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THE INTERACTION OF PHOSPHATE WITH IRON OXYHYDROXIDES IN 
SIMULATED ESTUARINE CONDITIONS 
by STUART ARTHUR CROSBY, B.Sc. (Hons) 

ABSTRACT 

The uptake of phosphate onto F e ( I I ) and F e ( I I I ) derived 
i r o n oxyhydroxides was examined as a function of time using 
conditions s i m i l a r to those encountered i n n a t u r a l waters. 
The f r e s h l y p r e c i p i t a t i n g F e ( I I I ) oxyhydroxide was very 
a c t i v e and i t s adsorption behaviour was independent of pH, 
temperature and i o n i c strength. The adsorption onto f r e s h l y 
p r e c i p i t a t i n g F e ( I I ) derived oxyhydroxide was strongly 
dependent on a l l three f a c t o r s as the r a t e of uptake was 
l i m i t e d by the r a t e of oxidation and h y d r o l y s i s of F e ( I I ) . 
The aged (20 h) F e ( I I I ) p r e c i p i t a t e was i d e n t i f i e d as 
am-FeOOH and i t s adsorption behaviour was dependent on pH 
and i o n i c strength but independent of temperature i n s e a -
water. The adsorption appears to be chemisorption i n 
d i s t i l l e d water and p h y s i c a l adsorption i n seawater. K i n e t i c 
analyses were done on these adsorption p r o f i l e s and a 
r e v e r s i b l e second order r e a c t i o n was postulated to e x p l a i n 
the data. T h i s y i e l d e d r a t e constants that were dependent 
upon 1^A]Q the analyses gave a pH dependence of the 
r a t e constants which was u s e f u l for comparisons of both model 
and n a t u r a l adsorption phenomena. A s i m i l a r a n a l y s i s was 
a l s o c a r r i e d out for adsorption onto f r e s h F e ( I I ) derived 
m a t e r i a l i n seawater. A c t i v a t i o n energies were c a l c u l a t e d 
whose values supported the physical/chemical adsorption 
hypothesis. The aged F e ( I I ) derived p r e c i p i t a t e was 
i d e n t i f i e d as Y-FeOOH by various techniques and t h i s 
m a t e r i a l did not adsorb phosphate i n the n a t u r a l pH range 
due to the low pH- „ _ . 

The r a t e of c o l l o i d / p a r t i c l e formation was i n v e s t i g a t e d 
using a nephelometric technique which revealed that the up­
take of phosphate onto f r e s h l y forming p r e c i p i t a t e s was 
strongly l i n k e d to the r a t e of p a r t i c l e formation. T h i s l e d 
to a simple nomograph being developed to show the expected 
time s c a l e s for phosphate removal under varying c o n d i t i o n s . 
Good agreement was found with adsorption onto some p r e c i p i ­
t a t e s formed from n a t u r a l waters i n d i c a t i n g the importance 
of t h i s work to the understanding of e s t u a r i n e adsorption 
phenomena and to water q u a l i t y c o n t r o l . 
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1. INTRODUCTION 

1«1 P r e l i m i n a r y Remarks 

The understanding of the geochemical c y c l i n g of 

t r a c e c o n s t i t u e n t s i n n a t u r a l waters i s of importaaice to 

the development of p r e d i c t i v e models, e s p e c i a l l y those 

r e l a t e d to the f a t e of anthropogenic i n p u t s i n t o the 

environment. Each t r a c e c o n s t i t u e n t f o l l o w s a complex 

pathway through the n a t u r a l system which i s determined by 

i t s chemical and p h y s i c a l p r o p e r t i e s • The c l a r i f i c a t i o n 

of the behaviour of t r a c e c o n s t i t u e n t s and the e x t r a c t i o n 

of the r a t e s f o r n a t u r a l p r o c e s s e s i s extremely d i f f i c u l t . 

T h i s i s due mainly to the complexity of the system and 

the need to s e p a r a t e chemical and p h y s i c a l time s c a l e s , 

p l u s the c o n t i n u i n g and i n c r e a s i n g contamination o f the 

system by man. Attempts a t understanding a system w i t h 

such v a r i a b i l i t y can only succeed i f environmental 

measurements a r e coupled w i t h d e t a i l e d s t u d i e s of simpl e 

chemical systems, which sire r e l a t e d to the n a t u r a l waters 

under i n v e s t i g a t i o n . T h i s study i s designed along those 

l i n e s , so t h a t the known behaviour of a t r a c e c o n s t i t u e n t 

i s modelled u s i n g simple s o l u t i o n s i n order t h a t both 

m e c h a n i s t i c and k i n e t i c i n f o r m a t i o n i s obtained which can 

then be used i n q u a n t i t a t i v e models. 

Phosphorus i s an impwrtant t r a c e element i n the 

environment due to i t s r o l e i n b i o l o g i c a l systems, and 

i t s l i m i t e d a v a i l a b i l i t y . The major r e s e r v o i r of phosphorus 

1. 



i s as c a l c i u m phosphate [ C a 2 ( P 0 ^ ) 2 ] i n sedimentary r o c k s . 

Both t h i s and other c a l c i u m phosphates have v e r y low 

s o l u b i l i t i e s ( 1 ) so t h a t the l e v e l s of phosphorus i n 

n a t u r a l waters a r e v e r y low, u s u a l l y <1.0 umol l " ^ . 

However, l a r g e q u a n t i t i e s of s o l u b l e phosphorus compounds 

a r e being added to streams, l a k e s , e s t u a r i e s and c o a s t a l 

waters i n the forms of f e r t i l i z e r s , sewage and d e t e r g e n t s , 

a l l r e s u l t i n g from man's a c t i v i t i e s . The need t o p r e d i c t 

the f a t e of these i n p u t s has important i m p l i c a t i o n s f o r 

water q u a l i t y . The behaviour of phosphorus i n these 

waters i s thought to be l i n k e d to the presence of i r o n 

i n the water column, although the mechanisms and r a t e s of 

t h i s i n t e r a c t i o n a r e not w e l l understood. 

I r o n i s the f o u r t h most abundant element i n the e a r t h ' s 

c r u s t , and makes up approximately 5% of the c r u s t by 

weight ( 2 ) . I t i s a v i t a l b i o l o g i c a l element forming 

p o r p h y r i n complexes used i n r e s p i r a t i o n by many animals 

( 3 , 4 ) . The chemical behaviour of i r o n i n n a t u r a l w a t e r s 

i s known to be the key to the i n t e r p r e t a t i o n of many 

pr o c e s s e s i n v o l v i n g t r a c e c o n s t i t u e n t c y c l e s . The t r a n s ­

formation of F e ( I I I ) i n f r e s h waters and f r e s h waters 

e n t e r i n g marine systems i n the n e u t r a l to a l k a l i n e pH 

range u s u a l l y i n v o l v e s the appearance of a s o l i d phase 

which may have a high s o r p t i v e c a p a c i t y f o r t r a c e 

c o n s t i t u e n t s such as phosphate. The s i t u a t i o n may be 

f u r t h e r complicated by the presence of F e ( I I ) which can 

o x i d i s e and p r e c i p i t a t e under c o n d i t i o n s commonly fovind 

2. 



i n water systems to g i v e s o l i d phases w i t h d i f f e r e n t 

s u r f a c e a c t i v i t i e s . 

T h i s study attempts to i n v e s t i g a t e i n some d e t a i l 

the nature of the i r o n s o l i d s and t h e i r i n t e r a c t i o n s w i t h 

phosphate. Both n a t u r a l waters and simple chemical 

analogues have been used to e l u c i d a t e the mechanisms 

and k i n e t i c s of the i n t e r a c t i o n . What f o l l o w s i n t h i s 

f i r s t c hapter i s a review of the environmental c h e m i s t r y 

of i r o n and phosphate, but due to the v a s t l i t e r a t u r e 

on both these t o p i c s , only those a s p e c t s r e l e v a n t to 

t h i s study a r e i n c l u d e d . The chapter i s concluded w i t h 

a d e t a i l e d l i s t i n g of the s p e c i f i c o b j e c t i v e s of the work 
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1.2 Environmental Chemistry of Iron 

1*2.1 Hydrolysis of Iron and Iron Oxyhydroxides 
The h y d r o l y s i s of i r o n (5-11) and the subsequent 

p r e c i p i t a t e formation (7, 12-14) have been i n t e n s i v e l y 

studied f or a number of years. The r e a c t i o n s are 

complex and important, not only f or t h e i r i n t r i n s i c 

value, but a l s o for s o i l component i n t e r a c t i o n s (15-21), 

t h e i r occurrence and behaviour i n n a t u r a l aquatic 

environments (22-27), and as a valuable tool i n water 

q u a l i t y c o n t r o l (28-30), 

The h y d r o l y s i s of F e ( I I I ) has been reviewed by 

Sylva (6) and the r e a c t i o n can be represented by: 

x(Fe(H20)g]^'' + y H ^ O ^ f Fe^{OH)^{H^O)^ (3x-y)+ ^ ^ 

... Eq. (1.1) 

where n = the degree of hydration. 

For F e ( I I I ) h y d r o l y s i s can go beyond the uncharged 

species [ F e ( 0 H ) 3 ( H 2 0 ) ^ ] t o form anions ( 3 1 ) , 

such as [ Fe(OH)^ {H^O}^ The r e a c t i o n s have been shown 

to be dependent on pH, temperature, i o n i c strength and 

concentration of F e ( I I I ) (16^, with p r e c i p i t a t e formation 

and c h a r a c t e r a l s o depending on age ( 3 2 ) , I s o l a t i o n of 

the p r e c i p i t a t e s f or f u r t h e r study i s a l s o d i f f i c u l t as 

the cha r a c t e r and/or su r f a c e a c t i v i t y may be a l t e r e d by 

the i s o l a t i o n and subsequent treatment ( 7 ) . The 

majority of the s t u d i e s of the h y d r o l y s i s are c a r r i e d 

out a t low pH ranges so that the r a t e s of h y d r o l y s i s 

4. 



r e a c t i o n s can be measured more e a s i l y ( 7 , 13, 16, 3 3 ) . 

