o n ve rsus t i m e i n a Carnon w a t e r suspens ion w i t h 
t u r b i d i t y = 1500mg/L, s a l i n i t y 0 % o , pH = 7 .0 and 100% [ C u ] = 3 8 y g / L . 



p a r t i c l e s was a l r e a d y a t q u a s i - e q u i l i b r i u m w i t h Tamar f r e s h w a t e r i n 

w h i c h t h e Cu c o n c e n t r a t i o n was a p p r o x i m a t e l y l O p g / L and shows t h e y 

were f a r f r o m e q u i l i b r i u m w i t h t h e Carnon w a t e r . The p a r t i c l e s had a 

c a p a c i t y t o a d s o r b a t l e a s t t w i c e as much Cu as was a d s o r b e d i n t h e 

Tamar f r e s h w a t e r as shown i n T a b l e 4 . 7 . The p e r c e n t a g e o f t h e t o t a l 

m e t a l w h i c h was t a k e n up by t h e p a r t i c l e s i s h i g h e r t h a n was seen by 

Mouvet and Bourg ( 1 9 8 3 ) and t h e f i n a l c o n c e n t r a t i o n i n s o l u t i o n was 

v e r y s i m i l a r t o t h a t f o u n d i n t h e Tamar r u n s . The minimum v a l u e s o f 

f o r t h e s e samples were c a l c u l a t e d and as p r e s e n t e d i n T a b l e 4 . 7 

t h e y a r e n o t d i s s i m i l a r t o t h o s e seen i n t h e Tamar a d s o r p t i o n 

e x p e r i m e n t s . They a r e c o n s i d e r a b l y h i g h e r t h a n t h e v a l u e s o f 10 -

l O ^ m l / g d e t e r m i n e d f o r Z n , i n t h i s work and by B a l e ( 1 9 8 7 ) , and t h i s 

a f f i r m s t h a t t h e m a j o r p o r t i o n o f t h e Cu i n t h e s e samples was p r e s e n t 

i n t h e p a r t i c u l a t e f o r m . 

I n i t i a l C u T u r b i d i t y Uptake by Minimum 

c o n c e n t r a t i o n ( m g / L ) p a r t i c l e s Kri ( m l / g ) 

( u g / L ) ( M g / g ) 

4 2 . 5 500 73 1.2 X 10^ 

3 8 , 0 1500 21 3 , 0 X 10^ 

T a b l e 4 . 7 . The amount o f Cu a d s o r b e d f r o m s o l u t i o n by t h e p a r t i c l e s 

i n t h e Carnon m i x i n g e x p e r i m e n t s . The c a l c u l a t e d min imum v a l u e s o f 

a r e a l s o g i v e n , 

Two d e s o r p t i o n e x p e r i m e n t s were c a r r i e d o u t , as d i s c u s s e d 

w i t h r e s p e c t t o Z n , by r e s u s p e n d i n g p a r t i c l e s i n b u f f e r e d w a t e r , w h i c h 
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had been f i l t e r e d f r o m 1500mg/L Carnon w a t e r s u s p e n s i o n s ( s i m i l a r t o 

t h a t used t o d e r i v e F i g u r e 4 . 1 7 ) a f t e r I h and 24h a d s o r p t i o n . The 

r e l e a s e o f Cu f r o m t h e s e aged samples was m o n i t o r e d o v e r 96h and t h e 

p r o f i l e s a r e I l l u s t r a t e d i n F i g u r e s 4 , 1 8 and 4 . 1 9 . These samp les 

d e s o r b e d i n b o t h cases o f <S% o f t h e o b s e r v e d a d s o r b e d Cu w h i c h 

c o n t r a s t s w i t h Zn f o r w h i c h Z0~2S% was r e l e a s e d . The sample aged f o r 

I h q u i c k l y d e s o r b e d Cu t o a maximum c o n c e n t r a t i o n o f a b o u t 1 .5pg /L (4% 

o f t h e a d s o r b e d ) and a f t e r 2 -3h r e a d s o r p t i o n was a p p a r e n t u n t i l t h e 

90h end o f t h e e x p e r i m e n t . Fo r t h e sample aged f o r 24h t h e t o t a l Cu 

d e s o r b e d , l . O p g / L (2% o f t h e a d s o r b e d ) , was a b o u t h a l f t h a t seen i n 

t h e I h e x p e r i m e n t and t h i s d e s o r p t i o n was much s l o w e r . I t i s 

I n t e r e s t i n g t o n o t e t h a t t h e amount o f Cu d e s o r b e d was v e r y s m a l l f o r 

b o t h samp les and t h a t t h i s amount i s v e r y s i m i l a r t o t h a t d e s o r b e d by 

t h e u n t r e a t e d Tamar p a r t i c l e s (see F i g u r e 4 . 1 0 ) . T h i s d e m o n s t r a t e s 

t h a t a s i g n i f i c a n t p r o p o r t i o n o f t h e Cu was l o s t i r r e t r i e v a b l y t o t h e 

p a r t i c u l a t e phase as i s s u p p o r t e d by t h e h i g h v a l u e s . 
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% Cu Desorbed 

Time (hours) 50 100 

F i g u r e 4 . 1 8 . The p e r c e n t a g e adsorbed Cu r e l e a s e d t o s o l u t i o n by p a r t i c l e s aged f o r I h i n a 
s u s p e n s i o n s i m i l a r t o t h a t shown i n F i g u r e 4 . 1 7 . The t o t a l Cu adsorbed d u r i n g 
a g e i n g was 4 6 . 5 p g / L , t h e pH = 6 .5 and t h e t u r b i d i t y = 1500 mg /L . 



% Cu Desorbed 

Time (hours) 

A r 

A. 50 

F i g u r e 4 .19 The p e r c e n t a g e adsorbed Cu r e l e a s e d t o s o l u t i o n by p a r t i c l e s aged f o r 24h i n a 
suspens ion s i m i l a r t o t h a t shown i n F i g u r e 4 . 1 7 . The t o t a l Cu adsorbed d u r i n g 
age ing was 6 7 . 0 p g / L , t he pH = 6 .5 and t he t u r b i d i t y = 1500 m g / L . 
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4,4> Release from Carnon Sediment. 

The desorp t ion exper iments c a r r i e d out i n the p rev ious 

sec t i on suggest t h a t suspended p a r t i c l e s and sediments may con ta in 

t r ac e meta ls t rapped i n the i n t e r i o r of the p a r t i c l e s . Another way of 

observ ing t h i s i s to c a r r y out t ime dependent deso rp t i on s tud ies on 

na tu ra l p a r t i c l e s . T ipp ing et a l . (1986) have s tud ied the re lease of 

t r a c e meta ls f rom an i r o n ox ide s o l i d c o l l e c t e d f rom a m e t a l l i f e r o u s 

mine s t ream. The sample desorbed between 50% and 75% o f the f i n a l 

metal i n s o l u t i o n in the f i r s t day a f t e r which t he re was a slow 

approach t o e q u i l i b r i u m w i t h i n about 21 days. I t was shown t h a t the 

deso rp t i on isotherms f o r Ca, Cd, Cu, Fe, Pb and Zn were not m i r r o r 

images of adsorp t ion isotherms (as has been seen i n t h i s work f o r Cu 

and Z n ) . This suggested t h a t a s o l i d s t a t e d i f f u s i o n process was 

t a k i n g p l a c e . 

Carnon sediments were suspended in var ious media t o observe 

the d e s o r p t i o n , i f any, o f the t r a c e metals Fe, Mn, Cu and Zn. The 

p a r t i c l e s were taken from the sediment sur face in water which had a pH 

o f 4 . 8 - 5 . 0 and t r ace metal concen t ra t i ons s i m i l a r t o those g iven i n 

Table 4 . 3 . The suspensions were prepared i n s o l u t i o n s o f a c i d i c 

Nanopure water (pH = 1 .3 -4 .6 ) andNaHCC^ bu f fe red water (pH = 7 ) . 

The r e s u l t s f o r t h e amount o f metal i n s o l u t i o n a f t e r 4 days 

and 21 days are shown i n F igures 4.20a and b, r e s p e c t i v e l y . These 

showed a s t e a d i l y i n c reas i ng amount of Zn was re leased as the f i n a l pH 

i n s o l u t i o n decreases from 4.5 t o 1.5. A s i m i l a r amount o f Cu was 

re leased f o r each experiment from the samples w i t h pH values between 3 

and 4.5 below which the c o n c e n t r a t i o n i nc reased . Mn had a sharp 

deso rp t i on edge between pH 3.2 and 3.9 and Fe had one between pH 2.4 
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Figure 4 . 2 0 . The c o n c e n t r a t i o n o f Cu, Fe, Mn and Zn re leased from 
Carnon sediments a f t e r suspension f o r (a) 4 days and 
(b) 21 days a t a range o f pH va l ues .O Fe« MnD Cu X Zn 
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and 1.5. Comparison between the two f i g u r e s I n d i c a t e s t h a t the 

increased t ime i n suspension increased the amount of metal i n 

s o l u t i o n . This ' could be due t o (a) a gradual d i s s o l u t i o n o f the 

s o l i d , compounded by the decreas ing pH as the p a r t i c l e s are l e f t i n 

suspension or (b ) deso rp t i on o f m a t r i x he ld metal which would be slow 

due t o d i f f u s i o n from w i t h i n the ma t r i x o f the p a r t i c l e s . There does 

not appear t o be an obvious c o r r e l a t i o n between the c o n c e n t r a t i o n of 

Mn or Fe re leased and t h a t o f Cu and Zn. This suggests t h a t the 

re lease of Cu and Zn was due t o a deso rp t i on mechanism r a t h e r than t o 

d i s s o l u t i o n o f c o p r e c i p i t a t e s formed w i t h Mn or Fe. A d d i t i o n a l l y , at 

pH values between 3 and 4 . 5 , where t he re was no deso rp t i on o f Fe, 

t he re was a g rea te r re lease o f Cu and Zn a f t e r 21 days than a f t e r 4 

days . This concurs w i t h the idea t h a t a s o l i d s t a t e d i f f u s i o n process 

i s t a k i n g p l a c e . 

These r e s u l t s are in many respects c o n s i s t e n t w i t h those of 

T ipp ing e t a1 . (1986) f o r d i f f e r e n t p a r t i c l e t y p e s . They observed a 

slow approach to e q u i l i b r i u m (21 days) and v i r t u a l l y no re lease o f Fe 

from samples w i t h a pH >3 w h i l e cons iderab le amounts o f Zn and Cu were 

t r a n s f e r r e d t o the s o l u t i o n phase. They concluded t h a t t h e r e was no 

evidence from t h e i r exper iments t o suggest t h a t meta ls were held 

w i t h i n c o p r e c i p i t a t e s . Rather they were adsorbed t o s i t e s w i t h i n the 

porous s t r u c t u r e of the p a r t i c l e s and thus a cons ide rab le t ime was 

requ i red before e q u i l i b r a t i o n . 
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4 , 5 , A Quanl i ta t ive Sumnary, 

Many aspects of the data th roughout t h i s chapter has s t r o n g l y 

suggested t h a t the i n t e r a c t i o n between n a t u r a l p a r t i c l e s and the t r a c e 

metals Zn and Cu invo l ves a two step s o r p t i o n p rocess . I t i s proposed 

t h a t these two stages are (1 ) a r a p i d e q u i l i b r a t i o n of the ex te rna l 

su r face o f the p a r t i c l e s w i t h ambient d i s s o l v e d metal and ( 2 ) a 

d i f f u s i o n c o n t r o l l e d movement o f su r face bound metal t o o r from 

adso rp t i on s i t e s w i t h i n the ma t r i x o f the p a r t i c l e s . This second 

process which i s k i n e t i c a l l y slow necess i t a tes the r e - e q u i l i b r a t i o n of 

the p a r t i c l e sur face w i t h metal i n s o l u t i o n and thus f u r t h e r slow 

uptake or re lease o f d i sso l ved m e t a l . 

The Zn adsorp t ion r e s u l t s presented here concur w i t h t h i s 

mechanism and suggest t h a t the su r faceso f the p a r t i c l e s were f a r from 

e q u i l i b r i u m on mix ing w i t h Tamar or Carnon R iver wa te r . T h e r e f o r e , 

t he re was a r a p i d i n i t i a l (<2h) uptake o f a s i g n i f i c a n t p r o p o r t i o n o f 

the Zn i n s o l u t i o n which was f o l l owed by a slow uptake f o r at l e a s t 

90h. In b rack ish water both the apparent r a t e and ex ten t of Zn 

adso rp t i on was reduced presumably due t o compe t i t i on w i t h seawater 

ions f o r a c t i v e s o r p t i o n s i t e s . The obse rva t i on t h a t a s i m i l a r amount 

o f Zn was desorbed from the p a r t i c l e s aged f o r 1 and 24h i n Carnon 

w a t e r , desp i t e the l a t t e r having adsorbed more Zn i s a lso in agreement 

w i t h a two step mechanism. I t suggests t h a t the re was a s i m i l a r 

amount o f sur face bound Zn w h i l e the res i dua l Zn adsorbed over a 

longer t ime was held w i t h i n the m a t r i x . 

The r e s u l t s f o r Cu can a lso be exp la ined by the same two 

stage mechanism. The adso rp t i on exper iments suggest t h a t the 

p a r t i c l e s were at a q u a s i - e q u i l i b r i u m ( i . e . the ex te rna l p a r t i c l e 
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sur face was at e q u i l i b r i u m ) w i t h a d i sso l ved Cu c o n c e n t r a t i o n o f 

lOpg/L , as on ly a slow steady removal from s o l u t i o n was observed . 

This q u a s i - e q u i l i b r i u m was d i s t u r b e d by suspending the p a r t i c l e s i n 

Nanopure water t o remove some o f the l o o s e l y bound Cu from the sur face 

before mix ing w i t h the r i v e r water and by suspending the p a r t i c l e s in 

r i v e r water w i t h a h igh Cu c o n c e n t r a t i o n . In both cases t h e r e was a 

rap id (<2h) re -es tab l i shmen t of the q u a s i - e q u i l i b r i u m fo l l owed by a 

slower uptake equ iva len t t o t h a t seen i n the o the r Tamar a d s o r p t i o n 

exper imen ts . In a d d i t i o n , t h e r e was a d iscrepancy i n the percentage 

o f adsorbed Cu desorbed i n t h e Carnon exper iments which suggested t h a t 

du r i ng long term adsorp t ion (24h) more Cu was l o s t t o the m a t r i x than 

i n t h e s h o r t adsorp t ion t ime ( I h ) . In b rack i sh water t h e r e was no 

apparent compet i t i on w i t h major seawater ions a l though t h i s cou ld have 

been masked by f l o c c u l a t i o n o f Cu complexed i n organ ic m a t e r i a l which 

increased the ex ten t of Cu remova l . 

In Chapter 5 the ra tes o f these i n t e r a c t i o n s are q u a n t i f i e d 

i n order t o develop an unders tand ing of the importance of these 

heterogeneous processes t o the b io -geochemis t ry of t r a c e meta ls i n 

e s t u a r i e s . 
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CHAPTER FIVE 

KINETIC ANALYSIS OF THE SORPTION DATA 

This chapter prov ides a q u a n t i t a t i v e a n a l y s i s of the data 

d iscussed i n Chapter 4 . V isua l i n s p e c t i o n o f the adso rp t i on p r o f i l e s 

suggests t h a t the t ime-dependent uptake i s appa ren t l y e x p o n e n t i a l . 

However, such a s u p e r f i c i a l i n t e r p r e t a t i o n of the data conceals the 

complex reac t i ons t h a t can occur i n the heterogeneous chemis t ry of 

na tu ra l suspens ions. The bas is o f the a n a l y s i s presented below i s 

t h a t t he complex se r ies o f r eac t i ons which occur may be represented by 

an o v e r a l l mechanism i n v o l v i n g r e v e r s i b l e s o r p t i o n r e a c t i o n s a t the 

p a r t i c l e sur face and w i t h i n the p a r t i c l e m a t r i x . 
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5>1. Resul ts from the Tamar Experiments. 

5 , 1 . 1 . K i n e t i c Ana lys is of Tamar Adsorption Data. 

The adsorp t ion p r o f i l e s i n Sect ion 4.2 were t e s t e d aga ins t 

s imple f i r s t and second order k i n e t i c s assuming the r e a c t i o n mechanism 

was as f o l l o w s : -

M + S — ! ^ M S ( 5 . 1 ) 

where M i s t h e d i sso l ved m e t a l , S represen ts an a c t i v e s i t e on the 

p a r t i c l e , MS is the su r face adsorbed metal and k the r a t e c o n s t a n t . 

None o f these p r o f i l e s f i t t e d t h i s s i m p l i s t i c mechanism. A v i a b l e 

a l t e r n a t i v e t o t h i s scheme i s one i n v o l v i n g a r e v e r s i b l e f i r s t o rder 

r e a c t i o n of the t y p e : 

^1 

M + S ^ MS ( 5 . 2 ) 

In t h i s case the r a t e o f removal o f M from s o l u t i o n i s g iven by: 

^ i M - ( 5 . 3 ) 

where k j i s now dependent on the t u r b i d i t y which i s cons tan t i n any 

g iven exper iment . The i n t e g r a t e d form o f t h i s ra te equa t ion 

(Swinbourne, 1971) i s : 
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where [M]^ i s the concen t ra t i on o f metal a t t ime t , [M ] ^ t h e 

c o n c e n t r a t i o n at e q u i l i b r i u m and [ M ] ^ the s t a r t i n g c o n c e n t r a t i o n . 

Assuming t h a t at e q u i l i b r i u m : 

Xi [ M S ] , 
( 5 . 5 ) 

k •1 [H, 

and us ing the mass balance 

then k_ j i s de f ined by: 

k., = '\ ( 5 . 7 ) 

S u b s t i t u t i n g Equation 5.7 i n t o Equat ion 5.4 a l l ows the i n t e g r a t e d ra te 

equat ion t o be de r i ved i n terms o f k^ o n l y : 

V [Ho / Vf - i . - t -V 
P l o t t i n g values f o r the r i g h t hand s ide (des ignated as F f o r t he 

purpose of the f i g u r e s ) o f Equat ion 5.8 versus t ime a l l ows the r a t e 

constant f o r the fo rward r e a c t i o n , k^, t o be c a l c u l a t e d f rom the 

s lope o f the l i n e . 

This procedure was fo l l owed f o r the i n i t i a l s tages o f both 

the Zn and Cu adso rp t i on exper iments from Sect ions 4 . 2 . 1 and 4 . 2 . 2 and 

the r e s u l t s of t h i s are shown i n F igures 5.1 and 5.2 f o r Zn and Cu, 

r e s p e c t i v e l y . There i s some v a r i a b i l i t y in the a n a l y t i c a l d a t a , and 
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Figure 5.1 

S a l i n i t y 
S a l i n i t y 
S a l i n i t y 
S a l i n i t y 

K i n e t i c a n a l y s i s o f Zn Tamar a d s o r p t i o n p r o f i l e s 
us ing the Swinbourne (1971) method as d iscussed 
i n the t e x t . 

O^' /oo , t u r b i d i t y = 200mg/L; data f rom F igure 4.4 ' .a 
0* ' /oo , t u r b i d i t y = 400mg/L; data from F igure 4 . 3 : * 
l % o , t u r b i d i t y = 200mg/L; data from F igure 4 .4 ' . 0 
l O ^ / o o , t u r b i d i t y = 400mg/L; data from F igure 4 . 3 : * 
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Figure 5.2 
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K i n e t i c a n a l y s i s o f Cu Tamar adso rp t i on p r o f i l e s 
us ing the Swinbourne (1971) method as d iscussed 
i n t h t e x t . 

0 % o , 
O V o o . 
I V o o , 
10* /oo 

t u r b i d i t y = 200mg/L; data from F igure 4.9 ' .a 
t u r b i d i t y = 400mg/L; data from F igure 4 . 8 : • 
t u r b i d i t y = 200mg/L; data from F igure 4 . 9 : O 

, t u r b i d i t y = 400mg/L; data from F igure 4 . 8 : * 
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so not a l l po i n t s are inc luded in these g raphs . One data set i n 

p a r t i c u l a r had a h igh v a r i a b i l i t y i n the e a r l y stages of the r e a c t i o n 

but the p l o t s demonstrate l i n e a r i t y and have c o r r e l a t i o n c o e f f i c i e n t s 

a t l e a s t t o the 80% conf idence l e v e l . The de r i ved r a t e cons tan ts are 

g iven i n Table 5 . 1 . Since k^ i s t u r b i d i t y dependent the va lue of 

the p a r t i c l e c o n c e n t r a t i o n , p, i n kg/L i s taken i n t o account in k* , 

where k* = k^ /p . 

S a l i n i t y T u r b i d i t y Zn Cu 

( V o o ) (nig/L) k i ( h " M ktdd '^kg"^) k T ( h - l ) kt{Ld"lkg"^) 

0 200 4.6x10"-^ 5.5x10^ 5 .8x10 ' ^ 6.9x10"^ 

0 400 4 .6x10"^ 2.8x10^ 9 .6x10"^ 5.8x10*^ 

1 200 9 .6x10"^ 1.5x10^ 5 .1x10"^ 6.1x10"^ 

10 400 9 .6x10"^ 5.8x10-^ 1.2x10"^ 7.2x10^ 

Table 5 . 1 . The forward r a t e cons tants as determined from Equat ion 5.8 

f o r the Tamar adsorp t ion exper iments descr ibed i n Sec t ion 4 , 2 . 

In the case of the Zn r a t e cons tants the range o f i s 

3 4 

about 6 X 10 to 6 X 10 which compares w e l l w i t h the values of 

k j obta ined by N y f f e l e r et a l . (1984) f o r w ide l y d i f f e r i n g marine 

sedimentary m a t e r i a l i n seawater . They found k* = 60 Ld"Hg"^ 

f o r Narranganset t Bay sediments and a maximum o f k^ = 1 x 10 

Ld"^kg-1 f o r MANOR s i t e H sed iments . The data i n Table 5 .1 a lso 

show t h a t the uptake ra te was slower in b rack i sh water than i n 
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f r e s h w a t e r . This i s poss i b l y due t o the c o m p e t i t i o n f o r a c t i v e 

adso rp t i on s i t e s on the p a r t i c l e s w i t h major seawater c a t i o n s 

( S c h i n d l e r , 1981) . There w i l l a l so be a tendency f o r Zn t o complex 

w i t h seawater l i gands as the f reshwate r f r a c t i o n decreases (Bourg , 

1983) . These two p o s s i b i l i t i e s e x i s t t o e x p l a i n the d i f f e r e n c e s in 

k j but how i t i s achieved m e c h a n i s t i c a l l y i s not known. 

For Cu the values of k* l i e i n the range 6-7 x 10^ 

Ld"^kg"^ and these represent the on l y va lues c u r r e n t l y a v a i l a b l e . 

The r a t e c o n s t a n t s , k^, were s u s c e p t i b l e t o changes i n t u r b i d i t y but 

not t o changes i n s a l i n i t y as i n d i c a t e d by the s i m i l a r i t y of the 

cons tan ts in f r esh and b rack ish waters of equal t u r b i d i t y . Thus, the 

uptake r a t e of Cu in the e s t u a r i n e m ix ing zone i s l i k e l y t o depend on 

the p r e v a i l i n g t u r b i d i t y . 

Approximate es t imates of k^^ from Equation 5.7 show t h a t 

f o r Zn i t i s about 2 x 10"^ h"^ and f o r Cu i t i s 3 x 10"^ h " ^ 

These values may be overest imates because t h e r e i s the p o s s i b i l i t y 

t h a t an a d d i t i o n a l r e a c t i o n w i l l a f f e c t the concen t ra t i on o f MS. This 

problem i s addressed l a t e r in t h i s c h a p t e r . 

5 . 1 , 2 , Desorption of Metals from Tamar P a r t i c l e s . 

The deso rp t i on of Zn from Tamar p a r t i c l e s (a t a p a r t i c l e 

concen t ra t i on o f 500mg/L) i s shown i n F igure 4 . 5 . The r a t e cons tan ts 

de r i ved f o r Zn (a t a p a r t i c l e concen t ra t i on of 400 mg/l) were thought 

t o be s u i t a b l e f o r p r e d i c t i n g the appearance o f d i sso l ved Zn as a 

f u n c t i o n of t i m e . Equations 5.4 and 5,6 were then used t o c a l c u l a t e 

the Zn deso rp t i on and a comparison of ac tua l and two sets o f 

c a l c u l a t e d data i s g iven i n F igure 5 .3 . The observed data compares 
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reasonably we l l w i t h the c a l c u l a t e d d a t a , g iven the a n a l y t i c a l 

d i f f i c u l t y o f e s t i m a t i n g low concen t ra t i ons i n the e a r l y stages o f the 

desorp t ion r e a c t i o n . In a d d i t i o n the c a l c u l a t e d data begins t o 

s e r i o u s l y ove r -es t ima te the amount o f d i s s o l v e d Zn when the t ime 

approaches about 5h which suggests t h a t t he s o l i d s t a t e d i f f u s i o n 

r e a c t i o n i s becoming o p e r a t i v e . I n c l u s i o n o f t h i s i n the mechanism 

would tend t o reduce the ove r -es t ima te a t long t i m e s . 

Comparison o f the two c a l c u l a t e d p r o f i l e s revea ls an 

i n t e r e s t i n g f e a t u r e . In Case I where and the es t imated value of 

k_^ were used the best f i t was on ly ob ta ined i f the value of 

desorbable Zn was reduced t o 30% o f t h e amount ob ta ined by chemical 

leach ing ( i . e . lS\sg p a r t i c u l a t e Zn/L compared t o 42.5pg p a r t i c u l a t e 

Zn /L , see Table 4 . 2 ) . This suggests t h a t w h i l e chemical l each ing 

techniques may we l l y i e l d sur face bound metal not a l l o f t h i s can 

p a r t i c i p a t e i n exchange reac t i ons w i t h the s o l u t i o n phase. For Case 

I I the value o f sur face bound metal was 42.5pg p a r t i c u l a t e Zn/L and 

in o rder f o r the c a l c u l a t e d data t o match the observed the va lue of 

k_j had t o be reduced by a f a c t o r o f 3. A l though t h i s t e s t leaves 

some doubt as t o the abso lu te magnitude o f [M5 ]^ and k^^ i t does 

suggest t h a t the values f o r k^ and k^^ are reasonable and can be 

used w i t h some con f i dence . A s i m i l a r set of runs was c a r r i e d out w i t h 

the Cu deso rp t i on data (see Figure 4 .10) w i t h s i m i l a r r e s u l t s . Thus, 

the values of k^ and k^ j f o r both Zn and Cu can be used in d i r e c t 

comparison w i t h the t ime constants f o r phys i ca l processes as shown i n 

the next s e c t i o n . 

209 



5 . 1 . 3 . Comparison of Rate Constants with Tamar Estuary F i e l d 

Observat ions. 

The ra te constants f o r the forward r e a c t i o n of Equation 5.2 have 

been conver ted t o h a l f - l i v e s v ia the e q u a t i o n : 

= 0 .693/k^ ( 5 . 9 ) 

and are l i s t e d i n Table 5 . 2 . The value o f these i s t h a t the 

importance o f the adsorp t ion process r e l a t i v e t o the hydrodynamic 

t imesca les can be assessed. This assessment can be best c a r r i e d out 

by comparisons w i t h the f i e l d observa t ions of Ackroyd et a l . ( 1986 ) . 