Much d i s c u s s i o n c e n t r e s on the p o s s i b l e formation of 

dimers and polymer c h a i n s made up from [ Fe(OH)]^'*" u n i t s 

( 9 , 31, 34) by a condensation r e a c t i o n a s shown i n 

Eq. {1.2). 

2[Fe(H20)3 O H ] ^ - ^ [ (H^O)^ Fe<^ ^Fe(H^O)^ ^+ + 2}i^O 

... Eq. (1.2^ 

The second major d i f f e r e n c e between pure chemical s t u d i e s 

of the h y d r o l y s i s and t h i s work, as w e l l as the low pH 

range, i s the low c o n c e n t r a t i o n s of i r o n that a r e used 

compared w i t h those i n the pure chemical s t u d i e s ( 7 - 1 4 ) . 

T h i s i s to model the system on the n a t u r a l environment, 

and a l l v a r i a b l e s such a s pH, temperature and i o n i c 

s t r e n g t h a r e c o n t r o l l e d so t h a t they a r e c l o s e to an e s t u a r i n e 

l i k e system. 

Very few s t u d i e s on the h y d r o l y s i s of i r o n i n 

e s t u a r i n e systems have been c a r r i e d out, but i t has been 

found t h a t the presence of suspended p a r t i c l e s w i l l 

i n c r e a s e the r a t e and e x t e n t of c o a g u l a t i o n of h y d r o l y s i s 

p roducts, and the same e f f e c t i s observed f o r i n c r e a s i n g 

s a l i n i t y ( 3 5 ) . 

The i n t r o d u c t i o n of F e ( I I ) from the sediments, mine 

streams e t c . i n t o an e s t u a r i n e water column can occur 

and may then p a r t i c i p a t e i n d i f f e r e n t r e a c t i o n s compared to 
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those of F e ( I I I ) . C o n s i d e r a t i o n of the s o l u b i l i t y 

products o f Fe(OH)2 and Fe(OH)2f which a r e approximately 

K^^ = 10~^^ and = lO"^^ r e s p e c t i v e l y , can g i v e 

i n f o r m a t i o n on the r a t e of n u c l e a t i o n f o r each s p e c i e s • 

For example, a t pH = 8 the maximum s o l u b i l i t y o f the 

two hydroxides can be c a l c u l a t e d thus: 

[Fe^'^jfOH"]^ = lO " ^ ^ and [ Fe^"^ ][ OH'] ̂  = lO"^^ 

At pH = 8 [ OH"] = l O " ^ 

[ F e ^ * ] = 10~^^ mol* l " - ^ and [Fe^"*"] = lO"^ mol. l " " ^ . 

The r a t e of n u c l e a t i o n of the p r e c i p i t a t e R i s : = 

where k = Rate constant 

S = Maximum s o l u b i l i t y 
S» = Instantaneous c o n c e n t r a t i o n , which i n t h i s 

work i s 5 X lO"^ mol. l " ^ . 
R f o r Fe(OH)^ = k (5 x lO " ^ - lO"^^) ^ 3 ^ ,^13 

R f o r Fe(OH)^ = ^' ^ ^̂'V ' ^ '"""^ = ^ k-. 
^ 1 x 10"^ 

For t h i s rough c a l c u l a t i o n k and k* can be assumed to 

be e q u i v a l e n t so t h a t the r a t e of n u c l e a t i o n f o r Fe(OH)3 

i s v e r y much f a s t e r than f o r Fe(0H)2 ( 3 6 ) . T h i s suggests 

t h a t the p r e c i p i t a t e s d e r i v e d from these two s o u r c e s 

w i l l have d i f f e r e n t morphologies and p o s s i b l y d i f f e r e n t 

s u r f a c e c h a r a c t e r i s t i c s . 

6. 



There a r e numerous c r y s t a l l i n e fo3rms of i r o n oxy-

hydroxides ( 3 7 ) , some of which have w e l l d e f i n e d and 

understood c r y s t a l s t r u c t u r e s , w h i l e o t h e r s have only 

r e c e n t l y been i d e n t i f i e d (17) and i n some c a s e s the 

p o s t u l a t e d s t r u c t u r e s have not gained complete acceptance 

( 3 8 ) . The i r o n oxyhydroxides a r e important i n a q u a t i c 

environments as they a r e thought to c o n t r o l t r a c e element 

p a r t i t i o n i n g between the d i s s o l v e d and s o l i d phases ( 3 9 ) . 

The commonest oxyhydroxide formed by the p r e c i p i t a t i o n of 

i r o n from n a t u r a l waters i s amorphous f e r r i c hydroxide, 

but t h i s w i l l age to G o e t h i t e (a-FeOOH) ( 4 0 ) . Other 

c r y s t a l l i n e forms a r e found i n a q u a t i c environments such 

as L e p i d o c r o c i t e (y-FeOOH) (41) and F e r r o x y h i t e (<5»-FeOOH) 

(42) although thes e u s u a l l y occur a s mixtures ( 4 3 - 4 4 ) . 

The removal from s o l u t i o n of the d i s s o l v e d i r o n can occur 

by e i t h e r i n o r g a n i c (45) or b a c t e r i a l p r e c i p i t a t i o n (46) 

and the c o n d i t i o n s under which p r e c i p i t a t i o n o c c u r s w i l l 

a l s o a f f e c t the oxyhydroxide formed. When p r e c i p i t a t i o n 

o c c u r s i n multicomponent media as i n an e s t u a r y , the 

presence of d i s s o l v e d o r g a n i c matter may i n h i b i t c r y s t a l 

formation ( 4 7 - 4 8 ) . The ageing to G o e t h i t e w i l l a l s o be 

r e t a r d e d , and consequently the dominant form f o r i r o n 

oxyhydroxides p r e c i p i t a t e d i n s i t u w i l l be cunorphous, 

whereas the oxyhydroxides t r a n s p o r t e d by r i v e r s i n t o an 

e s t u a r y r e s u l t i n g from c r u s t a l weathering w i l l be the 

c r y s t a l l i n e form. 

The a d s o r p t i o n behaviour of both the aunorphous and 
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c r y s t a l l i n e oxyhydroxides i s dependent on t h e i r s u r f a c e 

c h a r a c t e r i s t i c s . Most i m p o r t a j i t l y , the pH of z e r o 

p o i n t of charge (pH^ p ^ ) i s d i f f e r e n t f o r each oxy-

hydroxide ( 4 9 ) , so the a d s o r p t i o n behaviour f o r two 

oxyhydroxides may be completely opF>osite a t the sajne pH, 

w i t h one being an ajiion adsorber w h i l s t the other adsorbs 

c a t i o n s . T h i s i s a v e r y simple p i c t u r e , and c a r e must be 

taken to ensure t h a t the model i s not extended too f a r . 

Other f a c t o r s such as chemical bonding may be more 

important than s u r f a c e charge e f f e c t s so t h a t a d s o r p t i o n 

may occur a g a i n s t e l e c t r o s t a t i c r e p u l s i o n ( 5 0 ) . The 

s u r f a c e a r e a s f o r each oxyhydroxide aire a l s o d i f f e r e n t 

(41-43) w i t h amorphous oxyhydroxides having l a r g e r 

s u r f a c e a r e a s than the more c r y s t a l l i n e forms ( 4 2 ) . The 

degree and type of p o r o s i t y i s another s u r f a c e c h a r a c t e r ­

i s t i c t h a t may v a r y , but how p o r o s i t y a f f e c t s the 

a d s o r p t i o n i n s o l u t i o n i s not known. T h e r e f o r e i t i s 

important to c h a r a c t e r i s e and i d e n t i f y the oxyhydroxides 

formed i n model s o l u t i o n s to a i d the e x p l a n a t i o n of 

v a r y i n g a d s o r p t i o n phenomena, and then to examine n a t u r a l 

p r e c i p i t a t e s to seek s i m i l a r behaviour. 

1.2.2 Redox r e a c t i o n of I r o n 

I t i s important to study the o x i d a t i o n and r e d u c t i o n 

of i r o n a s e i t h e r the f e r r i c F e ( I I I ) or the f e r r o u s 

F e ( I I ) form can e x i s t i n n a t u r a l systems depending on the 

pH and the redox p o t e n t i a l Eh (51) F i g u r e 1.2.1. The 

o x i d a t i o n of F e ( I I ) to F e ( I I I ) o c c u r s r a p i d l y a t the pH 
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and Eh of most n a t u r a l waters but the presence of o r g a n i c 

matter has been shown to retajrd the o x i d a t i o n (52-53) 

which may l e a d to i n c r e a s e d c o n c e n t r a t i o n s of d i s s o l v e d 

i r o n . C o n v e r s e l y the r a t e of o x i d a t i o n has been found to 

be i n c r e a s e d by r e l a t i v e l y high c o n c e n t r a t i o n s o f phosphate, 

and the mechanism f o r t h i s r e a c t i o n i s thought to be the 

formation of a more r e a c t i v e complex between the F e ( I I ) 

and the phosphate ( 5 4 ) . These f a c t o r s show how complex 

the r e a c t i o n can be, and the o x i d a t i o n of F e ( I I ) has been 

s t u d i e d both f o r i t s i n t r i n s i c v a l u e as w e l l as f o r water 

q u a l i t y c o n t r o l i n both n a t u r a l (45, 53,. 55-56) and waste 

water (57, 58) systems. The r a t e of o x i d a t i o n i s 

dependent on pH, temperature and i o n i c s t r e n g t h (57) and 

a u t o c a t a l y s i s on f e r r i c o xide s u r f a c e s becomes important 

above pH = 7 ( 5 6 ) . However t h e r e i s s t i l l a wide range 

i n the v a l u e s f o r the r a t e c o n s t a n t s and i t i s v i t a l t h a t 

a l l p o s s i b l e v a r i a b l e s a r e c o n t r o l l e d when measuring the 

k i n e t i c s of F e ( I I ) o x i d a t i o n . 