Of p a r t i c u l a r re levance i s a se r i es o f f ou r summer ( the 2 3 r d , 27th and 

31st of J u l y and 31st of August , 1984) and fou r w in te r ( the 31st of 

January and the 4 t h , 8 th and 12th of February , 1985) a x i a l surveys of 

d i sso l ved Zn and Cu in the Tamar Estuary which each covered the f u l l 

30km of the e s t u a r y . 

S a l i n i t y T u r b i d i t y Zn h a l f . l i f e Cu h a l f - l i f e 

( V o o ) (mg/L) Ih) ih) 

0 200 1.5 12.0 
0 400 1,5 7.2 
1 200 7.2 14.0 

10 400 7.2 5,8 

Table 5 . 2 . The h a l f l i v e s c a l c u l a t e d from the forward r a t e cons tants 

f o r the Tamar adsorp t ion exper iments . 
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The fou r summer p r o f i l e s showed a we l l developed t u r b i d i t y 

maximum (maximum p a r t i c l e concen t ra t i ons f rom 50-400mg/L) assoc ia ted 

w i t h low r i v e r f lows ( 1 . 1 t o 2 .3m'^ /s) . Each o f the fou r p r o f i l e s 

i n d i c a t e s removal of d i s so l ved Zn i n t h e t u r b i d i t y maximum reg ion o f 

the f reshwater above the s a l t wedge. In c a l c u l a t i o n s of the f l u s h i n g 

t ime o f the Tamar Es tua ry , Uncles e t a l . (1983a) found t h a t i n the 

upper Tamar, when the r i v e r f l o w i s 1.8m'^/s, t he f l u s h i n g t ime i s of 

the order l - 5 h , which i s comparable t o the h a l f - l i f e of d i s s o l v e d Zn 

i n f reshwate r ( 1 . 5 h ) . The i m p l i c a t i o n o f these r e s u l t s i s t h a t the 

combinat ion o f sur face f o r adsorp t ion (P„^^ = 400mg/L w i t h a 
max 

s p e c i f i c sur face area o f around 20m^/g) and res idence t ime o f the 

water i n t h i s zone i s s u f f i c i e n t f o r adso rp t i on reac t i ons t o proceed 

almost t o complet ion ( i . e . 4-6 h a l f - l i v e s ) . In c o n t r a s t the w i n t e r 

surveys c a r r i e d out by Ackroyd et a l . (1986) were under c o n d i t i o n s 

where the r i v e r f l o w v a r i e d between 25 and 53m'^/s. These h igh r i v e r 

f lows gave a very much reduced t u r b i d i t y maximum (always <100mg/l) and 

there was l i t t l e or no removal of d i s so l ved Zn . The reason i s t h a t i n 

a d d i t i o n t o the cons ide rab l y less a c t i v e su r face the res idence t ime o f 

the water i s < lh and given the data in Table 5,2 the adso rp t i on 

reac t i ons tend t o be f a r removed from e q u i l i b r i u m . Carefu l 

examinat ion of data from o the r surveys by Ackroyd e t a l , (1986) 

c a r r i e d out between October 1976 and February 1981 shows t h a t in the 

cases where the r i v e r f l o w was <10 rn^/s t he re were very low 

concen t ra t i ons of d i s so l ved Zn at the f r e s h w a t e r - b r a c k i s h water 

i n t e r f a c e . Dur ing the survey of 18/2 /81 ( r i v e r f l o w 13,4 m'^/s), 

when t h e r e was a h igh t u r b i d i t y of 600mg/L t h e r e was no d i s c e r n i b l e 

removal o f d i s so l ved Zn. The i m p l i c a t i o n from these r e s u l t s i s t h a t 
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the timescale of adsorption in the Tamar Estuary i s of utmost 

importance. At higher s a l i n i t i e s the h a l f - l i f e fo r the removal 

increases (and the extent of removal decreases) which means that as 

the p a r t i c l e concentration declines away from the t u r b i d i t y maximum, 

uptake onto par t i c les becomes even slower. Even though the f lush ing 

time of down estuary segments increases i t cannot compensate for the 

decline in the concentration of act ive surfaces and the increase in 

the adsorption h a l f - l i f e - thus the so lut ion phase is preferred for 

Zn. 

In the case of Cu the h a l f - l i v e s are t u r b i d i t y dependent wi th 

the shortest h a l f - l i f e being associated wi th the highest t u r b i d i t i e s . 

The 1984/5 data on dissolved Cu in the Tamar Estuary suggests that fo r 

the high t u r b i d i t y summer surveys the dissolved Cu concentrations in 

the t u r b i d i t y maximum were usual ly a fac tor of two lower than the low 

t u r b i d i t y in winter surveys. This is also suggested by some of the 

October 1976 to February 1981 surveys but i t is not as clear because 

these surveys do not cover the complete mixing zone. 
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5,2> Kinetic Analysis of the Carnon Data. 

The adsorption and desorption p r o f i l e s shown in Chapter 4 

suggest that a two stage mechanism is operat ional over the period of 

several days. In te rpre ta t ion of the p r o f i l e over t h i s sort of 

timescale requires a more sophist icated mechanism, wi th a consequent 

increase in the complexity of the integrated equations and t he i r 

simultaneous s o l u t i o n , than was adopted in Section 5.1.1 fo r the 

short-term adsorpt ion. The method adopted for the analysis of the 

Carnon desorption p ro f i l es is described below using the Zn resu l ts as 

an example. The Cu rate constants are discussed in Section 5.2.2. 

5,2,1 Method for Analysis of Zn Desorption Prof i les . 

In t h i s case the reaction mechanism shown in Equation 5.2 was 

expanded to include a react ion in which surface adsorbed metal 

undergoes migrat ion in to the pore space of the p a r t i c l e s , v i z : 

S + M J l l ^ MS — M ' S (5.10) 
k-1 

where M'S i s the metal adsorbed in the p a r t i c l e mat r i x . This assumes 

that the reverse so l id state d i f f us i on reac t i on , k is small 

enough to neglect (as i t i s l i k e l y to be at least in the i n i t i a l 

stages of the react ion) and that the extra step i s described also by 

f i r s t - o r d e r k i n e t i c s . The d i f f e r e n t i a l equations for each of the 

species in t h i s type of revers ib le consecutive react ion are: 

^ = »<.I[MS] - k , [ M ] 

(5.11) 
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k^[MS] 
d[M's] _ 

dt • J (5.13) 

The integrated forms of these coupled d i f f e r e n t i a l equations can be 

derived using Laplacian Transform techniques (Rodiguin and Rodiguina, 

1964) and the solut ions are as fo l lows : 

r z - ^ l ) V / (5.14) 

H = 7M^x (('*i-«i)--p(-''iO-(''ir''2)-«p(-"2')) 
(R2-R1) \ / 

( R 2 - RI ) I R I R2 I 

where (M^^ is the i n i t i a l concentration of the surface bound metal 

and where Rj and are the roots of the equation given by: 

^ H i i - (5.17) _ - b ±M 
"1.2 1 

in which b = k̂  -i- k.̂  + kg (5.18) 

and g = k^.kj (5.19) 
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Equations 5.17, 5.18 and 5.19 are the products of the transform method 

adopted for the in tegrat ion of the rate equations (Rodiguin and 

Rodiguina, 1964). 

The approach taken here was to es tab l i sh the values of the 

constants in Equation 5.14» which can be rewr i t ten as: 

[ M ] = A | e x p ( - R i t ) - exp(-R2t) (5.20) 

by de f in ing A = - ^ ^ ^ ^ — ( 5 . 2 1 ) 
R 2 - Ri 

A maximum l i ke l ihood estimation programme (Ross, 1980) wi th 

an i t e r a t i v e curve f i t t i n g routine ( i n Fortran-77) was used to f i t the 

2n desorption data (from Figure 4.13) to a double exponential equation 

of the form shown in Equation 5.20. The agreement between the f i t t e d 

values and real data was good as shown in Table 5.3. Table 5.3 also 

l i s t s the derived values of R j , R2 and A which were then used to 

ca lcu la te k^ and k_j as discussed below. 

I f the values of A, R^, R̂  and the concentrat ion of 

surface or loosely bound Zn are known then k_^ can be ca lcu la ted . 

In these desorption experiments i t was assumed that the quant i ty of Zn 

adsorbed in the Ih ageing could be used as t h i s loosely bound quant i ty 

(2100Mg par t i cu la te Zn/L) and thus k_j fo r Zn was calculated to be 

0.9 h*^. The value of b was then estimated from the roots given in 

Equation 5,17 and i t was found to be 4h"^ , I t i s reasonable to 

assume that k̂  + k^j (Nyf fe ler et a l . , 1984) then using 

Equation 5.18 and b = 4 the value of k^ is found to be 3.1 h ' ^ . 
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Time (h) Measured Computed Difference (uq/L 

conc.(Mg/L) conc.(Mg/L) 
0.00 15.00 0.00 15.00 
0.08 130.00 128.98 1.02 
0.17 190.00 220.39 -30.39 
0.33 355.00 330.85 24.15 
0.42 385.00 363.10 21.90 
0.75 405.00 420.23 -15.23 
0.83 400.00 425.37 -25.37 
1.42 435.00 432.72 2.28 
2.08 450.00 427.16 22.84 
2.75 435.00 420,53 14.47 

25.00 200.00 247.80 -47.81 
50.00 130.00 136.79 -6.79 
70.00 100.00 85.03 -14.97 
90.00 100.00 52.86 47.14 

^1 = 4.09 h"^ 

«2 = 0.0237 h"^ 

A = - 449 Mg/L 

Table 5a3. The actual and computed Zn concentrations from the 
maximum l i ke l ihood programme wi th the values of the constants fo r 
Equation 5.20. 
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Having thus derived k^ and k^^ the question was how to 

derive a value for k^^ I t i s not p rac t i ca l t o obtain k2 from 

Equation 5.16 because of the uncertainty in est imating M'S and so an 

a l te rna t i ve approach was adopted. This was a t r i a l and error method 

in which the two known rate constants were inse r ted , wi th estimates of 

k2, in to the set of coupled d i f f e r e n t i a l equat ions. Equations 5 .11, 

5.12 and 5.13, These were then integrated simultaneously using a 

modified Runge-Kutta technique (Treanor, 1966) in a Fortran-77 

computer model wi th double precision numbers. The amount adsorbed in 

the Ih ageing period was used as the loosely bound f rac t ion of the 

par t i cu la te Zn and the Zn concentration in so lu t ion was fo l lowed. The 

resul ts of the i n i t i a l modelled desorpt ion, in which only k^ and 

k^^ were inc luded, are p lot ted wi th the actual data in Figure 5.4. 

This run shows good agreement for the f i r s t 2h a f t e r which the 

modelled data has reached a plateau, whi le the real data begin to 

decrease. To improve the f i t of the long-term data, estimates of k^ 

were included in the model to incorporate the so l i d state d i f f us i on 

-2 -1 

process. The optimum value of was found to be 4 x 10 h 

and t h i s was used to generate the resu l ts p lo t ted in Figure 5.5 where 

there is a good f i t to the experimental da ta . The rate constants 

evaluated in t h i s section are summarised in Table 5.4. 

The value of k^ obtained here is an order of magnitude 

higher than that given in Table 5 . 1 . However, the desorption 

experiments were carr ied out with p = 1500mg/L and normalisation gives 

k^ = 4.9 X lo'̂  Ld"^kg~^ which is in good agreement wi th the 

values in Table 5 . 1 . 
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Figure 5.4. A comparison of the measured Zn desorption data (see Figure 4.14) with the results 
modelled by the integrat ion routine using optimum values for ki and k.i only. 
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Figure 5.5. A comparison of the measured Zn desorption data (see Figure 4.14) with the results 
modelled by the integrat ion routine using optimum values k j , k . j and k2. 



Optimum rate constant (h"^) 
Half l i f e (h) 

3.1 
0.22 

0.9 
0.8 

4.0 X 10-2 
17 

Table 5.4. The optimum rate constants fo r the desorption of Zn from 
the Tamar par t i c les a f te r ageing in contact wi th Carnon water fo r Ih 
at lO'̂ C and pH = 7. 

The ha l f l i ves corresponding wi th each rate constant are 

l i s t e d in Table 5.4. The s igni f icance of t h i s data re lates to the 

i n j ec t i on of metal r i ch pa r t i c les i n t o the freshwaters of es tuar ies . 

Desorption of the metal from the pa r t i c l es occurs r e l a t i v e l y qu ick ly 

with a ha l f l i f e of about I h . The so l i d state d i f f us ion react ion has 

a h a l f - l i f e of about 1 day and th i s means that a considerable 

proport ion of the metal w i l l remain attached to the p a r t i c l e s . In 

add i t i on , the value suggests that in an estuary l i ke the Tamar 

where the residence time may be approximately 10 days a considerable 

proport ion of the metal may be removed to the matrix of the pa r t i c les 

where i t may not be avai lable to the b i o t a . 

Addit ional runs with the in tegra t ion rout ine were carr ied out 

to tes t the s e n s i t i v i t y of the react ion scheme to var ia t ions In the 

rate constants. The resul ts in Table 5.5 show the percentage change 

of predicted Zn in solut ion a f te r adjust ing the values of the rate 

constants k j , k_j and k^ by 20% and of inc luding a value for 

k^2* These resul ts Iden t i f y that changing the values of k j and 

k_j a l te rs the solut ion concentration over the en t i re 50h per iod. 
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However a l t e r i ng the values of k^ and k^^ l i t t l e e f fec t on the 

data during the i n i t i a l stages of mixing and only a f te r some 

considerable time w i l l these values become of importance. Nyf fe ler et 

-2 a l . (1986) suggested that k „ would be less than 2.5 x lO '^h"^ 

and Table 5.5 shows t h i s would have v i r t u a l l y no e f fec t on these 

resul ts w i th in two days. The changes in the concentration of loosely 

bound metal appear to be re f lec ted in the same proport ion as the 

change. 

Variable Optimum Adjusted % Change 

(a) Rate Constants (h -M _lh 50h 

^1 3.1 3.7 -13 -19 

0.9 1.1 +15 +23 

h 0.04 0.05 -0.5 -27 

0 5 X 10"^ 0 +4 

0 5 X 10"-^ 0 +31 

(b) Loosely Bound metal ( i ig/L) 

[MS] 2100 2520 +20 +20 

[MS] 2100 1680 -20 -20 

Table 5.5. (a) The e f fec t of i nd i v i dua l l y changing the optimum rate 
constants k j , k.^ and ^2 by 20 %, and of adding a k_2 value, 
on the predicted so lut ion concentration of Zn. 
(b) The e f fec t of changes in the concentration of loosely bound Zn on 
the predicted solut ion concentration of Zn. 
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5,2,2, Analysis of Cu Desorption, 

The same procedure as discussed wi th respect to Zn was used 

to determine the rate constants k^, k^^ and k^ for the Cu 

desorption data of Fig-ure 4.17. In Table 5.6 the measured Cu data is 

shown wi th the data derived from the maximum l i ke l ihood curve f i t t i n g 

rout ine which was used to determine R^, R̂  and A, There was good 

agreement between the two sets of data and so the values for A, R̂  

and R2 were used with [CuS]^ = 45 pg par t i cu la te Cu/L to calculate 

k^ and k _ j . These two values were then included in the 

in tegra t ive model to give the p r o f i l e shown in Figure 5.6. An 

estimate was then made for k^ and adjusted to give the optimum f i t 

as shown in Figure 5.7. 

The optimum values for the three rate constants are given in 

Table 5.7. The k* calculated from th is desorption experiment, 5.9 x 
4 -1 -1 

10 Ld kg , is an order of magnitude higher than those 

determined for the adsorption experiments. I t is conceivable that 

t h i s higher rate constant may be due to the absence of dissolved humic 

materials in the desorption experiments which, in the adsorption 

experiments would have been in competition wi th the pa r t i c l e surface 

for dissolved Cu. The h a l f - l i v e s for these reactions are also shown 

in Table 5.7. They suggest there would be very rapid removal to the 

adsorbed phase via k^ while the s ign i f i can t desorption of l ab i l e Cu 

would only occur over many hours. However, simultaneously the l a b i l e 

metal w i l l be removed to the matrix bound form over a period of a few 

days. Therefore i t may be expected that on addi t ion of Cu r ich 

par t i c les to an estuary a minimal desorption would be observed and 

a f te r a few days a large percentage of the Cu would be bound in the 
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Time (h) Measured 

conc.(Mg/L) 

Computed 

conc.(pg/L) 

D i f f e r e n c e (ug/L) 

0.00 0.20 0.00 0.20 
0.03 0.37 0.21 0.16 
0.12 0.60 0.63 -0.03 
0.18 0.60 0.88 -0.28 
0.33 1.40 1.25 0.15 
0.48 1,54 1.46 0.08 
0.77 1.70 1.63 0.07 
0.88 1.67 1.67 0.01 
1.40 1.78 1.69 0.09 
2.07 1.64 1.68 -0.04 
2.73 1.48 1.66 -0.18 

24.17 1.06 1.09 -0.03 
50.00 0.79 0.66 0,18 
68.33 0.35 0.46 -0.11 
86.67 0.36 0.33 0.03 

Rj = 3.87 h-^ 

R2 = 0.019 h-1 

A =-1.746 MQ/L 

Table 5.6. The a c t u a l and computed Cu c o n c e n t r a t i o n s from the 
maximum l i k e l i h o o d programme with the v a l u e s of the c o n s t a n t s f or 
Equation 5.19. 
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Figure 5.6. A comparison of the measured Cu desorption data (see Figure 4.18) with the results 
modelled by the integrat ion routine using optimum values for k j and k_i only. 
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Figure 5.7. A comparison of the measured Cu desorption data (see Figure 4.18) with the results 
modelled by the integrat ion routine using optimum values for k j , k- i and k2. 



pa r t i c l e matr ix . 

As in the case of Zn addi t ional model runs were carr ied out 

t o tes t the s e n s i t i v i t y of the rate constants, the resu l ts of which 

are l i s t e d in Table 5.8. These resul ts are very s imi la r to those for 

Zn and emphasise that a small change in the rate constants may have a 

considerable e f fect on the concentration of Cu in s o l u t i o n . 

Variat ions in k^ have l i t t l e e f fec t in the f i r s t few hours but 

become of importance in the la te r stages. Inclusion of a f a i r l y large 

k_2 has very l i t t l e e f fec t in the f i r s t hour but over the longer 

term the d i f f us ion out of the pore spaces could be important. A 20% 

a l t e ra t i on in the value for k_j changes the observed concentration 

in solut ion by 20% at Ih and 50h. 

1 1 

Optimum rate constant (h "M 
H a l f - l i f e (h) 

3.66 
0.19 

0.14 
4.9 

1.5 X 10 
46 

-2 

Table 5.7. The optimum rate constants and ha l f - l i ves for the 
desorption of Cu from Tamar par t i c les which were aged in Carnon water 
for I h . 
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Variable Optimum Adjusted % Change 

(a) Rate Constants(h""^) Ih 50h 

^1 3.66 4.39 -15 -17 

k- l 0.14 0.17 +19 +20 
k2 0.015 0.018 0 -14 

0 5 X 10"3 0 +10 
0 5 X 10"^ 0 +60 

(b) Loosely Bound metal (Mg/L) 

MS 45 54 +19 +20 
MS 45 36 -19 -20 

Table 5 .8 (a ) . The e f fec t of i n d i v i d u a l l y changing the optimum rate 
constants k^, k , j and ^2 by 20% and of adding a k_2 value, on 
the predicted solut ion concentration of Cu. (b) The e f fec t of changes 
in the conceotration of loosely bound Cu on the predicted so lu t ion 
concentration of Cu. 

5.2,3. Analysis of Carnon Adsorption Data. 

The data (especia l ly those for Cu) for these adsorption 

experiments (see Figures 4.12, 4,13, 4.16 and 4.17) produced the 

smoothest adsorption p ro f i l es in t h i s work. An analysis as carr ied 

out for the Tamar adsorption experiments showed that none of these 

p ro f i l es followed simple f i r s t or second order k i n e t i c s . Using the 

procedure out l ined in Section 5.1.1 the data was tested wi th the f i r s t 

order reversib le reaction scheme but t h i s was also unsuccessful even 

i f only the i n i t i a l (<2h) resu l ts were used. F i na l l y , an attempt was 

227 



made t o model t h e d a t a u s i n g t h e t w o s t e p r e a c t i o n scheme i n E q u a t i o n 

5 .10 w i t h t h e I n t e g r a t i o n r o u t i n e . The r a t e c o n s t a n t s d e r i v e d f r o m 

t h e Carnon d e s o r p t i o n e x p e r i m e n t s a t t h e same t u r b i d i t y and t h e 

i n i t i a l d i s s o l v e d m e t a l c o n c e n t r a t i o n s were i n s e r t e d i n t h e programme 

w i t h t h e l e a c h a b l e p a r t i c u l a t e m e t a l c o n c e n t r a t i o n f r o m T a b l e 4 . 2 . 

These r e s u l t s were n o t i n a b s o l u t e ag reement w i t h t h e measured d a t a 

f o r Zn o r Cu and w h i l e p o s s i b l e r e a s o n s a r e d i s c u s s e d be low more work 

wou ld be r e q u i r e d t o f u l l y e x p l a i n t h o s e o b s e r v a t i o n s . 

For Zn e i t h e r o f t h e s e c o n d i t i o n s p r e d i c t e d a m a s s i v e 

a d s o r p t i o n f r o m an i n i t i a l c o n c e n t r a t i o n o f IBOOOyg/L t o a r o u n d 

SOOpg/L a t 50h as opposed t o t h e o b s e r v e d f i n a l c o n c e n t r a t i o n o f 

1 2 0 0 0 t j g / L . A b e t t e r f i t t o t h e d a t a m i g h t have been e x p e c t e d , d e s p i t e 

t h e sys tem s p e c i f i c i t y o f r a t e c o n s t a n t s , when t h e agreement between 

t h e c o n s t a n t s d e r i v e d f r o m t h e Tamar a d s o r p t i o n and t h e Carnon 

d e s o r p t i o n i s c o n t e m p l a t e d . The d i s c r e p a n c y between t h e m o d e l l e d and 

r e a l d a t a f o r Zn c o u l d be b e c a u s e , as s u g g e s t e d i n S e c t i o n 4 . 3 . 1 , t h e 

p a r t i c l e s a r e s a t u r a t e d w i t h r e s p e c t t o Zn a t a c o n c e n t r a t i o n o f abou t 

3000Mg Zn /g p a r t i c l e s . T h i s r e s t r a i n t on f u r t h e r a d s o r p t i o n w o u l d n o t 

be m i r r o r e d i n t h e m o d e l l e d d a t a . 

I n c o n t r a s t , t h e r e s u l t s f o r t h e Cu a d s o r p t i o n a n a l y s e d i n 

t h e same way d i s a g r e e w i t h t h e o b s e r v e d v a l u e s by o n l y 50%, w h i c h 

c o n s i d e r i n g t h e d i f f e r e n c e i n s o l u t i o n c o n d i t i o n s i s a c c e p t a b l e . I t 

i s p o s s i b l e t h a t t h e absence o f c o m p e t i t i o n f o r Cu f r o m o r g a n i c 

m a t e r i a l i n t h e d e s o r p t i o n e x p e r i m e n t s c a r r i e d o u t i n s y n t h e t i c 

b u f f e r e d m e d i a , gave h i g h e r k * v a l u e s t h a n wou ld be o b s e r v e d i n 

Carnon R i v e r w a t e r . A d d i t i o n o f a s m a l l amount o f d i s s o l v e d humic 

m a t e r i a l has been shown t o reduce t h e a d s o r p t i o n o f Cu t o h y d r o u s 
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f e r r i c o x i d e ( L a x e n , 1985) and k a o l i n (Gup ta and H a r r i s o n , 1 9 8 3 ) . 

I n t h e c o n c l u d i n g c h a p t e r t o t h i s t h e s i s t h e r e l a t i o n s h i p 

between t h e r e s u l t s o f t h e s e s o r p t i o n s t u d i e s and n a t u r a l p a r t i c l e 

m o r p h o l o g i e s w i l l be e x a m i n e d . The i m p l i c a t i o n s o f t h i s work on o u r 

know ledge o f t r a c e m e t a l c y c l i n g i n t h e e s t u a r i n e e n v i r o n m e n t w i l l 

a l s o be d i s c u s s e d . 
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CHAPTER S IX 

CONCLUSIONS 

6 , 1 , The R e l a t i o n s h i p Between P a r t i c l e H i c r o s t r u c t u r e and T r a c e 

Metal S o r p t i o n P r o c e s s e s . 

T h i s s t u d y has p r o d u c e d t h e o n l y s y s t e m a t i c d e s c r i p t i o n o f 

t h e m i c r o s t r u c t u r e o f e s t u a r i n e p a r t i c u l a t e m a t e r i a l . D e s p i t e t h e 

e x p e r i m e n t a l p r o b l e m s o f sample p r e p a r a t i o n , d e t a i l s o f t h i s k i n d a r e 

u r g e n t l y r e q u i r e d i n o r d e r t h a t a more c o m p l e t e u n d e r s t a n d i n g o f 

p a r t i c l e s o r p t i o n p r o c e s s e s i s g a i n e d . I t c o u l d be a r g u e d t h a t s i t e 

b o n d in g mode ls o f t h e t y p e p roduced by D a v i s and L e c k i e ( 1 9 7 8 a ) w i l l 

neve r be f u l l y d e v e l o p e d u n l e s s t h e m o r p h o l o g i c a l d i m e n s i o n i s 

i n c l u d e d . 

N a t u r a l p a r t i c l e s f r o m t h e Tamar E s t u a r y were shown t o be 

composed o f a comp lex m i x t u r e o f q u a r t z , k a o l i n i t e , m u s c o v i t e , i l l i t e 

and c h l o r i t e w i t h s u r f a c e c o a t i n g s o f o r g a n i c m a t t e r and hyd rous Fe 

and Mn o x i d e s . An e x a m i n a t i o n o f e s t u a r i n e p a r t i c u l a t e m a t e r i a l f o u n d 

t h e BET n i t r o g e n a d s o r p t i o n s u r f a c e a r e a s t o be i n t h e range 8 -
2 

22m / g and r e v e a l e d t h a t t h e s e were i n g e n e r a l h i g h e r f o r suspended 

m a t e r i a l t h a n s e d i m e n t m a t e r i a l and t h a t t h e h i g h e s t s u r f a c e a r e a s 

were f o r suspended p a r t i c l e p o p u l a t i o n s t a k e n f r o m t h e l o w s a l i n i t y 

t u r b i d i t y maximum r e g i o n . No c o r r e l a t i o n b e t w e e n t h e l e a c h a b l e Fe 

( r a n g e 6- lOmg F e / g p a r t i c l e s ) o r Mn ( r a n g e 0 . 3 - 0 . 7 mg Mn/g p a r t i c l e s ) 

o r t h e c a r b o n c o n t e n t s ( r a n g e 4-7%) and t h e s u r f a c e a r e a s o f suspended 

samples c o l l e c t e d d u r i n g a x i a l t r a v e r s e s o f t h e e s t u a r y was o b s e r v e d . 