Redox r e a c t i o n s a r e important i n the n a t u r a l e n v i r o n ­

ment, and F e ( I I ) i s p r e s e n t i n the a j i o x i c l a y e r s of 

s t r a t i f i e d l a k e s and f j o r d s ( 5 9 - 6 0 ) , i n a c i d mine streaims 

(45, 61-62) and i n the i n t e r s t i t i a l pore water of 

a n o x i c e s t u a r i n e and marine sediments ( 6 3 - 6 5 ) . The 

o x i d a t i o n of the F e ( I I ) i n pore waters may a l t e r o t h e r 

components i n the s o l u t i o n (66) amd the r e d u c t i o n o f F e ( I I I ) 

may a c t as an e l e c t r o n a c c e p t o r f o r aucsenite ( A s ( I I I ) ) , 

although the k i n e t i c s o f t h i s r e a c t i o n appeair to be slow 
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( 6 7 ) . Reduction of F e ( I I I ) w i l l occur i n the sediment 

pore water a f t e r the d i s s o l v e d o3cygen has disappeared and 

n i t r a t e and mangainese oxides have been reduced ( 6 8 ) . I t 

i s known t h a t the Eh must f a l l below Eh = +100 mV b e f o r e 

i r o n ojcyhydroxides a r e reduced ( 6 8 ) , but t h i s i s a 

d i f f i c u l t parajneter to measure p r e c i s e l y as the system 

i s not a t e q u i l i b r i u m and the Eh w i l l be chsuiging as the 

i r o n oxyhydroxides a r e reduced ( 6 9 ) . The r e d u c t i o n of 

the i r o n l e a d s to enrichment of d i s s o l v e d i r o n i n the 

pore water up to s e v e r a l o r d e r s of magnitude higher than 

t h a t i n the o v e r l y i n g water ( 6 8 ) , and t h i s may be 

r e m o b i l i s e d i f the sediment i s d i s t u r b e d . T h i s i s an 

important input of d i s s o l v e d i r o n i n t o e s t u a r i n e systems 

which has not r e c e i v e d the a t t e n t i o n i t d e s e r v e s . 

1.2.3 Adsorption Models 

Adsorption phenomena a r e v i t a l i n c o n t r o l l i n g the 

d i s t r i b u t i o n of t r a c e components between the s o l i d and 

d i s s o l v e d phases ( 3 9 ) . Numerous papers have been 

p u b l i s h e d on the behaviour of the i r o n o x i d e / s o l u t i o n 

i n t e r f a c e (18, 70-74) and a d s o r p t i o n of c a t i o n s (75-81) 

and anions (72, 82-84) a t t h i s i n t e r f a c e . Two types 

of a b s o r p t i o n mechanism have been proposed, one emphasising 

s p e c i f i c chemical i n t e r a l c t i o n s (85) and the other con­

c e n t r a t i n g on the w e l l d e f i n e d e l e c t r i c a l double l a y e r 

and charge on oxide s u r f a c e and adsorbant (70, 7 8 ) . 

R e c e n t l y both t h e s e concepts have been combined i n t o 

a s i n g l e , aiid perhaps more r e a l i s t i c model which d e s c r i b e s 
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a n i o n i c and c a t i o n i c a d s o r p t i o n p l u s 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 oxyhydroxide (71, 80-82, 8 6 ) . A 

compairison of f i v e of the a d s o r p t i o n models has been 

made ( 8 7 ) , amd i t concludes t h a t a l l of the models 

examined a r e a good f i t to the experimental d a t a . 

However, no model w i l l g i v e an unambiguous d e s c r i p t i o n 

of the a d s o r p t i o n e n e r g i e s so t h a t s e p a r a t i o n i n t o e l e c t r o ­

s t a t i c and c h e mical components i s not p o s s i b l e . The 

study of a d s o r p t i o n onto i r o n oxides i s complex due to 

the v a r i a t i o n i n the s u r f a c e p r o p e r t i e s of the oxide 

w i t h pH and i o n i c s t r e n g t h , and a l s o the f a c t t h a t 

p o r o s i t y almost c e r t a i n l y e x i s t s , w h i l e models assume a 

smooth s u r f a c e w i t h w e l l d e f i n e d s u r f a c e groups. The 

p o s s i b l e e f f e c t s of p o r o s i t y have been examined f o r 

Haematite { ( X ' F e 2 0 ^ ) (18) and two p o s s i b l e mechanisms of 

uptake a r e proposed, one dependent on the a b i l i t y o f an 

i o n to p e n e t r a t e the pores, and the o t h er based on an 

i o n ' s a f f i n i t y towards the s o l i d . The s p e c i f i c 

a d s o r p t i o n of phosphate and s u l p h a t e i s c o n s i d e r e d to 

be too l a r g e f o r p e n e t r a t i o n of the pores found i n a 

Haematite ( 1 8 ) . T h i s oxide had been degassed a t 85^C and 

t h i s type of pretreatment has been shown to a f f e c t the 

s u r f a c e c h a r a c t e r i s t i c s of oxyhydroxides (88) and d e c r e a s e 

the p o r o s i t y of c l a y s ( 8 9 ) . A l s o the connection between 

the p o r o s i t y of an i r o n oxyhydroxide i n s o l u t i o n and the 

same oxyhydroscide c o l l e c t e d and d r i e d i s not known. 

Macroporosity may w e l l be i n c r e a s e d a s the p r e c i p i t a t e i s 

c o n c e n t r a t e d and d r i e d i n t o l a r g e masses w h i l e micro-

12. 



p o r o s i t y may be d e c r e a s e d . 

Adsorption models a r e s t i l l i n the formative s t a g e , 

and the complexity of a system t h a t a model can d e s c r i b e 

i s s t i l l l i m i t e d although improvements a r e being made 

a l l the time. A r e c e n t advance i n v o l v e s the e f f e c t of 

major seawater i o n s on the s u r f a c e of G o e t h i t e (73-74) 

and t h e i r e f f e c t on the a d s o r p t i o n of heavy metals ( 9 0 ) . 

The e f f e c t of adsorbed humic a c i d s on the s u r f a c e p r o p e r t i e s 

of G o e t h i t e has a l s o been i n v e s t i g a t e d (91) but a l l t h e s e 

s t u d i e s a r e s t i l l a long way from o b t a i n i n g a model to 

f i t the a d s o r p t i o n phenomena i n a complex environment such 

as an e s t u a r y . A more s i m p l i f i e d approach has been used 

to o b t a i n i n f o r m a t i o n , i n which models a r e used to 

d e s c r i b e a d s o r p t i o n phenomena and which do not i n v o l v e 

d e t a i l e d s p e c i f i c mechanisms a t the oxide/water i n t e r f a c e . 

These a d s o r p t i o n isotherms summarize the a d s o r p t i o n 

behaviour of a system, and the equations used can be 

modified to f i t the experimental d a t a . A more d e t a i l e d 

d i s c u s s i o n o f t h e s e adsoiT^tion isotherms i s given i n 

S e c t i o n 1.3.2. 

1.2.4 I r o n i n n a t u r a l waters 

I r o n i s found i n a l l types of n a t u r a l water both 

as d i s s o l v e d and p a r t i c u l a t e forms. I t s presence i n 

seawater has been s t u d i e d f o r a number of y e a r s ( 2 2 ) , and 

i r o n oxyhydroxides were suggested as c o n t r o l s f o r heavy 

metal p a r t i t i o n i n g i n seawater over t w e n t y - f i v e y e a r s 

ago ( 3 9 ) . Most of the e a r l y r e s e a r c h on i r o n i n the 
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a q u a t i c environment c o n c e n t r a t e d on d i s t r i b u t i o n and s i m p l e 

s p e c i a t i o n s t u d i e s (92-101), and methods f o r improving the 

a n a l y t i c a l techniques f o r measuring d i s s o l v e d i r o n i n 

seawater a r e s t i l l b e i ng i n v e s t i g a t e d . Using s o l u b i l i t y 

d a t a f o r i r o n oxyhydroxides the c a l c u l a t e d d i s s o l v e d 

i r o n c o n c e n t r a t i o n should be l e s s than lO yg l " ^ a t 

the pH and Eh of most n a t u r a l w a t e r s . However, the world 

average c o n c e n t r a t i o n of d i s s o l v e d i r o n i n r i v e r water 

i s 670 \ig 1""̂  ( 1 0 2 ) , and d e s p i t e the a r b i t r a r y d e f i n i t i o n 

of d i s s o l v e d being t h a t which p a s s e s through a 0.45 ym 

f i l t e r , t h i s r e p r e s e n t s a s u b s t a n t i a l apparent super-

s a t u r a t i o n . C o n s i d e r a b l e c o n c e n t r a t i o n s of d i s s o l v e d and 

p a r t i c u l a t e i r o n and o t h er heavy metals a r e found i n 

r i v e r s and e s t u a r i e s d r a i n i n g from a r e a s of i n t e n s i v e 

and prolonged mining a c t i v i t y ( 6 1 - 6 2 ) . The c o n c e n t r a t i o n 

of d i s s o l v e d i r o n i n seawater i s much lower, and c l o s e r 

to the expected c o n c e n t r a t i o n , w i t h 5.5-32 yg l " ^ being 

found i n c o a s t a l waters ( 2 4 ) , and an average c o n c e n t r a t i o n 

of 2.7 yg 1*^ found f o r marine waters ( 1 0 3 ) . I f the 

o c e a n i c r e s i d e n c e time f o r i r o n i s c a l c u l a t e d u s i n g the 

average r i v e r c o n c e n t r a t i o n as the r a t e of input of 

d i s s o l v e d i r o n , a r e s i d e n c e time of only a few hundred 

y e a r s i s found. I f the removal of r i v e r b o r n e d i s s o l v e d 

i r o n i n the e s t u a r i n e mixing zone i s taken i n t o accoiint 

a longer o c e a n i c r e s i d e n c e time would be found ( 1 0 4 ) , but 

c o n s i d e r a t i o n of the r e s i d u a l f l u x of p a r t i c u l a t e i r o n 

has g i v e n a r e s i d e n c e time of only 30 y e a r s ( 1 0 5 ) . 
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I n r i v e r waters the dominant mechanisms f o r i r o n 

t r a n s p o r t a r e thought to be a s p r e c i p i t a t e s and co-

p r e c i p i t a t e c o a t i n g s on s o l i d s , or i n c o r p o r a t e d i n 

c r y s t a l l i n e m a t r i c e s ( 1 0 6 ) . A s m a l l amount i s i n c o r p o r a t e d 

i n o r g a n i c c o a t i n g s , w i t h only 1% i n s o l u t i o n . However, 

t h i s s m a l l f r a c t i o n of the t o t a l p l a y s a major p a r t i n 

the chemical and p h y s i c a l r e a c t i o n s t h a t occur when r i v e r 

water mixes w i t h seawater i n the e s t u a r i e s . The p h y s i c a l 

and e s p e c i a l l y the chemical changes t h a t may occur to 

the p a r t i c u l a t e m a t e r i a l as i t p a s s e s through an e s t u a r y 

a r e extremely d i f f i c u l t to study and consequently have 

r e c e i v e d l i t t l e a t t e n t i o n u n t i l r e c e n t l y (106-111). 

The n o n-conservative behaviour of i r o n i n e s t u a r i e s 

i s now w e l l known (35, 104, 110-117) and can be e x p l a i n e d 

by the d e s t a b i l i s i n g e f f e c t of the seawater c a t i o n s Mĝ"*" 

and Ca^* towards the n e g a t i v e l y charged i r o n humic 

c o l l o i d s ( 1 0 8 ) , which a r e s t a b i l i s e d by d i s s o l v e d o r g a n i c 

matter i n the r i v e r water ( 1 0 4 ) . The f a c t t h a t the i r o n 

i s i n a c o l l o i d a l form makes the c h o i c e of a 0.45 \xm pore 

s i z e as the c u t o f f inconvenient i n s t u d y i n g the removal 

p r o c e s s e s of the d i s s o l v e d f r a c t i o n . The phenomenon i s now 

accepted, but f u r t h e r work i s r e q u i r e d on the mechanism 

of f l o c c u l a t i o n and perhaps more i m p o r t a n t l y the e f f e c t of 

the f l o c c u l a t i o n on o t h er components such as heavy m e t a l s , 

phosphate and d i s s o l v e d o r g a n i c carbon. These t h r e e have 

been examined, and i t i s known t h a t only a s m a l l percentage 

( l e s s than 20%) (118) of the d i s s o l v e d o r g a n i c carbon 
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(D.O.C.) i s removed and manganese appears to behave 

independently of i r o n so t h a t i t may be a c o n s e r v a t i v e 

component ( 1 1 6 ) . T h i s can be e x p l a i n e d by the o x i d a t i o n 

s t a t e and hence s o l u b i l i t y o f manganese as i t can e x i s t 

i n the ^ 4 n ( I I ) form a t the pH and Eh found i n an estuairy 

and w i l l be t r u l y d i s s o l v e d ( 1 1 6 ) . The behaviour o f 

manganese i s a p p a r e n t l y not c o n s i s t e n t from one e s t u a r y 

to another (119-120) and d e s e r v e s s e p a r a t e study from 

i r o n . The i n t e r a c t i o n of i r o n and heavy metals i n an 

e s t u a r i n e environment has a l s o been s t u d i e d (76, 113, 

121) and t h i s important a r e a of r e s e a r c h i s r e c e i v i n g 

c o n s i d e r a b l e a t t e n t i o n . 

The a s s o c i a t i o n of i r o n w i t h humic a c i d s has been 

s t u d i e d f o r a number of y e a r s both by s o i l s c i e n t i s t s 

(122-124) and i n a l l types of n a t u r a l waters (125-128) 

and the comparison of a d s o r p t i o n behaviour i n the 

presence of humic a c i d s and i n t h e i r absence should show 

the importance of the humic a c i d s . Adsorption s t u d i e s 

without humic a c i d s a r e probably more r e p r o d u c i b l e due 

to d i f f e r e n c e s i n humic a c i d saonples and mechanisms 

without t h i s c o m p l i c a t i n g f a c t o r a r e s t i l l d i f f i c u l t 

enough to prove. 
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1.3 Environmental Chemistry of Phosphate 
1.3.1 Phosphate Chemistry 

Phosphorus can e x i s t i n many forms both i n dissolved 
or s o l i d phases, and some of these have been l i s t e d by 
previous workers (30, 129). The term "phosphates" 
encompasses orthophosphate, polyphosphates and organic 
phosphorus compounds but t h i s study i s concerned with 
dissolved orthophosphate species, and the term phosphate 
w i l l be used to represent a l l the orthophosphate species 
unless otherwise stated. 

Dissolved phosphate enters the natural water system 
by c r u s t a l weathering, s o i l erosion and b i o l o g i c a l 
t r a n s f e r , plus the anthropogenic inputs from sewage, 
detergents, f e r t i l i z e r s and other waste waters ( 1 ) . 
Phosphorus i s a b i o l i m i t i n g element, and high a v a i l a b l e 
phosphorus concentrations can lead to high a l g a l growth 
which w i l l upset the photosynthetic and re s p i r a t o r y 
a c t i v i t y balance. This may f i n a l l y r e s u l t i n eutrophication 
of the water body due to the consumption of dissolved 
oxygen i n the decomposition of the organic matter produced. 
Therefore i t i s desirable to monitor the input of nutrient 
elements into natural water systems, and to control anthro­
pogenic inputs, so that the system i s a l t e r e d as l i t t l e 
as possible. A method for removing dissolved phosphate 
from waste waters i s coprecipitation by F e ( I I I ) or 
A l ( I H ) s a l t s (130-131), but the oxides from iron and 
aluminium a l s o play a major r o l e i n phosphate f i x a t i o n i n 
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s o i l s , and the int e r a c t i o n of iron oxides and phosphate 
i n s o i l s i s an area of considerable research a c t i v i t y 
(15, 132-143). Some of the laboratory modelling 
techniques used by s o i l s c i e n t i s t s are transferable to 
the aquatic system, but usually both iron and phosphate 
concentrations are much higher i n the s o i l systems than 
are found i n natural waters, 
1>3>2 Soil/Phosphate Interactions 

The study of soil/phosphate interactions i s 
centred around the retention of phosphate by s o i l 
components, and i t s a v a i l a b i l i t y to plants as a nutrient. 
Almost a l l the experiments are of an adsorption and/or 
desorption type and data i s usually analysed by e i t h e r 
the Langmuir or Freundlich equations, although the Temkin 
equation has also been used (138), The use of adsorption 
isotherms for t h i s type of study has been reviewed by 
Barrow (140). The simple forms of these equations are: 
i ) Langmuir equation 

C 1 C ^ 
s = iTs * s — (̂ -̂ ^ 

max max 
where C = [PO^] i n solution at equilibrium 

S = [PO4] adsorbed per g adsorbant 

m̂aoc ~ Adsorption maximum where a complete 
monolayer i s formed 

k = Constant re l a t e d to bonding energy 
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i i ) Freundlich equation 
S = kC ... Eq. (1.5) 

where S, C = Defined for Eq. (1.4) 
k and n = Constsints 

i i i ) Temkin equation 

^ Cos (AC) ... Eq. (1.6) S • b max 
where R = Gas constant 

T = Temperature 
S, and C = Defined for Eq. (1.4) 
A and b = Constants 

A l l these models are based on equations derived for 
gas adsorption onto s o l i d surfaces and have no terms 
which consider i o n i c i n t e r a c t i o n s . This i s not an i d e a l 
s i t u a t i o n , and although modifications have been made 
both to the Langmuir (144) and the Freundlich (137) equa­
tions, good c o r r e l a t i o n between experimental and t h e o r e t i c a l 
data does not mean that the model i s correct. C e r t a i n l y 
when dealing with the adsorption of phosphate onto a 
charged oxide surface the Langmuir isotherm i s u n l i k e l y 
to be appropriate (143) and a model of i o n i c adsorption 
onto charged mineral surfaces has been derived (70). 

The nature of phosphate/soil interactions are such 
that slow long term adsorption i s important aind the 
formation of new c r y s t a l l i n e phases can occur (133, 145). 
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This i s of much l e s s importance i n the more dynamic 
estuairine environment so d i f f e r e n t sets of equations 
are required, and the same applies for the removal of 
phosphate from waste waters where f a s t and almost 
quantitative removal i s desired* 
1>3«3 Water Treatment 

Iron cind aluminium hydroxides have been used for a 
number of years both i n waste water treatment and 
removal of phosphate from treated sewage (131). I t i s 
known that these reactions are dependent on pH, 
phosphate to hydroxide r a t i o and a c t u a l concentration 
of phosphate and hydroxide, but the removal mechanism 
i s complex, and not yet c l e a r l y understood (146). I t 
has been shown that the removal of phosphate i s more 
e f f i c i e n t i f the F e ( I I I ) i s produced i n s i t u by the 
addition of a F e ( I I ) s a l t to the solution rather than 
d i r e c t addition of F e ( I I I ) (30). The removal by F e ( I I I ) 
i s a l s o found to be more e f f i c i e n t than aluminium although 
both coagulants follow the same mechanism (29). 

In a l l these studies the phosphate aind iron concen­
t r a t i o n s are f a r removed from those found i n an estuary 
with mg l " ^ of phosphate used compared with pg l " ^ 
phosphate for e s t u a r i e s and iron concentrations of 10 M 
or higher (131). 

For natural water systems the interactions of 
phosphate with sediments and components therein, have 
only been studied compairatively recently with both model 
and natural experiments. 
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1.3.4 Phosphate i n Natural Waters 

Phosphorus has no n a t u r a l l y occurring v o l a t i l e 
compound therefore i t i s r e s t r i c t e d to traji s f e r i n auid 
between the lithosphere and the hydrosphere ( 1 ) . 
Phosphate i n natural waters has been studied for a 
number of years (147-150) due to i t s importance i n the 
b i o l o g i c a l c y c l e s . I t i s these b i o l o g i c a l cycles which 
maike f i e l d r e s u l t s even more d i f f i c u l t to model i n the 
laboratory. Almost a l l the research i s concentrated on 
adsorption and desorption reactions connected with the 
geochemical c y c l i n g of phosphorus, and i t s a v a i l a b i l i t y 
to the biota. Similar r e s u l t s have been obtained between 
adsorption onto sediments, amd adsorption onto s o i l s , 
with a f a s t i n i t i a l uptake of phosphate.followed by a 
slower incorporation into the s o l i d phase (148, 150-151). 