However , t h e r e was a g r e a t e r c a r b o n c o n t e n t f o r t h e l ow s u r f a c e a rea 
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s e d i m e n t a r y m a t e r i a l and an i n c r e a s e i n s u r f a c e a r e a was i n d i c a t e d 

f o r a l l samples on removal o f s u r f a c e c a r b o n ( b y hyd rogen p e r o x i d e 

d i g e s t i o n ) . For samples f r o m an a x i a l s u r v e y o f t h e Tamar E s t u a r y , 

t h e s u r f a c e a r e a s a l l i n c r e a s e d a f t e r d i g e s t i o n t o 25m / g . A f t e r 

removal o f s u r f a c e Fe and Mn hyd rous o x i d e s ( b y a c e t i c a c i d 

h y d r o x y l a m i n e h y d r o c h l o r i d e o r EDTA l e a c h i n g ) t h e r e was an 

a s s i m i l a t i o n o f s u r f a c e a r e a v a l u e s t o a c o n s t a n t l ow l e v e l f o r each 

2 2 

o f two a x i a l s u r v e y s (10 .2m / g and 16.3m / g ) . T h i s work i s 

c o r r o b o r a t e d by t h e c o m p a r a b l e o b s e r v a t i o n s o f M a r t i n e t a l . ( 1 9 8 6 ) i n 

two F rench e s t u a r i e s . 

No c o r r e l a t i o n between p a r t i c l e s i z e and s u r f a c e a rea was 

f o u n d . N i t r o g e n a d s o r p t i o n d e s o r p t i o n h y s t e r e s i s e s t a b l i s h e d t h a t t h e 

u n t r e a t e d suspended Tamar p a r t i c l e s c o n t a i n e d s l i t shaped p o r e s i n t h e 

s i z e range <2-50nm w i t h a mesopore vo lume o f a b o u t 1.6 x 10 

crn^/q. The l e a c h e d p a r t i c l e s had s i m i l a r p o r e c h a r a c t e r i s t i c s b u t 

t h e d i g e s t e d samples showed e v i d e n c e o f po res i n t h e s i z e range < 2 -
- 2 3 

200nm and had a mesopore vo lume o f 2^3 x 10 cm / g . A n a l y s i s o f 

suspended m a t e r i a l f r o m t h e R e s t r o n g u e t C r e e k , w h i c h has a h i g h Fe 

c o n c e n t r a t i o n , i n d i c a t e d t h a t i t had a h i g h s u r f a c e a rea o f 125m / g , 

po res i n t h e s i z e range 2-200nm and a mesopore vo lume o f 3 .7 x 10 

cm ' ^ /g . T h i s s t u d y d e m o n s t r a t e d t h a t a l a r g e p r o p o r t i o n o f t h e 

s u r f a c e a rea o f t h e s e n a t u r a l samples was w i t h i n t h e p o r o u s m a t r i x o f 

t h e p a r t i c u l a t e m a t e r i a l . The o n l y method c u r r e n t l y a v a i l a b l e f r o m 

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

gas a d s o r p t i o n on t h e d r i e d s o l i d . 

A r e v i e w o f t h e l i t e r a t u r e i n d i c a t e d t h e enormous 

d i f f i c u l t y I n v o l v e d i n a t t e m p t i n g t o r e l a t e s o r p t i o n p r o c e s s e s 
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o b s e r v e d i n e x p e r i m e n t s u s i n g s y n t h e t i c media o r a d s o r b e n t s ( o r b o t h ) 

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

T h i s i d e n t i f i e d t h e need t o c a r r y o u t s o r p t i o n s t u d i e s w i t h e s t u a r i n e 

p a r t i c l e s under n a t u r a l c o n d i t i o n s w i t h t h e n a t u r a l d i s s o l v e d m e t a l 

s p e c i a t i o n s and c o n c e n t r a t i o n s i n o r d e r t h a t t h e s t u d y w o u l d be 

a p p l i c a b l e t o t h e e s t u a r i n e s i t u a t i o n . The re a r e g r e a t d i f f i c u l t i e s 

a s s o c i a t e d w i t h t h e a n a l y s i s o f d i s s o l v e d t r a c e m e t a l s a t amb ien t 

c o n c e n t r a t i o n s i n n a t u r a l w a t e r s . The speed o f s a m p l i n g r e q u i r e d f o r 

a k i n e t i c a n a l y s i s a p p l i c a b l e t o e s t u a r i n e sys tems i s an a d d i t i o n a l 

c o n s t r a i n t i n t h i s t y p e o f s t u d y . T h e r e f o r e , a m u l t i c h a n n e l m i c r o -

c h e l e x p r e c o n c e n t r a t i o n method was d e s i g n e d w h i c h e n a b l e d t h e 

a c c u r a t e d e t e r m i n a t i o n o f t h e t r a c e m e t a l s 2n and Cu i n s m a l l samples 

o f n a t u r a l s u s p e n s i o n s e x t r a c t e d f r o m a r e a c t i o n v e s s e l on a t i m e s c a l e 

s u i t a b l e f o r k i n e t i c a n a l y s i s . 

A d s o r p t i o n p r o f i l e s were a n a l y s e d i n t h i s way a f t e r 

a d d i t i o n o f w e l l - c h a r a c t e r i s e d p a r t i c l e s f r o m t h e t u r b i d i t y maximum 

r e g i o n o f t h e Tamar E s t u a r y t o r i v e r w a t e r s . On m i x i n g t h e p a r t i c l e s 

w i t h f i l t e r e d r i v e r w a t e r , d i s s o l v e d Zn was removed f r o m s o l u t i o n . I n 

f r e s h w a t e r , t h e remova l was I n i t i a l l y r a p i d f o l l o w e d by a l o n g t e r m 

a d s o r p t i o n w h i c h app roached c o m p l e t i o n a f t e r 9 6 h , I n b r a c k i s h w a t e r 

t h e a d s o r p t i o n p r o c e s s was s l o w e r p r e s u m a b l y due t o c o m p e t i t i o n f r o m 

m a j o r s e a w a t e r I o n s . The Cu c o n c e n t r a t i o n s I n Tamar w a t e r a p p e a r e d t o 

be a t a q u a s l - e q u i l i b r i u m w i t h t h e p a r t i c l e s on m i x i n g . There was a 

s l o w a d s o r p t i o n f r o m s o l u t i o n o b s e r v e d f o r 9 6 h . T h i s q u a s i -

e q u l l i b r i u m c o u l d be d i s t u r b e d by e i t h e r r e m o v i n g some o f t h e s u r f a c e 

bound Cu f r o m t h e p a r t i c l e s o r by s u s p e n d i n g t h e p a r t i c l e s I n Carnon 

w a t e r w h i c h has a h i g h e r Cu c o n c e n t r a t i o n . Under e i t h e r o f t h e s e 

232 



c o n d i t i o n s t h e r e was a r a p i d i n i t i a l u p t a k e , s i m i l a r t o t h a t seen f o r 

Z n , f o l l o w e d by t h e s l o w e r r e m o v a l . A s i m i l a r a p p a r e n t l y two s t e p 

a d s o r p t i o n p r o c e s s has been r e p o r t e d i n work on t h e a d s o r p t i o n o f 

phospha te t o i r o n o x i d e s ( M a d r i d and De A r a m b a r r i , 1985) and t r a c e 

m e t a l s t o m a r i n e sed imen t p a r t i c l e s ( N y f f e l e r e t a1 1 9 8 4 ) . 

The mechanism p roposed t o e x p l a i n t h e s e o b s e r v a t i o n s was a 

two s t e p r e v e r s i b l e r e a c t i o n i n v o l v i n g e q u i l i b r a t i o n o f d i s s o l v e d 

m e t a l w i t h t h e e x t e r n a l s u r f a c e f o l l o w e d by a d i f f u s i o n c o n t r o l l e d 

t u n n e l l i n g and e q u i l i b r a t i o n o f t h e i n t e r n a l m a t r i x o f t h e p a r t i c l e s 

as shown i n E q u a t i o n 6 . 1 . 

k j k2 

M + S MS — > M'S ( 6 . 1 ) 

k - l 

The Tamar suspended p a r t i c l e s were shown t o have p o r e s i n t h e s i z e 

range <2-50nm and t h i s i s s u f f i c i e n t l y l a r g e t o p e r m i t t h e d i f f u s i o n 

o f Zn and Cu i o n s i n t o t h e m a t r i x . Once t h e m e t a l i s a d s o r b e d i t i s 

p o s s i b l e t h a t i t c o u l d become i r r e v e r s i b l y adso rbed a c r o s s n a r r o w 

s l i t s o r p l a t e s and n o t be a v a i l a b l e t o c h e m i c a l o r b i o l o g i c a l 

r e m o b i l i s a t i o n . However o b s e r v i n g t h i s i s d i f f i c u l t as t r a c i n g t h e 

m e t a l i o n s m i g r a t i n g t o and f r o m t h e p a r t i c l e i s n o t e x p e r i m e n t a l l y 

p o s s i b l e and t h e r e i s much d o u b t a b o u t t h e s p e c i f i c i t y o f s e q u e n t i a l 

e x t r a c t i o n m e t h o d s . 

K i n e t i c a n a l y s i s o f t h e t r a c e m e t a l a d s o r p t i o n p r o f i l e s 

i n v o l v i n g b o t h Tamar p a r t i c l e s and w a t e r o m i t t e d t h e s o l i d s t a t e 

d i f f u s i o n s t e p and c o n s i d e r e d o n l y t h e r e v e r s i b l e s u r f a c e s o r p t i o n 

p r o c e s s . The r e s u l t s f o r Zn gave k* v a l u e s , f o r t h e f o r w a r d 

r e a c t i o n s , i n t h e range 6 x 1 0 ^ - 6 x 10^ L d - ^ k g " ^ w h i c h a g r e e 
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w e l l as shown i n T a b l e 6 . 1 , w i t h t h e v a l u e s o b t a i n e d by N y f f e l e r e t 

a l . ( 1 9 8 4 ) f o r m a r i n e s e d i m e n t a r y m a t e r i a l i n s e a w a t e r . The a n a l y s e s 

i n t h i s work i n d i c a t e d a d e c r e a s e i n t h e Zh a d s o r p t i o n r a t e c o n s t a n t s 

on i n c r e a s i n g t h e s a l i n i t y . The d a t a f o r Cu gave k* r a t e c o n s t a n t s 

i n t h e range 5 .8 x 10^ - 7 . 2 x 10^ L d " ^ k g " ^ w h i c h were n o t 

dependen t on s a l i n i t y . 

From t h e k^ r a t e c o n s t a n t s t h e h a l f l i v e s o f t h e 

d i s s o l v e d s p e c i e s , w i t h r e s p e c t t o t h e a d s o r p t i o n p r o c e s s e s were 

c a l c u l a t e d . These showed t h e remova l o f Zn wou ld o c c u r q u i c k l y , w i t h 

a h a l f l i f e o f 1 . 5 h , i n f r e s h w a t e r b u t more s l o w l y i n s e a w a t e r i n 

w h i c h t h e h a l f l i f e was 7 h . D i s s o l v e d Cu showed s l o w e r remova l 

o v e r a l l w i t h t h e h i g h e r t u r b i d i t y e x p e r i m e n t s { 4 0 0 m g / L ) g i v i n g a h a l f 

l i f e o f 5-7h w h i l e i n t h e l o w e r t u r b i d i t y samples ( 2 0 0 m g / L ) i t had a 

h a l f l i f e o f 1 2 - 1 4 h . These r e s u l t s compared e x t r e m e l y w e l l w i t h t h e 

f i e l d o b s e r v a t i o n s o f Zn and Cu d i s t r i b u t i o n s i n t h e Tamar E s t u a r y by 

A c k r o y d e t a l . ( 1 9 8 6 ) . T h i s c o m p a r i s o n p r o v i d e s u n e q u i v o c a l e v i d e n c e 

o f t h e c o u p l i n g o f t h e p h y s i c a l and c h e m i c a l t i m e s c a l e s w h i c h o c c u r s 

i n e s t u a r i e s . The i m p o r t a n c e o f t h i s o b s e r v a t i o n i s d i s c u s s e d i n more 

d e t a i l i n t h e n e x t s e c t i o n . 

The d e s o r p t i o n p r o f i l e s f o r p a r t i c l e s doped by s u s p e n s i o n 

i n Carnon R i v e r w a t e r p r o v i d e d a c t u a l e v i d e n c e f o r t h e second s t e p o f 

t h e p roposed two s t e p r e a c t i o n i n E q u a t i o n 6 . 1 . These i d e n t i f i e d a 

d i s c r e p a n c y i n t h e maximum amount o f Zn and Cu d e s o r b e d by t h e 

p a r t i c l e s , d e p e n d i n g on t h e t i m e f o r w h i c h t h e y were d o p e d , and t h e 

p r o f i l e s i n d i c a t e d r e a d s o r p t i o n i n t h e l a t e r s t a g e s o f t h e s e 

e x p e r i m e n t s . The r a t e c o n s t a n t s f r o m t h e k i n e t i c a n a l y s i s o f t h e Zn 

d a t a a r e l i s t e d i n T a b l e 5 . 1 w i t h t h e p a r t i c l e c h a r a c t e r i s t i c s . The 
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ro 

Rate Cons tan t s Chemical C h a r a c t e r i s t i c s 

Sample k * 
^ 1 

Su r f ace Carbon Fe Mn 

( L d - ^ k g - ^ ) Area (m / g ) i l l (mg/g ) (mg /g ) 

Tamar Suspended S o l i d s ^ 55 .000 

- 5 , 7 6 0 

<4 .8 - - 14 .0 5 . 1 6 . 8 0 .39 

Tamar Suspended S o l i d s ^ 49 ,600 21 .6 0 .96 13 .1 5 .2 7 .0 0 .38 

N a r r a n g a n s e t t Bay 

Sediment 390 0 .32 - - 12 .9 2 . 0 2 .9 0 .04 

San Clemente Bas in 

Sediment 660 0 .6 - - 10.0 2 . 0 3 .9 0 .09 

MANOR s i t e H Sediments*^ 10,000 0 .07 0 .04 110 1.0 - - 3 .5 

Tab le 6 . 1 . Compar ison o f r a t e c o n s t a n t s f o r 2n up take o n t o p a r t i c l e s v i a a t w o - s t a g e r e a c t i o n and t h e 

a s s o c i a t e d c h a j ^ a c t e r i s t i e s o f t h e p a r t i c l e s . Th i s work w i t h t h e r a t e c o n s t a n t s f r o m a d s o r p t i o n 

e x p e r i m e n t s ; Th is work w i t h r a t e c o n s t a n t s f rom d e s o r p t i o n e x p e r i m e n t s ; N y f f e l e r e t a l . ( 1 9 8 4 ) . 



k^ c o n s t a n t s f o r Zn compare w e l l w i t h t h o s e d e r i v e d f r o m t h e Tamar 

a d s o r p t i o n e x p e r i m e n t s . The v a l u e s o f N y f f e l e r e t a l . ( 1 9 8 4 ) f o r Zn 

i n d i c a t e t h a t k * i s h i g h e s t f o r t h e Manop H s i t e sample w h i c h had 

t h e l a r g e s t s u r f a c e a rea (110m / g ) . W h i l e t h i s v a l u e i s s t i l l n o t 

as h i g h as t h o s e o b s e r v e d here i t must be remembered t h a t r a t e 

c o n s t a n t s a r e sys tem s p e c i f i c and t h o s e o f N y f f e l e r e t a l . ( 1 9 8 4 ) were 

f o r t h e b e h a v i o u r o f added r a d i o i s o t o p e s and i n a l ow t u r b i d i t y 

s e a w a t e r s u s p e n s i o n . The v a l u e f o r Cu d e s o r p t l o n I s an o r d e r o f 

4 - 1 1 

m a g n i t u d e h i g h e r ( 5 . 9 x 10 Ld kg ) t h a n o b s e r v e d I n t h e 

a d s o r p t i o n e x p e r i m e n t s w h i c h a g a i n i d e n t i f i e s t h e sys tem s p e c i f i c i t y 

o f r a t e c o n s t a n t s . 

C o n v e r s i o n o f t h e k^ r a t e c o n s t a n t s t o h a l f l i v e s 

I n d i c a t e s t h a t w i t h i n t h e f l u s h i n g t i m e o f t h e Tamar E s t u a r y ( 7 - 1 0 

d a y s ; Unc les e t a l , , 1983a) a c o n s i d e r a b l e p r o p o r t i o n o f b o t h Zn ( k ^ 

h a l f l i f e = 17h) and Cu { k ^ h a l f l i f e = 4 6 h ) w i l l be adso rbed w i t h i n 

t h e p a r t i c l e m a t r i x . A l t h o u g h i t was n o t p o s s i b l e t o c a l c u l a t e k^^* 

due t o e x p e r i m e n t a l r e s t r i c t i o n s , t h i s work d i d i n d i c a t e t h a t 

d e s o r p t l o n f r o m t h e m a t r i x wou ld be a v e r y s l o w p r o c e s s and i s 

t h e r e f o r e n o t l i k e l y t o be o f i m p o r t a n c e i n e s t u a r i e s , l i k e t h e T a m a r , 

w i t h r e l a t i v e l y s h o r t f l u s h i n g t i m e s . 

W h i l e t h i s s t u d y has been u n a b l e t o i d e n t i f y q u a n t i t a t i v e 

r e l a t i o n s h i p s between t h e s o r p t i o n p r o c e s s e s and s u r f a c e m o r p h o l o g y o f 

n a t u r a l p a r t i c l e s i t has p r o v i d e d u s e f u l t e c h n i q u e s f o r f u r t h e r 

i n v e s t i g a t i o n o f t h e s e r e l a t i o n s h i p s . I t may be t h a t t h e r a t e o f t h e 

I n i t i a l s o r p t i o n p r o c e s s ( i . e . t h e f i r s t s t e p o f t h e r e a c t i o n scheme) 

i s r e l a t e d t o t h e s u r f a c e a rea o f t h e p a r t i c l e s w h i l e t h e second 

s l o w e r s t e p i s r e l a t e d t o t h e p o r o s i t y o f t h e p a r t i c l e s as M a d r i d and 
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De A r a m b a r r i ( 1 9 8 5 ) have d e s c r i b e d w i t h r e s p e c t t o t h e s o r p t i o n 

b e h a v i o u r o f phospha te w i t h s y n t h e t i c i r o n o x i d e s . I n f o r m a t i o n such 

as t h i s , on t h e p a r a m e t e r s w h i c h d i c t a t e t h e s o r p t i o n b e h a v i o u r o f 

t r a c e m e t a l s i s e s s e n t i a l I f any t r u e c o m p r e h e n s i o n o f t h e pa thways o f 

t r a c e m e t a l s i n e s t u a r i e s i s t o be a t t a i n e d . 
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6 . 2 , The Ref inement o f Hydrodynamic Models o f E s t u a r i n e S y s t e m s , 

The l o n g - t e r m a i m o f s t u d i e s o f h e t e r o g e n e o u s c h e m i c a l 

r e a c t i v i t y i s t o e n a b l e t h e pathways o f t r a c e m e t a l s i n t h e e s t u a r i n e 

e n v i r o n m e n t t o be a c c u r a t e l y p r e d i c t e d . N o n - c o n s e r v a t i v e t r a c e m e t a l 

d i s t r i b u t i o n s i n e s t u a r i e s a r e c o n t r o l l e d by b o t h p h y s i c a l and 

c h e m i c a l p r o c e s s e s and a knowledge o f t h e t i m e s c a l e s o f t h e s e 

p rocesses w i l l be an e s s e n t i a l component o f any p r e d i c t i v e m o d e l . 

T h i s work has d i s c o v e r e d t h e s t r o n g r e l a t i o n s h i p t h a t 

e x i s t s between t h e c h e m i c a l and p h y s i c a l t i m e s c a l e s . The r e s u l t s 

s u g g e s t e d t h a t t h e s h o r t a d s o r p t i o n h a l f l i f e o f Zn i n f r e s h w a t e r , i n 

t h e p resence o f s u f f i c i e n t t u r b i d i t y , w o u l d cause u n d e r c o n d i t i o n s o f 

low r i v e r f l o w , and r e l a t i v e l y l o n g f l u s h i n g t i m e s i n t h e upper 

segments o f t h e Tamar E s t u a r y , c o n s i d e r a b l e remova l o f d i s s o l v e d Zn t o 

t h e p a r t i c u l a t e p h a s e . T h i s was d i r e c t l y r e f l e c t e d i n t h e a x i a l 

d i s t r i b u t i o n p r o f i l e s o f d i s s o l v e d Zn c a r r i e d o u t by A c k r o y d e t a l . 

( 1 9 8 6 ) . Less remova l o f d i s s o l v e d Zn f r o m s o l u t i o n was o b s e r v e d , as 

wou ld be p r e d i c t e d by t h e h a l f l i v e s , d u r i n g c o n d i t i o n s o f h i g h r i v e r 

f l o w w i t h a c o r r e s p o n d i n g s h o r t f l u s h i n g t i m e . 

The m o d e l l i n g o f p h y s i c a l p r o c e s s e s i n e s t u a r i e s i s 

r e a s o n a b l y w e l l advanced ( U n c l e s e t a l . , 1985) and h y d r o d y n a m i c mode ls 

can be used t o p r e d i c t t h e d i s t r i b u t i o n o f s a l i n i t y and t u r b i d i t y w i t h 

some c o n f i d e n c e . U n c l e s ( P e r s o n a l C o m m u n i c a t i o n , 1984) has d e v e l o p e d 

a compu te r based m a t h e m a t i c a l model f o r t h e Tamar E s t u a r y w h i c h i s 

based on a know ledge o f t h e d i m e n s i o n s o f t h e e s t u a r y , t h e r i v e r f l o w , 

t i d a l c o n d i t i o n s and sed imen t f l u x d a t a f o r v a r i o u s hyd rodynam ic 

c o n d i t i o n s ( B a l e e t a l . , 1 9 8 5 ) . T h i s model was used t o p r e d i c t t h e 

c o n d i t i o n s p r e v a i l i n g on 3 0 - 1 0 - 8 0 w h i c h c o r r e s p o n d t o a s u r v e y by 
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A c k r o y d e t a l . ( 1 9 8 6 ) . On t h i s o c c a s i o n t h e r i v e r f l o w was 29.0m"^/S 

and t h e t i d a l r a n g e 3m, b e i n g t w o days b e f o r e n e a p s . The r e s u l t s o f 

t h e s i m u l a t i o n a r e compared i n F i g u r e 6 . 1 t o t h e a c t u a l r e s u l t s 

o b t a i n e d d u r i n g t h e s u r v e y . The ag reement be twen t h e c a l c u l a t e d and 

o b s e r v e d p r o f i l e s i s g o o d . T h i s h y d r o d y n a m i c model can a l s o be used 

t o p r e d i c t t h e d i s p e r s i o n o f a d i s s o l v e d c o n s t i t u e n t i n t h e Tamar 

E s t u a r y f r o m a p o i n t s o u r c e ( i . e . e i t h e r a p o r e w a t e r i n f u s i o n or 

I n p u t s f r o m t h e banks ) assuming c o n s e r v a t i v e m i x i n g and a c o n s t a n t 

i n f l u x t o and o u t f l o w f r o m t h e e s t u a r y . T h u s , c o n s e r v a t i v e m i x i n g i s 

c o u p l e d t o t h e h y d r o d y n a m i c s o f t h e e s t u a r y . A model c a l c u l a t i o n was 

c a r r i e d o u t f o r a p o i n t s o u r c e i n j e c t i o n o f Zn and i s compared i n 

F i g u r e 6 . 2 t o t h e measured d a t a o f d i s s o l v e d Zn on t h e 3 0 - 1 0 - 8 0 f r o m 

A c k r o y d e t a l . ( 1 9 8 6 ) . W h i l e t h e l o c a t i o n o f t h i s peak i s r e a s o n a b l e 

(due t o t h e a p p r o p r i a t e c h o i c e o f p o s i t i o n f o r t h e p o i n t s o u r c e i n p u t ) 

t h i s c o n s e r v a t i v e model does n o t d e s c r i b e t h e shape o f t h e peak w e l l . 

T h i s i s t o be e x p e c t e d as i n many cases d i s s o l v e d Zn i s known t o 

behave n o n - c o n s e r v a t i v e l y . A c o n s i d e r a b l y w o r s e c o m p a r i s o n wou ld be 

p r e d i c t e d i f t h e day chosen f o r c o m p a r i s o n o f r e a l and s i m u l a t e d 

v a l u e s were one on w h i c h t h e r i v e r f l o w was l o w and t h u s t h e Zn 

remova l i n t h e f r e s h w a t e r l a r g e . 

I n o r d e r t h a t t h e s e n o n - c o n s e r v a t i v e a s p e c t s o f t r a c e m e t a l 

b e h a v i o u r can be s i m u l a t e d i t i s n e c e s s a r y t o i n c o r p o r a t e s u i t a b l e 

c h e m i c a l r a t e c o n s t a n t s i n t h e hyd rodynam ic m o d e l . The p a r t i c u l a r 

c o m p l e x i t y o f t h i s p r o b l e m l i e s i n t h e v a r i a b i l i t y o f t h e s e r a t e 

c o n s t a n t s w h i c h can be m e d i a t e d (as has been shown I n t h i s s t u d y ) by 

t h e p r e v a i l i n g p h y s i c o - c h e m i c a l c o n d i t i o n s i n t h e e s t u a r y . T h i s I s a 
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F i g u r e 6 . 1 . A compar i son o f computed s a l i n i t y ( c r o s s e d l i n e ) w i t h measured s a l i n i t y ( x ) and 
computed t u r b i d i t y ( f u l l l i n e ) w i t h measured t u r b i d i t y ( o ) f o r 3 0 - 1 0 - 8 0 . 
Measured da ta f rom Ack royd e t a l . ( 1 9 8 6 ) . 
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F i g u r e 6 .2 A compar i son o f t h e computed d i s s o l v e d Zn c o n c e n t r a t i o n s ( f u l l l i n e ) w i t h measured 
d i s s o l v e d c o n c e n t r a t i o n s ( o ) f rom Ack royd e t a l . (1986) f o r , 3 0 - 1 0 - 8 0 . 



p r o b l e m f o r b o t h c h e m i s t s and m a t h e m a t i c i a n s . F i r s t t h e r a t e 

c o n s t a n t s and t h e i r v a r i a b i l i t y must be i d e n t i f i e d and t h e n t h e s e 

p a r a m e t e r s must be m a t h e m a t i c a l l y I n c o r p o r a t e d i n t h e h y d r o d y n a m i c 

e x p r e s s i o n s . T h i s appears t o be a d a u n t i n g t a s k b u t t h e s e 

d i f f i c u l t i e s must be overcome i f a c c u r a t e p r e d i c t i o n o f p o l l u t i o n 

d i s p e r s i o n i n e s t u a r i e s I s t o be a c h i e v e d . 
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6 , 3 , Reconmendations f o r F u t u r e Work, 

T h i s s t u d y s u g g e s t s t h a t f u t u r e work i n h e t e r o g e n e o u s 

c h e m i c a l r e a c t i v i t y s h o u l d be d i r e c t e d t o w a r d t h e f o l l o w i n g p o i n t s : 

1 . F u r t h e r i n v e s t i g a t i o n o f t h e c o n t r o l s on t h e s u r f a c e a r e a s 

o f n a t p a r t i c u l a t e m a t e r i a l s . T h i s s t u d y has p a r t i a l l y i d e n t i f i e d \ ^ 

t h e i n f l u e n c e o f o r g a n i c m a t e r i a l and o x i d e s o f Fe and Mn on s u r f a c e 

m o r p h o l o g y . However , t h e s p e c i f i c r o l e o f c o a t i n g s has t o be f u l l y 

e v a l u a t e d , ( p a r t i c u l a r l y w i t h r e s p e c t t o t h e i n t e r p l a y between Fe and 

Mn c o n t e n t ) i f t h e m i c r o s t r u c t u r e s o f p a r t i c l e s f r o m d i f f e r e n t 

e s t u a r i e s ( such as t h e L o i r e and G i r o n d e , M a r t i n e t a l 1 9 8 6 ) a r e t o 

be c o m p a r e d . I t i s s u g g e s t e d t h a t i n p a r t i c u l a r t h e i n t e r p l a y between 

Fe and Mn c o n t e n t i s i n v e s t i g a t e d and t h a t m o d e l l i n g e x p e r i m e n t s 

i n v o l v i n g t h e c o a t i n g o f pu re c l a y p a r t i c l e s w i l l a i d t h e d e v e l o p m e n t 

o f t h i s k n o w l e d g e . 