The importance of phosphate as regairds eutrophication 
mainly applies to enclosed or stagnant bodies of f r e s h or 
brackish water. The sea i s generally depleted i n phosphate 
except for l o c a l i s e d cuceas of upwelling ( 1 ) * Consequently 
research has concentrated on phosphate exchange reactions 
with lake sediments (152-157) and iron i n t e r a c t i o n s are 
often included i n these reactions (156-157). The 
s t r a t i f i c a t i o n that can occur i n lakes during summer months 
makes the anoxic/oxic boundary e a s i e r to examine compared 
to sediment studies. The reduction of iron that occurs 
i n the anoxic system i s thought to be a c o n t r o l l i n g reaction 
for phosphate rel e a s e , while amorphous iron oxides i n the 
oxygenated system are suggested as adsorbers of phosphate. 
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A s i m i l a r s i t u a t i o n occurs i n the sediments where an 
oxidised surface layer o v e r l i e s sediment which becomes 
anoxic and reducing with depth. 

Recently, suspended sediment has been used as a 
mechanism for phosphate buffering i n a turbid r i v e r (158), 
and t h i s t i e s i n with work c a r r i e d out i n the estuarine 
environment where changes i n i o n i c strength add to the 
complexity of the reactions. Furthermore, the phosphate 
speciation changes with both pH and s a l i n i t y . At 

- 2-
pH = 7 i n d i s t i l l e d water both H^PO^ and HPO^ species 
are present i n about equal concentrations, whereas at 
pH = 8 i n seawater,HPO^" i s the dominant form, and above 

3" 
pH = 8«PO^" becomes increasingly important (159). 

A considerable eunount of research e f f o r t has been 
put into the study of dissolved phosphate i n the estuarine 
environment. E a r l y studies indicated the unusual behaviour 
of phosphate, i n that i t s concentration remained r e l a t i v e l y 
constant throughout the s a l i n i t y range found i n an 
estuary (147). Estuarine sediments have been shown to 
remove phosphate from solution auid some separation of 
the b i o l o g i c a l and physical/chemical reactions was possible. 
(148, 150). The exchainge of phosphate that occurred was 
thought to maintain the concentration of phosphate i n the 
water at = l.O pmol l " ^ f and s i m i l a r conclusions were 
drawn from a s e r i e s of measurements made i n the Taraar 
Estuary (160). I t was suggested that the sediment acted 
as a buffer for the phosphate i n solution, adsorbing 
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when concentrations i n the water increased, and desorbing 
when concentrations were low. Due to the known as s o c i a t i o n 
of iron with phosphate t h i s element was suggested as a 
possible c o n t r o l l i n g f a c t o r . The uptake of phosphate 
on sediments was found to be a two stage reaction (150, 
161), with a f a s t i n i t i a l uptake as physical/chemical 
adsorption occurs, followed by a slower incorporation into 
the sediment, as was found for the reaction with s o i l 
components (133, 145). The secondary slow reaction 
becomes important i n the sediments, where iron phosphate 
minerals may be formed (155, 162). This reaction w i l l 
tend to immobilise the phosphate but reduction of the iron 
oxyhydroxides to F e ( I I ) as the sediment becomes ajioxic 
may release phosphate back into solution (163). Some 
recent work both i n the f i e l d and i n laboratory simulations 
has shown some removal of phosphate from solution i n the 
low s a l i n i t y region of an estuary (114, 164-165). This 
removal i s a l s o associated with the removal of dissolved 
and c o l l o i d a l iron so that the behaviour of phosphate i n 
an estuary i s c l o s e l y connected to the behaviour of 
iron, both i n the water and the sediment. There i s 
considerable evidence for phosphate removal, as shown 
above, but for a true buffer system to e x i s t , desorption 
must occur, and i t i s much more d i f f i c u l t to show d i r e c t 
evidence of desorption from sediments to the water column. 
Laboratory experiments have shown desorption from t j ^ i c a l 
estuarine sediments (148, 161) and further evidence of 
possible buffering i s found i n a study of Hong Kong 
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harbour sediments (166). A decrease i n a v a i l a b l e 
phosphorus extracted from sediments with increasing 
s a l i n i t y i s explained as the phosphate being held by 
an iron organic phosphate complex of limited s t a b i l i t y 
which cam lose phosphate as the sediment p a r t i c l e s are 
transported down an estuary (167). 

Therefore both iron and phosphate are involved 
i n reactions where the fresh water meets the s a l i n e ; 
removal.of phosphate a l s o occurs on iron oxyhydroxides 
but may be returned to solution i f s a l i n i t y or phosphate 
concentration changes allow. Both iron and phosphate 
may be fixed i n the sediments as d i s c r e t e c r y s t a l 
phases or under anoxic conditions both may be returned 
to solution. In t h i s study the in t e r a c t i o n s of w e l l 
defined iron oxyhydroxides with phosphate under t i g h t l y 
controlled conditions w i l l be examined. The uptadce of 
phosphate w i l l be examined at the fresh water and seawater 
ends of the estuarine environment ajid pH, temperature, 
[ PO^] and [ Fe] w i l l be maintained at t y p i c a l esttiarine 
values• 
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1.4 Aims of Present Work 
The aims of t h i s research can be summarised as 

follows: 
1. To study the formation of iron oxyhydroxide 

p r e c i p i t a t e s from F e ( I I ) and F e ( I I I ) i n various 
aqueous media. This aspect to include buffered 
d i s t i l l e d water, NaCl solutions, seawater and 
natural fresh waters. 

2. To cha r a c t e r i s e and i d e n t i f y the above p r e c i p i t a t e s 
by transmission electron microscopy, MOssbauer 
spectroscopy. X-ray d i f f r a c t i o n , i n f r a - r e d 
spectroscopy and surface area measurements. 

3. To study the uptake of phosphate onto these 
p r e c i p i t a t e s under s t r i c t l y controlled conditions 
t y p i c a l l y found at e i t h e r end of the estuarine 
range, and to extract k i n e t i c information and 
mechamistic pathways for these reactions wherever 
possible. 

4. To complement the above model studies with 
examination of p r e c i p i t a t e s formed from natural 
sources of dissolved iron and to compare the 
uptaJce of phosphate onto these p r e c i p i t a t e s with 
the synthetic oxyhydroxides. 

5. To combine a l l the above into a semi-quantitative 
model which may enable predictions to be made on 
possible reactions betxveen iron and phosphate i n 
an estuarine environment. 
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2. EXPERIMENTAL METHODS 

The experimental work undertaken i n t h i s study can be 
s p l i t into two parts; the f i r s t i s concerned with the 
behaviour and ch a r a c t e r i s a t i o n of iron p r e c i p i t a t e s 
derived from either model or natural sources of i r o n . 
The experimental methods for t h i s are outlined below, 
s t a r t i n g with a study of the p r e c i p i t a t e formation, and 
progressing through p r e c i p i t a t e c h a r a c t e r i s a t i o n to 
i d e n t i f i c a t i o n . The second part i s concerned with the 
in t e r a c t i o n of both the synthetic and natural p r e c i p i t a t e s 
with dissolved phosphate. This i s i n order to inv e s t i g a t e 
the possible phosphate adsorption mechanism thought to 
occur i n estuarine waters (160, 166) and i t also has 
important implications for water q u a l i t y control (30). 
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2.1 Nephelometrv 
The formation and short term ageing of F e ( I I I ) and 

F e ( I I ) derived p r e c i p i t a t e s were studied using a 
nephelometric technique. Nephelometry i s the measurement 
of l i g h t scattered by microscopic p a r t i c l e s . For most 
water analyses an angle of s c a t t e r i n g 90^ to the incident 
ray i s used as t h i s i s l e a s t s e n s i t i v e to v a r i a t i o n i n 
p a r t i c l e s i z e (168). Turbidity measurements have been 
used to study p r e c i p i t a t i o n reactions (164, 169-170, 14) 
but l i g h t s c a t t e r i n g theory i s complicated by such 
factors as p a r t i c l e s i z e and shape, absorption, concen­
t r a t i o n and other physical or o p t i c a l anisotropics which 
makes the extraction of quantitative information extremely 
d i f f i c u l t (168). 

A recent progression i s the use of l a s e r Fraunhofer 
d i f f r a c t i o n to study the p a r t i c l e s i z e c h a r a c t e r i s t i c s 
of suspended sediments i n the t u r b i d i t y maximum of an 
estuary (171). This technique i s s t i l l i n the development 
stage but the p o s s i b i l i t y of measuring the changes i n 
p a r t i c l e s i z e d i s t r i b u t i o n as F e ( I I I ) or F e ( I I ) p r e c i p i ­
tates and f l o c c u l a t e s would add greatly to the understanding 
of these complex reactions. 

In t h i s work, the formation and subsequent 
f l o c c u l a t i o n of c o l l o i d a l iron oxyhydroxides i n model and 
natural waters were studied using a continuous flow 
system. I n i t i a l l y a batch sampling technique was t r i e d , 

but the p a r t i c l e formation from F e ( I I I ) was too rapid 
• 

and so the flow system was developed. This was then used 
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for a l l subsequent experiments with F e ( I I I ) , F e ( I I ) and 

natural forms of iron . 
The instrument used was an Aminco Fluoro-Colorimeter 

with a 4 watt U.V. lamp with maximum emitted energy a t 
36Cnm wavelength. The flow system was constructed from 
a 250ml pKJlyethylene beaker with 2 P.V,C, tubes set low 
into opposite sides to act as i n l e t and outlet points 
(Figure 2.1.1). The quartz glass 1cm,square c e l l s were 
adapted to decrease dead volume and had glass tubes fixed 
at e ither end. A Watson Marlow MHRE 200 Mk 4 p e r i s t a l t i c 
pump was used to pass..the f l u i d around the system. The 
beaker had. to be covered with black masking tape as we l l 
as the input tube otherwise s e n s i t i v i t y was greatly 
reduced. Loss of iron to the glass and p l a s t i c surfaces 
was minimised by ageing the system with an iron solution, 
and not a c t i v a t i n g the surfaces by acid washing. The 
system was rinsed s e v e r a l times with d i s t i l l e d water 
between riins, and a f t e r approximately 2 weeks use, the 
glass c e l l would be acid washed because the gradtxal b u i l d ­
up of iron was found to decrease the s e n s i t i v i t y over 
longer periods. A flow rate of approximately 5 ml s"^ 
was used which i s equivalent to a complete c y c l i n g time 
of 40 seconds. The dead volume was 26ml, and iron entered 
the sensor within 3 seconds of i n j e c t i o n into the beaker. 

A fixed speed mini magnetic s t i r r e r was used to s t i r 
the solution/suspension rapidly and pH was measured with 
an E . I . L . combination glass electrode with an E . I . L . 
model 7060 d i g i t a l pH meter. The electrode was c a l i b r a t e d 
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Figure 2.1.1. Cross-sectional diagram of flow system, 
Scale approximately h a l f actual s i z e . 
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with pH = 4 and pH = 7 buffers before each experiment, 
and the pH was plotted alongside the r e l a t i v e i n t e n s i t y 
of scattered l i g h t on a 2 pen chart recorder. The chart 
speed was varied according to the speed of reaction; 
a 5mm sec*^ speed was required for the p a r t i c l e formation 
from FeCl^ but t h i s could be reduced to 1mm sec"^ or 
10mm min"^ for the slower stages of f l o c c u l a t i o n and 
the slower p a r t i c l e formation from FeCl^^ 

A l l chemicals used were a n a l y t i c a l grade (B.D.H. 
AnalaR) e x c ^ t f o r the FeCl^ which was a reagent grade 
chemical 96% FeCl^. The i r o n concentrations were held 
close to t y p i c a l r i v e r concentrations (172) by i n j e c t i n g 
100 y l of O.IM FeCl^ or FeCl^ i n O.OIM HCl into 200 ml 
of the model or natural water to give a f i n a l concentration 
of 5 X lO"^ mol l " ^ . Model waters used were d i s t i l l e d 
water ( i n i t i a l l y without a carbonate buffer but a 2m-
equivalent buffer was required to curb the pH changes 
occurring from the addition of the a c i d i c iron solutions) 
NaCl solutions of O.l or l.OM i o n i c strength, and a r t i f i c i a l 
seawater as formulated by Kester et a l (173). The 
natural solutions were f i l t e r e d Tamar r i v e r water, 
f i l t e r e d seawater c o l l e c t e d from the Western Approaches, 
to the English Channel at s t a t i o n E l , or water from 
iron r i c h a c i d i c streams near Cadover Bridge on the r i v e r 
Plym and Carnon River, Falmouth. In the l a t t e r two cases, 
the dissolved iron was p r e c i p i t a t e d by changing the pH 
and/or i o n i c strength and no further iron was added. 
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Although the l i g h t s c a t t e r i n g properties were not examined 
i n d e t a i l , an attempt was made to obtain semi-quantitative 
information on the r e l a t i o n s h i p between r e l a t i v e i n t e n s i t y 
and iron remaining i n solution. During the f i r s t 5 minutes 
of an experiment lO ml aliquots would be removed, and 
immediately f i l t e r e d through 0.45 pm or 0.22 pm 
Millip o r e membrane f i l t e r s into standard f l a s k s containing 
1 ml of concentrated AristaR HCl to quench the p r e c i p i t a t i o n . 
This solution was then analysed for iron on an I.L.151 
Atomic Absorption Spectrophotometer i n the flame mode, 
using a lean a i r acetylene flame. This indicated that a l l 
the iron was removed from solution within one minute unless 
the pH f e l l below pH = 6. In seawater the pH could f a l l 
as low as pH = 5 and the iron would s t i l l be rapidly 
removed from solution showing the strong coagulating 
nature of the seawater ions. No difference was found 
between solutions f i l t e r e d through 0.45 pm and 0.22 pm 
f i l t e r s , but i f the i n i t i a l r i s e i n r e l a t i v e i n t e n s i t y 
i s due to c o l l o i d formation then the sampling technique 
i s too slow to extract suspensions containing the stable 
c o l l o i d . This can be judged from the timescale of the 
event which was i n the order of 5 to 10 seconds whereas 
the f i r s t aliquot was withdrawn i n 25 to 30 seconds. 
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2.2 Surface Area Measurements 
To characterise the p r e c i p i t a t e s formed, and as a 

comparison between the f e r r i c and ferrous derived material, 
surface area measurements were c a r r i e d out. An i n s i t u 
measurement was thought preferable because the p r e t r e a t -
ment required by other methods may a l t e r the surface 
c h a r a c t e r i s t i c s , and therefore a dye adsorption technique 
was t r i e d (174-175). The c a t i o n i c dye Methylene Blue 
C.I«52015 was used. 1 g samples of iron oxyhydroxide 
were precipitated from FeCl^ by the addition of l.OM 
NaOH, and ISO ml of dye solution ranging from 0.8-8.0 g l " ^ 
were added to the suspensions and shaken for 20 hours on 
an o r b i t a l shaker. The pH was maintained between pH = 6 
and pH = 8 (176) and experiments were done at room 
temperature. A 20 ml aliquot was removed from each 
solution and the iron oxyhydroxide centrifuged o f f . A 
1 ml sample of the supernatant l i q u i d was diluted to a 
known volume to enable the absorbance to be measured. 
This was done on a Corning 253 colorimeter at 610 nm 
using 1 cm p l a s t i c cuvettes with d i s t i l l e d water as the 
blank. 

No sensible r e s u l t s were obtained from t h i s method , see 
Figure 2.2.1.The s o l u b i l i t y of the dye was exceeded 
before a plateau i n the adsorption isotherm was reached 
and i t was thought that dye miscelles were being adsorbed 
rather than single dye molecules (175). The large 
surface areas that have been found for iron oxyhydroxides 
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Wt. dye adsrmg 1̂ 10"̂  
L gPeOOHi 

10.0^ 

F i g u r e 2.2.1 

as 
Eqm. cone. 
% b y wt. 

Adsorption isotherms f o r uptake of Methylene 
Blue onto i r o n oxyhydroxides. X - Aged 
0,5 h. O - Aged 24 h. 
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(80, 177) meant th a t l a r g e c o n c e n t r a t i o n s of dye had to 

be used to get complete monolayer coverage and t h i s 

c o n c e n t r a t e d dye s o l u t i o n would more e a s i l y form 

m i s c e l l e s . T h e r e f o r e t h i s method was abandoned and the 

more common B^E.T. gas a d s o r p t i o n method (178) was used. 

The main drawback of t h i s method i s i t r e q u i r e s the 

i s o l a t i o n of the p r e c i p i t a t e from s o l u t i o n , and e x a c t l y 

what r e l a t i o n s h i p t h e r e i s between the s u r f a c e a r e a of 

the i s o l a t e d p r e c i p i t a t e and t h a t i n s o l u t i o n i t i s 

i m p o s s i b l e to say. However the s u r f a c e a r e a s measured 

can be used as a comparison between the F e ( I I I ) and F e ( I I ) 

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

The s y n t h e t i c i r o n oxyhydroxides were prepared by 

adding 0.05M F e C l ^ or F e C l ^ to 5 1 of b u f f e r e d d i s t i l l e d 
—4 —1 

water, to g i v e a f i n a l c o n c e n t r a t i o n of 1 x 10 mol 1 

T h i s i s double the c o n c e n t r a t i o n used i n the a d s o r p t i o n 

experiment because t h i s enabled s u f f i c i e n t oxyhydroxide 

to be c o l l e c t e d from 15-20 1 of suspension which was the 

maximum volume p r a c t i c a b l e . The p r e c i p i t a t e s were aged 

from 1 hour to 12 days i n suspension a t 15*^0. For the 

s h o r t term ageing a l l the s o l u t i o n was c e n t r i f u g e d a t 

2000 r.p.m. i n a l a r g e volume (2.5 1) c e n t r i f u g e f o r 

10 minutes. The p r e c i p i t a t e s were washed out of the tube 

w i t h acetone to remove i n t e r n a l water and thus a r r e s t 

ageing p r o c e s s e s . F i n a l l y the p r e c i p i t a t e s were d r i e d 

under vacuum a t room temperature. Longer ageing times 

meant t h a t the p r e c i p i t a t e s were s e t t l e d out o v e r n i g h t 
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and approximately h a l f the supernatant l i q u i d was decanted 

o f f before c e n t r i f u g a t i o n and c o l l e c t i o n as above* A 

s i m i l a r procedure was used f o r n a t u r a l w a t e r s , but t h i s 

i s d e s c r i b e d i n d e t a i l i n S e c t i o n 2.5«3. 