2 . The deve lopmen t o f a t h e o r e t i c a l b a s i s f o r d e t e r m i n i n g t h e 

m i c r o s t r u c t u r e s o f p a r t i c l e s i n s i t u . As y e t t h e r e i s no t h e o r e t i c a l 

n o r i n d e e d s a t i s f a c t o r y p r a c t i c a l me thod f o r a c h i e v i n g t h i s as E v e r e t t 

( 1 9 8 2 ) has p o i n t e d o u t . A knowledge o f t h e i n s i t u s u r f a c e 

c h a r a c t e r i s t i c s wou ld e n a b l e a c o m p r e h e n s i v e s t u d y o f t h e a c t u a l p o r e 

shapes and s i z e s t o be c a r r i e d o u t . The v a l u e o f t h i s w o u l d be t h a t 

t h e s o r p t i o n b e h a v i o u r o f t r a c e c o n s t i t u e n t s c o u l d be t r u l y r e l a t e d t o 

t h e p a r t i c l e m i c r o s t r u c t u r e as M a d r i d and De A r a m b a r r i ( 1 9 8 5 ) have 

s u g g e s t e d . The work here i s t h e f i r s t o f i t s t y p e u s i n g n a t u r a l 

e s t u a r i n e p a r t i c l e s and s u g g e s t s t h a t m i c r o s t r u c t u r e i s an i m p o r t a n t 

component o f t h e s o r p t i o n p r o c e s s . 
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3. F u r t h e r i n t e n s i v e k i n e t i c a n a l y s e s must be c a r r i e d out to 

i d e n t i f y the v a r i a b i l i t y of r a t e c o n s t a n t s w i t h r e s p e c t t o the 

p h y s i c o - c h e m i c a l parameters ( i m p o r t a n t l y s a l i n i t y , t u r b i d i t y , pH and 

tempera ture ) in e s t u a r i e s . Of p a r t i c u l a r i n t e r e s t to t h i s work would 

be to determine whether v a r y i n g the s u r f a c e c h a r a c t e r i s t i c s of the 

p a r t i c u l a t e phase would have an i d e n t i f i a b l e e f f e c t on the r a t e 

c o n s t a n t s . T h i s work i s e s s e n t i a l i f t h o s e r a t e c o n s t a n t s a r e t o be 

used in the re f inement of hydrodynamic models of e s t u a r i e s which can 

then be used to p r e d i c t the d i s p e r s i o n of n o n - c o n s e r v a t i v e m a t e r i a l s . 

4 . The k i n e t i c a n a l y s i s of t h e s o r p t i o n p r o f i l e s s u g g e s t s t h a t 

t h e r e a r e two forms of p a r t i c u l a t e t r a c e m e t a l ; one of which i s 

s u r f a c e bound the o ther being m a t r i x bound. The p r e c i s e l o c a t i o n of 

t r a c e m e t a l s in both c a s e s needs to be e v a l u a t e d in o r d e r to de te rmine 

the b i o a v a i l a b i l i t y of adsorbed m e t a l s and to a s s e s s whether they can 

be r e l e a s e d by e s t u a r i n e chemica l p r o c e s s e s . 

5 . T h i s work has shown t h a t t h e r e i s pronounced c o u p l i n g 

between the chemica l and p h y s i c a l t ime c o n s t a n t s at low s a l i n i t y . The 

development of p r e d i c t i v e mathemat ica l models which must now be of 

prime importance has to i n c l u d e w e l l - f o u n d e d chemica l t ime c o n s t a n t s . 
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ABSTRACT 

Samples of bed sediment have been c o l l e c t e d from the Tamar Estuary 
and the surface areas and p o r o s i t i e s of the d r i e d m a t e r i a l s were 
determined using a vacuum microbalance technique. The surface 
areas, c a l c u l a t e d from the BET p l o t s , were i n the range 6 - 1 9 m^/g 
and the h y s t e r e s i s loops showed t h a t the p a r t i c l e s had s l i t - s h a p e d 
mesopores. The organic carbon contents of the p a r t i c l e s v a r i e d 
between 1 and lOZ. Careful removal of the surface organic c o a t i n g 
lead to a systematic increase i n the surface areas, suggesting t h a t 
adsorbed organic tnaccer a f f e c t s the p o r o s i t y of l i t h o g e n i c 
p a r t i c l e s . These r e s u l t s are of relevance t o the s o r p t i o n 
behaviour of n a t u r a l p a r t i c l e s i n e s t u a r i n e systems. 

INTRODUCTION 

The surface c h a r a c t e r i s t i c s o f e s t u a r i n e p a r t i c l e s are important 
i n the p a r t i t i o n i n g o f trace c o n s t i t u e n t s between the d i s s o l v e d and 
s o l i d phases (Stumm and Morgan, 1981; L i e t £l., 1984). Estuarine 
bed sediments, which can be resuspended by t i d a l s t i r r i n g (Bale 
et a l . 1985) are a complex mix t u r e of quartz g r a i n s , a l u m i n o s i l i -
cates, Fe/Mn oxyhydroxides, organic d e t r i t u s and biogenic m a t e r i a l s 
a l l of which are i m p l i c a t e d i n scavenging processes. However, the 
amount of systematic i n f o r m a t i o n on n a t u r a l p a r t i c l e m i c r o s t r u c t u r e s 
i s l i m i t e d t o some surface area s t u d i e s , e s p e c i a l l y on i r o n oxides 
(pavis and Leckic (1978); Crosby e t al_. , 1983; Marsh, e t al^. » 1984). 

I t i s s u r p r i s i n g t h a t t h i s lack of knowledge i n estu a r i n e chemistry 
e x i s t s given the e x i s t i n g q u a n t i t a t i v e basis f o r e v a l u a t i n g 
p a r t i c l e m i c r o s t r u c t u r e (e.g. Greg and Sing, 1982) and i t i s a f a c t 
t h a t l i t t l e of t h i s theory has been ap p l i e d t o n a t u r a l p a r t i c l e s . 
The reason i s probably because i d e a l l y surface c h a r a c t e r i s a t i o n 
studies should be c a r r i e d out i n s i t u , w i t h the surface area being 
determined by the uptake of some d i s s o l v e d c o n s t i t u e n t . This 
presents a problem because one has to assume a non-porous s u r f a c e , 
as i s the case w i t h negative adsorption (Hul and Lyklema, 1968). 
The major advantages o f the BET gas ad s o r p t i o n method using the 
d r i e d s o l i d are that estimates of p o r o s i t y and assessments of the 
c o n t r o l of p a r t i c l e morphology by surface coatings can be made. 
Comparable experinients are very d i f f i c u l t to perform i n s i t u . Thus, 
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Che o b j e c t i v e s of t h i s work, were to deccnnine che surface areas and 
p o r o s i c i e s of bed scdimencs and Co evaluace che r o l e of adsorbed 
organic macerials i n the m o d i f i c a t i o n o f p a r t i c l e microstrucCure. 

METHODS 

Sample C o l l e c t i o n . The samples were c o l l e c c e d from che Tamar 
Estuary, which i s located i n South West England. The samples were 
r e c r i c v c d from che low s a l i n i t y regions o f the estuary. The bed 
sediments were obtained eicher by a surface scrape o f mobile 
macerial ( 0 - 2 cm) or by a g r a v i t y cover from a survey v e s s e l . 
I n the l a b o r a t o r y the samples were washed i n d i s t i l l e d water and 
f i l t e r e d . This was followed by freeze d r y i n g using a vacuum freeze 
d r i e r (Edwards High Vacuum Led.). 
Experimencal Techniques. A g r a v i m e t r i c BET n i t r o g e n a d s o r p t i o n 
technique (Crosby ec a l . , 1983) was used to determine che surface 
areas and p o r o s i t i e s of the samples. Approximately 0,2 g porcions 
of Che d r i e d samples were used which u s u a l l y r e s u l t e d i n the 
adsorption of 1 mg of n i t r o g e n or more. The microbalance was 
evacuated and che sample r e t a i n e d under vacuum at 77 K using l i q u i d 
n i t r o g e n . The sample was dosed repeacedly w i t h n i t r o g e n gas and 
up to 0.5 h was allowed f o r e q u i l i b r a t i o n d u r i n g the a d s o r p t i o n 
stage and up t o 2 h i n che desorpcion scage. In some cases che 
p a r c i c l e s were gencly heated w i t h 6Z v/v hydrogen per o x i d e , p r i o r 
to m l c r o s c r u c t u r a l a n a l y s i s . I n an attempt to assess the e f f e c t of 
organic coatings. P a r t i c l e size analyses were c a r r i e d out using a 
Malvern Instruments 2200 p a r t i c l e sizes system (Bale et a l . , 1984). 
Small a l l q u o t s of che samples were kepc i n suspenslonTn a sample 
c e l l by s t i r r i n g . Each sample was scanned 100 times using a lens 
o f f o c a l length 100 mm and che oucpuc from che dececcors was 
t r a n s f e r r e d to a microcomputer which c a l c u l a t e d p a r t i c l e diameters 
i n the range 1.9 - 188 um. Standard beads of 5 um diameter were 
used CO c a l i b r a t e the instrument. The organic carbon analyses were 
c a r r i e d out using a combustItnetrie technique (Carlo Erba Elemental 
Analyser). 

RESULTS AND DISCUSSION 

Two d i f f i c u l t i e s a r i s e when c a r r y i n g out microscruccural scudies on 
nacural p a r c i c l e s . F i r s t l y i t i s e s s e n t i a l to use a c o n s i s t e n t 
p r e p a r a t i v e method since one i s I n t e r e s t e d i n r e l a t i v e surface areas 
(Greg and Sing. 1982). I n t h i s work freeze d r y i n g was p r e f e r r e d 
over a i r d r y i n g since the former has been used e f f e c t i v e l y f o r i r o n 
oxides (Davis and Leckic, 1978) and s t r u c t u r a l changes have been 
observed i n the a i r d r y i n g method (Egashira and Aomine, 1976). 
Linked t o t h i s i s the problem of che v a r i a b i l i c y i n che composiclon 
of porcions of m a t e r i a l taken f o r a n a l y s i s from the bulk sample. To 
e s t a b l i s h che v a r i a b i l i t y i n the samples and che d r y i n g method, che 
surface areas of ten p o r t i o n s of a Tamar sediment sample were 
obtained. These an a l y s i s gave a surface area of 12.66 ± 1.19 m^/g 
( c o e f f i c i e n t o f v a r i a t i o n 9.6Z) and a s i m i l a r number of organic 
carbon analyses on che same sample gave 4.53 t 0.12% organic carbon 
( c o e f f i c i e n t of v a r i a t i o n 3Z). These r e s u l t s suggest t h a t che 
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samples were reasonably homogeneous and thac r e a l i s c L c comparisons 
between samples could be made. The second problem concerns che 
ageing of che maccrial by water vapour uptake a f t e r d r y i n g 
(Egashira and Aornine^ I97A). This phenomena was observed i n t h i s 
study and d r i e d m a t e r i a l s l e f t open t o the atmosphere l o s t 30Z of 
t h e i r o r i g i n a l surface area a f t e r 30 days. Thus, samples were 
analysed as soon as possible a f t e r c o l l e c t i o n and were stored i n a 
dessicacor under vacuum. 
Laser p a r t i c l e size analyses were c a r r i e d on the sediment samples 
and a t y p i c a l a n a l y s i s i s shown i n Fig. 1. The p a r t i c l e diameters 
f a l l i n the range I to 100 um w i t h a mean g r a i n size of 13.6 um. 

% IN S I Z E 
BAND 

25 
2 0 
15 
10 

5 
h 

1 10 100 
S I Z E ( H m ) 

Fig. 1. Laser p a r t i c l e size a n a l y s i s f o r a surface 
sediment from the Taraar Estuary. 

In a l l the cases studied the range f o r che mean g r a i n size was 
8 - 1 5 um. These p a r t i c l e diameters give a s p e c i f i c surface area 
of the order 0.2 rn^/g (assuming a sediment d e n s i t y of 3000 kg/m^). 
This surface area i s two orders of magnitude less than che BET 
ni t r o g e n adsorption value of 12.66 m^/g which demonstrates the 
considerable q u a n t i t y of i n t e r n a l surface i n n a t u r a l p a r t i c l e s , 
which i s a v a i l a b l e to adsorbates i n the water column. A d d i c i o n a l 
samples, i n c l u d i n g a sediment core, were taken i n the Tamar Estuary 
A surface sediment sample was p a r t i c l e f r a c t i o n a t e d using a ^3 um 
sieve and a complete isotherm was obcained f o r each f r a c t i o n . Fig. 
2 shows che h y s t e r e s i s loop f o r che coarse f r a c t i o n s (> 45 um) 
which had a surface area o f 19.0 m^/g. The f i n e f r a c t i o n (< 45 um) 
had a surface area of 14.1 m^/g and showed a s i m i l a r h y s t e r e s i s 
loop. The c l a s s i f i c a t i o n of the h y s t e r e s i s loops suggests thac 
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mg N j / g s o l i d 

0-4 0-6 0-8 

F i g . 2. The adsorpcion isocherm and hysceresis loop 
f o r a surface sediment sample. 0 ~ Adsorption; 
O - Desorption. 

the p a r t i c l e s have s l i t - s h a p e d pores w i t h pore r a d i i i n the range 
2 - 20 nm and pore volumes o f the order 20 x 10"^ m^/g. The 
r e s u l t s of the a n a l y s i s of sections of the core (which had been 
separated by a i 5 um sieve) are shovn i n Table 1. I n general 

TABLE I . Surface areas and organic carbon contents of 
a sediment core from the Tamar Estuary. 