The s u r f a c e a r e a s of the i r o n oxyhydroxides were 

measured f o r approximately 0«1 g samples u s i n g a g r a v i m e t r i c 

B.E.T. n i t r o g e n a d s o r p t i o n technique. A C . I , Mark 2B 

vacuum microbalance was used, and t h i s gave \ig to mg 

s e n s i t i v i t y u s i n g samples of 0,25 g or l e s s * 

The samples were outgassed on the vacuum microbalance 

a t room temperature f o r 24 hours a f t e r which the a d s o r p t i o n 

of n i t r o g e n a t *196^C was measured i n s e q u e n t i a l s t e p s . 
p 

Approximately 6 measurements were made a t ̂  v a l u e s from 
o 

O to O.3. P i s the p r e s s u r e of n i t r o g e n i n mm. Hg and 
p 

i s the atmospheric p r e s s u r e a l s o i n mm. Hg. W h e n = 0.3 
o 

complete monolayer coverage of the s o l i d has occurred, 
p 

and f o r higher — v a l u e s the measurements were more 
o 

w i d e l y spaced. 
The p o r o s i t y of the samples was a l s o i n v e s t i g a t e d 

by p l o t t i n g the d e s o r p t i o n c u r v e . The ex t e n t auid type 

of p o r o s i t y i s i n d i c a t e d from the h y s t e r e s i s c u r v e s , 

and longer e q u i l i b r a t i o n times, up to one hour, were 

allowed f o r the d e s o r p t i o n p o i n t s . The h y s t e r e s i s c u r v e s 

were normally p l o t t e d w i t h the a d s o r p t i o n isotherms so 

th a t the presence of p o r o s i t y was c l e a r l y shown. 
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2,3 P r e c i p i t a t e I d e n t i f i c a t i o n 

Both the phosphate a d s o r p t i o n s t u d i e s and the 

s u r f a c e a r e a measurements r e v e a l e d c o n s i d e r a b l e d i f f e r e n c e s 

i n the behaviour of F e ( I I I ) d e r i v e d compared w i t h F e ( I I ) 

d e r i v e d p r e c i p i t a t e s * To g i v e a p o s i t i v e i d e n t i f i c a t i o n 

o f the oxyhydroxides formed, a v a r i e t y of a n a l y t i c a l 

t e c h n i q u e s had to be used. The main techniques used 

were t r a n s m i s s i o n e l e c t r o n microscopy (T.E.M,), X-ray 

d i f f r a c t i o n and M5ssbauer sp>ectroscopy. I n some c a s e s 

I.R. spectroscopy and scanning e l e c t r o n microscopy 

(S.E.M.) w i t h an X-ray d i s p e r s i v e energy microprobe were 

a l s o used, 

2,3,1 T r a n s m i s s i o n E l e c t r o n Microscopv 

A P h i l i p s E.M. 300 microscope was used to examine a 

v a r i e t y of p r e c i p i t a t e s , both f r e s h l y prepared and aged 

s y n t h e t i c oxyhydroxides and n a t u r a l i r o n p r e c i p i t a t e s . 

An 80 kV a c c e l e r a t i n g v o l t a g e was used f o r a l l samples 

which were mounted on Formovar coated copper g r i d s , 

Saonples were withdrawn u s i n g c a p i l l a r y tubes and the 

water was evaporated o f f under a high powered lamp. The 

con v e c t i o n c r e a t e d i n the water drop by the heat from 

the lamp ensured a d i s p e r s e coverage, but some of the 

samples had to be u l t r a s o n i c a l l y t r e a t e d before e x t r a c t i o n . 

To prevent s a l t c r y s t a l l i s i n g from samples p r e c i p i t a t e d 

i n seawater the p r e c i p i t a t e s were s e t t l e d out, the seawater 

was decanted o f f , and the p r e c i p i t a t e washed twice i n 

d i s t i l l e d water* 

36, 



Aged p r e c i p i t a t e s were s t o r e d i n 50 ml or 100 ml 

p l a s t i c b o t t l e s f o r up to 6 months a t room temperature. 

They were aged i n the mother l i q u o r or some seawater 

p r e c i p i t a t e d oxyhydroxides were aged i n d i s t i l l e d water. 

2.3.2 X-ray D i f f r a c t i o n 

A few milligrammes of the oxyhydroxides i s o l a t e d 

f o r s u r f a c e a r e a measurements were mounted on g l a s s 

cover s l i p s u s i n g a l i t t l e D u r a f i x adhesive d i s s o l v e d i n 

acetone. The powder X-ray d i f f r a c t o g r a m s were taken 

u s i n g a H i l g e r Watts Y90 X-ray generator w i t h a S o l u s -

S c h a l l d i f f r a c t o m e t e r and a B e r t h o l d s c a l e r timer. An 

Mo K source w i t h a Zirconium f i l t e r was used, and the 
a 

r a d i a t i o n was generated a t 36 kV and 18 mA, w i t h 

3 X lO^ counts per second and a 3 second time c o n s t a n t . 

The d-spacings were c a l c u l a t e d f o r a l l v i s i b l e peaks and 

then compared w i t h a l l p o s s i b l e i r o n oxyhydroxides on 

the ASTM c a r d s . A r e f e r e n c e sample of y~FeOOH 

( L e p i d o c r o c i t e ) Sample P23 (179) was used as a compsurison 

f o r the F e ( I I ) d e r i v e d p r e c i p i t a t e s and the Lady B e r t h a 

Mine stream sediment, but the F e ( I I I ) d e r i v e d and o t h e r 

n a t u r a l p r e c i p i t a t e s were almost t o t a l l y aunorphous. 

2.3.3 Mttssbauer Spectroscopy 

A d d i t i o n a l 10-20 mg samples Iwere taken from the 

oxyhydroxides used f o r s u r f a c e a r e a measurements, and 

p l a c e d between p o l y e t h y l e n e d i s c s f i t t e d i n t o a perspex 

h o l d e r . MOssbauer s p e c t r a were recorded a t room 

temperature (293K) and i n l i q u i d n i t r o g e n (77K) on a 

MOssbauer spectrometer of s i m i l a r d e s i g n to t h a t of 

C l a r k e et^ a l . ( 1 8 0 ) . The source was 25m C i of ^^Co i n a 

37. 



rhodium matrix and measurements were made over 24 hours. 

The isomer s h i f t s ( 6) were measured a g a i n s t i r o n metal a s 

the z e r o v e l o c i t y r e f e r e n c e eind could be measured to 

±0.1mm s " ^ . Quadrapole s p l i t t i n g c o u l d be measured to 

±0.05mm s"*^. The s p e c t r a were p l o t t e d by computer but a 

l i n e of best f i t has not been drawn through the p o i n t s . 

2.3.4 A d d i t i o n a l Techniques 

Whereas the s y n t h e t i c oxyhydroxides a r e l i k e l y t o be 

one oxide only, the n a t u r a l p r e c i p i t a t e s may i n c l u d e 

v a r i o u s forms of i r o n p l u s other p r e c i p i t a t e d m a t e r i a l . 

To a i d the i d e n t i f i c a t i o n of these more complex p r e c i p i ­

t a t e s scanning e l e c t r o n microscopy and i n f r a - r e d ( I . R . ) 

s p e c troscopy have been used. 

The scanning e l e c t r o n microscope was a JEOL 35 

which was combined w i t h a L i n k Model 860 X-ray spectrum 

a n a l y s e r . T h i s X-ray d i s p e r s i v e energy probe was v e r y 

u s e f u l f o r i d e n t i f y i n g the elements p r e s e n t i n the s i n g l e 

p a r t i c l e s under examination and so prove t h a t what was 

under s c r u t i n y was an i r o n r i c h compound. T h i s f a c i l i t y 

was not a v a i l a b l e on the t r a n s m i s s i o n microscope and 

cauce must be taken t h a t p a r t i c l e s examined a r e r e p r e s e n ­

t a t i v e of t h a t sample and not unusual ones t h a t look 

" i n t e r e s t i n g " . 

Samples f o r S.E.M. were mounted on Aluminium stubs 

amd coated w i t h a t h i n l a y e r o f gold. An a c c e l e r a t i n g 

v o l t a g e of 25 kV was used but l i t t l e a d d i t i o n a l i n f o r m a t i o n 

c o u l d be gained except from the X-ray probe a n a l y s e s . 
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The major problem i n studying the p r e c i p i t a t e s on 

the S.E.M. was an i n a b i l i t y to focus c l e a r l y on the 

p a r t i c l e s . The T.E.M. c l e a r l y showed how s m a l l the 

p a r t i c l e s were, and as m a g n i f i c a t i o n was i n c r e a s e d i n the 

S.E.M. r e s o l u t i o n was decreased so t h a t the images became 

i n d i s t i n c t b efore the s m a l l p a r t i c l e s c o u l d be seen. 

Only aggregates could be seen c l e a r l y , and so no e x t r a 

i n f o r m a t i o n on the t h r e e dimensional a s p e c t s of the 

p r e c i p i t a t e s c o u l d be gained, as was o r i g i n a l l y hoped. 

I.R. spectroscopy was a l s o used to examine some of 

the p r e c i p i t a t e s by comparison w i t h c r y s t a l l i n e r e f e r e n c e s 

One or two milligraimmes were d i s p e r s e d i n 400 mg KBr 

and compressed i n t o a d i s c . The s p e c t r a were recorded 

on a P e r k i n Elmer 257 double besun spectrophotometer, 

from 4000 wavenumbers t o 400 wavenumbers. 
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2,4 Phosphate Adsorption 

The removal of phosphate from s o l u t i o n by i r o n oxy­

hydroxides was examined under v a r y i n g c o n d i t i o n s c l o s e l y 

modelled to those found a t e i t h e r extreme of the 

e s t u a r i n e environment. I n i t i a l experiments r e v e a l e d 

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

i a b l e s i n c l u d i n g r e a c t o r s i z e , temperature, pH, p r e c i p i t a t e 

age and i n i t i a l i r o n ajid phosphate c o n c e n t r a t i o n s , 

2,4,1 The Design of the Chemical Models 

I n i t i a l l y experiments were c a r r i e d out i n 500 ml 

g l a s s becdcers. T h i s was u n s a t i s f a c t o r y due to the volume 

of l i q u i d withdrawn f o r a n a l y s i s l e a v i n g l e s s than h a l f 

the i n i t i a l volume, and some i n t e r a c t i o n between the 

g l a s s s u r f a c e s and the i r o n p r e c i p i t a t e s . T h e r e f o r e the 

experiments were c a r r i e d out i n 1 1 g l a s s beakers to 

g i v e a l a r g e r volume to s u r f a c e a r e a r a t i o to reduce the 

c o n t a i n e r w a l l e f f e c t s without r e q u i r i n g s p e c i a l i s e d 

s t i r r i n g methods on v e r y l a r g e volumes of l i q u i d . A l l 

the work was c a r r i e d out i n co n s t a n t temperature rooms 

f i x e d a t 15^C ± l ^ C or 2^C ± 1°C, S o l u t i o n s of 0,05M F e C l ^ 

and FeClg were made up as f o r the nephelometric study, 

and i r o n oxyhydroxides were produced by adding 1 ml 

of s o l u t i o n to 1 1 of e i t h e r seawater f i l t e r e d through 

Whatman G F / C f i l t e r s or d i s t i l l e d water. The l a t t e r con­

t a i n e d a b u f f e r of approximately 2m e q u i v a l e n t s produced 

by d i s s o l v i n g 1,8 g of NaHCO^ i n 10 1 of d i s t i l l e d water 

and bubbling a i r through the s o l u t i o n o v e r n i g h t . Both 

t h i s s o l u t i o n and the f i l t e r e d seawater were s t o r e d 
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i n lO 1 p o l y e t h y l e n e b o t t l e s ; t h i s reduced the phosphate 

i n the seawater t o < 0 . 1 y m o l l " ^ . ( 1 8 1 ) . 