Depth i n 
core, cm 

Grain size 
Z < 45 um 

F r a c t i o n > 45 um F r a c t i o n < 45 um Depth i n 
core, cm 

Grain size 
Z < 45 um Surface 

Area.m^/g 
Z Car­

bon 
Surface 
Area,m^g 

Z Car­
bon. 

0-2 76 10.74 5.40 10.34 3,20 
6-8 77 9.50 9.70 10.48 3.16 
11-13 76 8.40 5.70 10.20 2.45 
17-19 84 6.12 10.0 10.31 2.65 
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the f i n e f r a c t i o n had a constant surface area through the column. 
These surface areas compare reasonably w e l l w i t h a pure k a o l i n i t e 
sample ( l a s e r p a r t i c l e diameter 5 um) which gave a value of 
12.9 m^/g. They are, however, c o n s i s t e n t l y lower than an amorphous 
manganese d i o x i d e . 470 m^/g and amorphous i r o n oxides, 160 - 230 
m^/g (Crosby et^.al^. , 1983). Thus, i t appears u n l i k e l y t h a t 
ferroraanganese coatings play a s i g n i f i c a n t r o l e i n determining the 
surface areas of these p a r t i c l e s since one might have a n t i c i p a t e d 
higher values f o r the surface areas. A l t e r n a t i v e l y , o r g a n i c carbon 
may be involved i n the surface c o a t i n g . I n the f i n e f r a c t i o n the 
organic carbon decreased by about 15Z between the top and bottom 
o f the column suggesting t h a t some carbon could have been 
mi n e r a l i s e d i n the deeper anoxic zone ( i . e . below about 4 cm). 
Although the loss of t h i s amount of carbon from the p a r t i c l e 
appeared to have l i t t l e e f f e c t on the surface area. I n c o n t r a s t 
Che coarse f r a c t i o n (> 45 \jm) showed a c o n s i s t e n t decrease i n 
surface area but t h i s was not always accompanied by a systematic 
change i n the organic carbon content. However, c l o s e r i n s p e c t i o n 
o f the m a t e r i a l at the bottom o f the core showed evidence o f 
remanent organic d e t r i t u s , such as small pieces of t e r r e s t r i a l 
v e g e t a t i o n , which may have c o n t r i b u t e d to the low surface area. 
To i n v e s t i g a t e the r o l e o f the surface bound carbon a s e r i e s of 
experiments were c a r r i e d out i n which a sediment sample was 
digested w i t h 6Z H2O2 f o r v a r i o u s times, see Table 2. These r e s u l t s 

TABLE 2. The surface areas and organic carbon contents 
of a sediment digested w i t h HjOj f o r d i f f e r e n t 
times. 

D i g e s t i o n 
Time, h 

Surface 
Area, m^/g 

Z Carbon 

Uncreated 
0.5 
2.5 
4.5 
24 

12.66' 
11.22 
15.14 
17.57 
22.99 

4.53' 
4.00 
2.46 
1.21 
0.71 

The average of 4 dete r m i n a t i o n s . 
^ The average of 10 dete r m i n a t i o n s . 

show t h a t the s e l e c t i v e removal of s u r f i c i a l organic carbon leads 
to an increase i n surface area. This suggests chac the loss i s i n 
i n t e r n a l surface because the organic m a t e r i a l adsorbed from the 
water column occupies a s i g n i f i c a n t p o r t i o n of the pore space i n 
l i t h o g e n i c m a t e r i a l s . 
I n c onclusion, t h i s work i s one of the f i r s t attempts t o provide 
u r g e n t l y needed m i c r o s t r u c t u r a l i n f o r m a t i o n on e s t u a r i n e p a r t i c l e s 
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DISCUSSION 

Dr.Wanogho, U n i v e r a i t y of S t r a t h c l y d e . asked: I . Could you e x p l a i n 
why you used two d i f f e r e n t percentages of hydrogen p e r o x i d e ? Could 
the d i f f e r e n t times and percentages give d i f f e r e n t r e s u l t s ? 
Mr. T i t l c y r e p l i e d : The experiments c a r r i e d out w i t h the 6^ hydrogen 
p e r o x i d e s o l u t i o n were designed t o remove the s u r f a c e c a rbon 
g r a d u a l l y over a p e r i o d of several hours. We wished to demonstrate 
that carbonaceous coatings on p a r t i c l e s t end t o reduce t h e s u r f a c e 
a r ea. Having shown t h i s we then used the 30^ s o l u t i o n of hydrogen 
peroxide t o e f f e c t t he o x i d a t i o n i n a s h o r t e r t i m e , even so the 
o x i d a t i o n of a l l forms of organic matter was not complete. I n almost 
a l l cases there wos a r e s i s t a n t f r a c t i o n which was not o x i d i s e d . Some 
of t h i s may be organic d e t r i t u s , such as fragments of v e g e t a t i o n , but 
we need to c a r r y out f u r t h e r work on the c o n t r i b u t i o n t h i s makes t o 
the o v e r a l l surface area o f the sample. 

Mr. K i f f , H y d r a u l i c s Research L i m i t e d , asked: You quote an organic 
carbon f i g u r e of about 4^ for one of you sediments. This corresponds 
t o a volume p e r c e n t a g e o f o r g a n i c matter of about 20̂ 2̂ . Did you do 
any size gradings of sediment before and a f t e r the d e s t r u c t i o n of the 
o r g a n i c matter t o see i f the organics are attached t o the surface of 
the p a r t i c l e or e n t i r e l y or p a r t i a l l y absorbed with the p a r t i c l e s . 
Mr. T i t l e y r e p l i e d : The g r a d i n g o f sediment b e f o r e and a f t e r an 
experiment has not yet been c a r r i e d o u t . As we have a l r e a d y p o i n t 
out a n a t u r a l sediment sample contains organic matter i n three forms 
I ) as organic molecules adsorbed co p a r t i c l e surfaces; 2) as o r g a n i c 
d e t r i t u s , m a i n l y l a n d - d e r i v e d and 3) as biogenic m a t e r i a l s . I t is 
not yet possible to assess the c o n t r i b u t i o n made by each o f these 
forms t o the o v e r a l l surface area of the p a r t i c l e s . We are c u r r e n t l y 
w o r k i n g on t h i s problem, i n the f i r s t i n s t a n c e l o o k i n g at the 
c o n t r i b u t i o n made by b i o g e n i c m a t e r i a l s . I t i s t h r o u g h f u r t h e r 
experimentation of t h i s k ind t h a t we intend to unravel the r o l e t h a t 
the organic mentioned has i n determining the o v e r a l l surface area. 
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The surface c h a r a c t e r i s t i c s of e s t u a r i n e p a r t i c l e s are important i n the 
p a r t i t i o n i n g of t r a c e c o n s t i t u e n t s between the d i s s o l v e d and s o l i d phases. 
There i s an urgent need to determine the range of su r f a c e areas and 
p o r o s i t i e s ( m i c r o s t r u c t u r e s ) of the s o l i d phases found i n e s t u a r i n e systems 
as a step i n the development of a p r e c i s e understanding of n a t u r a l hetero­
geneous chemical r e a c t i v i t y . T h i s work i s concerned with the determination 
of the p a r t i c l e m i c r o s t r u c t u r e s of suspended m a t e r i a l and sediments from 
two e s t u a r i e s , as w e l l as n a t u r a l and s y n t h e t i c p r e c i p i t a t e s of iron 
oxyhydroxides. The r e s u l t s of t h i s study are d i s c u s s e d i n the context of 
the behaviour of the e s t u a r i n e t r a c e c o n s t i t u e n t s , phosphate and z i n c . 

Samples of suspended s o l i d s and a s s o c i a t e d sediments were c o l l e c t e d during 
a x i a l surveys of the Tamar Estuary, with a p a r t i c u l a r emphasis on the 
t u r b i d i t y maxioium zone. Additional samples were c o l l e c t e d from the con­
taminated, i r o n - r i c h environment of Restronguet Creek, Cornwall, South-West 
England. A l l the samples were washed with d i s t i l l e d water and oucgassed at 
room temperature. The s u r f a c e areas o f the d r i e d s o l i d s were determined 
using a gravimetric B.E.T. nitrogen adsorption technique on a C . I . Mark 2S 
vacuum microbalance. Nitrogen desorption experiments were a l s o c a r r i e d 
out and estimates of pore shape and s i z e obtained from the h y s t e r e s i s 
loops. The organic carbon content of the samples was obtained using a 
commercial combuscimetric technique ( C a r l o Erba Analyser) . Complimentary 
p a r t i c l e s i z e analyses were undertaken using a Malvern l a s e r d i f f r a c t i o n 
p a r t i c l e s i z e r . L i q u i d phase adsorption s t u d i e s i n v o l v i n g the uptake of 
e i t h e r phosphate or z i n c were c a r r i e d out under c a r e f u l l y c o n t r o l l e d con­
d i t i o n s . 

The mean p a r t i c l e diameters of the suspended s o l i d s and sediments i n the 
Tamar Estuary were i n the range 10 - 100 um for which s p e c i f i c surface 
areas of 0.2 to 0.02 m^/g can be c a l c u l a t e d . In c o n t r a s t , the surface 
areas obtained from the nitrogen adsorption s t u d i e s were i n the range 
19 - 22 m^/g for suspended s o l i d s and 9 - 1 6 m^/g for che sedimencs, see 
Table 1. 
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Sample 
Turbidi cy 
tng/i 

Suspended Sol ids Sediments Sample 
Turbidi cy 
tng/i 

Surface Area, 
m2/g 

Organic 
Carbon, Z 

Surface Area, Organic 
( i n t e n t , Z 

65 19.4 4.0 13.1 6.2 
190 22.1 3.6 16.2 4.0 
260 20.4 2.6 12.4 4.6 
270 22.5 3.2 14.8 3.8 
690 22.7 3.8 9.1 4.7 

Table 1 Surface areas and organic concents of suspended s o l i d i 
and sediments from the Taraar E s t u a r y . 

These data show the importance of Che i n t e r n a l s u r f a c e s of the p a r t i c l e s 
which i s not revealed by the l a s e r p a r t i c l e s i z i n g method. A n a l y s i s of cht 
h y s c e r e s i s loops showed Chat Che escuarine p a r t i c l e s had s l l c - s h a p e d 
mesopores of s i z e 2 to 20 nm. A c o e f f i c i e n t of v a r i a t i o n of ± lOZ was 
obtained from r e p l i c a t e analyses (5) of separate a l i g u o t s of a sample of 
suspended p a r t i c l e s with a mean surface area of 17 m^/g. S i m i l a r analyses 
of a sediment with a surface area of 8.6 m^/g gave a c o e f f i c i e n t of v a r i a t ­
ion of ± I I Z . T h i s a n a l y t i c a l p r e c i s i o n confirms that the suspended 
p a r t i c l e s have c o n s i s t e n t l y higher surface areas than those i n the s e d i -
tnents. T h i s i s due to the f a c t chac the suspended matter i s as s o c i a c e d 
with f i n e r p a r t i c l e s , which are s e l e c t i v e l y mobilised w i t h i n the t u r b i d i t y 
maximum zone. The samples had carbon concents v a r y i n g from 2 to 4Z and 
the higher carbon contents were s y s t e m a t i c a l l y a s s o c i a t e d with lower s u r ­
face a r e a s . The r o l e of the organic matter was furth e r examined by 
d i g e s t i n g the p a r t i c l e s with hydrogen peroxide (see Table 2 ) . 

Sample S i t e 

Tamar Estuary 
(Undigested) 
Tamar Estuary 
(Digested) 
Restronguet Ci 
(Undigested) 
Restronguet Cr 
(Digested) 

Suspended S o l i d s Sediments 

Surface Area, 
m2/g 

Organic 
Carbon, Z 

Surface Area,' 
tn2/g 

Organic 
Carbon, Z 

19.4 4.0 13.1 6.2 

31.5 0.5 15.4 1.0 

1 125.5 2.8 35.5 1.7 
>k 
j 184.7 0.1 

1 
60.9 0.0 

Table 2: Surface areas and organic concents of p a r t i c l e ; 
p r i o r to and following d i g e s t i o n with hydrogen 
peroxide. 
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These r e s u l t s suggest that adsorbed organic carbon occupies a f r a c t i o n of 
the pore space with a consequent reduction i n surface a r e a . 

S i m i l a r s t u d i e s were c a r r i e d out on i r o n - r i c h p a r t i c l e s which showed 
suspended s o l i d s with much l a r g e r surface areas upto 125 m^/g and 
sediments upto 35 m^/g. These r e s u l t s were compared to s e v e r a l fresh and 
aged iron oxyhydroxides which had surface areas i n the range 100 to 240 
m^/g. The iron-coated es t u a r i n e p a r t i c l e s and the p r e c i p i t a t e s showed 
both microporosity (pore s i z e 1 - 5 nm) and mesoporostty (pore s i z e 2 -
20 nm). The pores were tnainly of the narrow-necked, widebodied type 
which r e s t r i c t the desorpcion of adsorbed s p e c i e s , and which provide an 
explanation for the i r r e v e r s i b l e uptake of trace c o n s t i t u e n t s . 

These r e s u l t s demonstrate the v a r i e t y of surface a r e a s and p o r o s i t i e s 
a v a i l a b l e i n an e s t u a r i n e system and they i d e n t i f y the r o l e played by 
ph y s i c a l p a r t i c l e s e l e c t i o n processes and the chemical adsorption of 
organic matter. These processes lead to changes i n the s u r f a c e a c t i v i t y 
which d i r e c t l y a f f e c t s the rate and extent oCthe uptake of tra c e con­
stituents.The r e s u l t s are used to evaluate the behaviour of phosphate and 
zinc at p a r t i c l e s u r f a c e s and p r e d i c t i o n s are made on the p o t e n t i a l trans­
port i n the p a r t i c u l a t e phase. 
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