The pH range examined was pH = 6.5 to pH = 8.4 w i t h the 

pH a l t e r e d by a d d i t i o n of O.IM HCl or NaOH. For low 

pH v a l u e s "^6.5 a v a r i a b l e mixture of C 0 2 / a i r was bubbled 

through the s o l u t i o n , t h i s g i v i n g a more s t a b l e v a l u e 

than the a d d i t i o n of a c i d . The maximum v a r i a t i o n of pH 

d u r ing the course of an experiment was ±0.2 pH u n i t s i n 

seawater, and ±0.4 pH u n i t s i n d i s t i l l e d water. The pH 

was monitored w i t h an E . I . L . combination g l a s s e l e c t r o d e 

i n c o n j u n c t i o n w i t h an E . I . L . model 7060 d i g i t a l pH meter. 

The i n i t i a l d i s s o l v e d i r o n c o n c e n t r a t i o n was 

5 X 10"^ mol l " ^ . The beakers were not a c i d washed between 

experiments so t h a t l o s s e s of i r o n to the c o n t a i n e r w a l l s 

were reduced. A f t e r each experiment the bealcers were 

wiped w i t h a t i s s u e and r i n s e d thoroughly w i t h d i s t i l l e d 

water to remove e x c e s s i r o n . L e s s than 10% of i r o n was 

adsorbed f o r each experiment, and a blank s o l u t i o n to 

t e s t f o r phosphate removal i n the absence of i r o n showed 

l o s s e s below the l i m i t of d e t e c t i o n ( s e e below) over a 

2 hour p e r i o d . 

The p r e c i p i t a t e s were e i t h e r f r e s h l y formed i n s i t u 

or aged f o r 20 hours i n s i t u . F e ( I I ) s o l u t i o n s were 

s t i r r e d open to the a i r so t h a t the s o l u t i o n could be 

c o n s i d e r e d to be s a t u r a t e d throughout the course of an 

experiment. To a v o i d dust contamination a p l a s t i c f i l m 

was s t r e t c h e d over the beadcers. The phosphate was added 
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from a s t o c k s o l u t i o n of NaiH^PO^ made up by d i s s o l v i n g 

0.1361 g of dry NaH^PO^ i n 1 1 of d i s t i l l e d water s a t u r a t e d 

w i t h chloroform to 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 . I n i t i a l 

phosphate c o n c e n t r a t i o n s ranged from 0.5 to 10.O ymol l " ^ , 

w i t h the m a j o r i t y of experiments u s i n g l.O pmol l " ^ 

i n i t i a l c o n c e n t r a t i o n , t h i s being t y p i c a l f o r n a t u r a l 

waters (148, 160, 165). 

2.4.2 A n a l v t i c a l Methods 

The uptaJke of phosphate was monitored over 2 hours 

by withdrawing 25 ml a l i q u o t s i n a s y r i n g e amd f i l t e r i n g 

immediately through 0.45 pm M i l l i p o r e f i l t e r s . The 

d i s s o l v e d phosphate was measured u s i n g the Molybdenxim Blue 

complex s i n g l e reagant method on a Pye Unicam SP500 

spectrophotometer a t 850nm u s i n g lO cm c e l l s ( 1 8 2 ) . For 

i n i t i a l phosphate c o n c e n t r a t i o n s above 5.0 pmol l " ^ 

which i s the upper l i m i t of the l i n e a r rauige (183) 25 ml 

of d i s t i l l e d water were p i p e t t e d i n t o the c o n i c a l f l a s k s 

t o d i l u t e the phosphate s o l u t i o n b e f o r e reagent a d d i t i o n . 

E q u i l i b r i u m v a l u e s f o r the d i s s o l v e d phosphate were taJcen 

a f t e r 20 hours. T h i s was taken as the end p o i n t of the 

a d s o r p t i o n p r o c e s s e s under study, before d i f f u s i o n of 

adsorbed phosphorus i n t o the bulk of the oxyhydroxide 

o c c u r s ( 1 3 3 ) . 

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 the Molybdenum Blue 

method was found by t a k i n g 8 r e p l i c a t e s of a l.Opmol 1~^ 

staoidard smd was found t o be 1.9%. T h e r e f o r e the 

r e p r o d u c i b i l i t y of the sampling method i s v e r y good d e s p i t e 
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the number of s t a g e s i n v o l v e d . 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 the measurements taJcen during an a d s o r p t i o n 

experiment was found by t a k i n g a sample from 4 s e p a r a t e 

but i d e n t i c a l runs a t a f i x e d time of 10 minutes. The 

c o e f f i c i e n t of v a r i a t i o n i n c r e a s e d to 6%, only a 3 f o l d 

i n c r e a s e over the a n a l y t i c a l method d e s p i t e the added 

complexity of the system. 

The e q u i l i b r i u m c o n c e n t r a t i o n of phosphate v a r i e d 

w i t h pH but never f e l l below 0.09 vmol l " ^ even a f t e r a 

20 hour e q u i l i b r i u m time. The l i m i t of d e t e c t i o n 

was 0.02 ymol l " ^ and blanks of d i s t i l l e d water c o n t a i n e d 

no measurable phosphate. T h e r e f o r e t h i s v e r y low 

e q u i l i b r i u m c o n c e n t r a t i o n i s a r e a l measurable v a l u e , 

and i s not below the l i m i t of d e t e c t i o n f o r the a n a l y t i c a l 

method. The phosphate c o n c e n t r a t i o n s used were low, 

t h e r e f o r e c a r e had to be taken a t a l l times to a v o i d 

contamination. S o l u t i o n s were p a r t i a l l y covered whenever 

p o s s i b l e , and a l l s y r i n g e s , f l a s k s and f i l t e r h o l d e r s 

were washed i n d i l u t e HCl and r i n s e d w i t h d i s t i l l e d water 

before each experiment. Problems i n v o l v i n g phosphate de-

s o r p t i o n and/or a d s o r p t i o n from/to f i l t e r s have been 

i d e n t i f i e d ( 1 8 1 ) , but pretreatment of the f i l t e r s was 

i m p r a c t i c a b l e due to the v e r y l a r g e numbers used. 

Experiments were c a r r i e d out to i n v e s t i g a t e t h i s problem 

by measuring the phosphate i n f i l t e r e d and n o n - f i l t e r e d 

s o l u t i o n s . At the phosphate c o n c e n t r a t i o n s and pH range 

used t h e r e was no d e s o r p t i o n , and l e s s than 5% a d s o r p t i o n 
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onto the f i l t e r s was found. T h i s removal i s not 

s i g n i f i c a n t compared to the a d s o r p t i o n onto the i r o n 

oxyhydroxides, and the c o n s i s t a n c y of r e p l i c a t e runs i n 

the modelling experiments and the c o e f f i c i e n t of 

vauriation i n d i c a t e s t h a t t h i s removal i s a c o n s i s t e n t 

f a c t o r i n the experiments. A n a l y s i n g the f i l t r a t e f o r 

i r o n e i t h e r by a c o l o r i m e t r i c method (s e e S e c t i o n 2,5) 

or by Atomic Absorption showed th a t i r o n was completely 

removed from s o l u t i o n over the pH range used by the 

0,45 pm f i l t e r . The s l o w l y o x i d i s i n g F e ( I I ) s o l u t i o n s 

were an e x c e p t i o n to t h i s , as Fe^**" remained i n s o l u t i o n 

and so c o u l d p a s s through the f i l t e r . 

The measurement of phosphate a t these l e v e l s was a 

s t a n d a r d procedure i n the M.B.A. l a b o r a t o r y , and checks 

on both blank and c a l i b r a t i o n f a c t o r s were c a r r i e d out 

r e g u l a r l y . C a l i b r a t i o n s were only found to v a r y s i g n i f i 

c a n t l y when f r e s h s t o c k s o l u t i o n s of NaH^PO^ were made 

up, and the c a l i b r a t i o n f a c t o r was a l t e r e d a c c o r d i n g l y . 
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2.5 C o l l e c t i o n of N a t u r a l Samples 

The m a j o r i t y of n a t u r a l w a t e r s examined c o n t a i n e d 

predominaintly F e ( I I ) a s i t was thought t h i s form of 

i r o n would be of importance i n an e s t u a r y , but a s y e t 

had r e c e i v e d l i t t l e a t t e n t i o n . F e ( I I ) o x i d i s e s r a p i d l y 

i n a e r o b i c c o n d i t i o n s a t pH v a l u e s g r e a t e r than pH = 3, 

t h e r e f o r e c a r e was needed i n c o l l e c t i n g and u s i n g samples. 

The s e c t i o n below o u t l i n e s the s i t e s , methods of c o l l e c ­

t i o n and a n a l y s i s and the experiments c a r r i e d out u s i n g 

t h e s e n a t u r a l s o u r c e s of i r o n . 

2.5.1 Sample S i t e s and F i e l d Operations 

A c i d mine streams a t Cadover Bridge on the r i v e r 

Plym, Lady Bertha Mine ( 1 8 4 ) , P l a t e 2.1, on the r i v e r 

Tavy, both s i t e s i n Devon, and the Carnon r i v e r (61) i n 

C o r n w a l l , a l l S.W. England, F i g u r e 2.5.1 were found to 

c o n t a i n high c o n c e n t r a t i o n s of d i s s o l v e d i r o n , 90% or 

more as F e ( I I ) . Saunples were c o l l e c t e d from these 

streams i n a c i d washed 1 1 p l a s t i c b o t t l e s f i l l e d t o 

o v e r f l o w i n g and t i g h t l y stoppered to exclude a i r . 

These samples were r e t u r n e d to the l a b o r a t o r y w i t h i n two 

hours and s t o r e d a t 2°C. A l l sample was taken, 

f i l t e r e d through Whatman G F / C and then 0.45 Mm M i l l i p o r e 

f i l t e r s and used i n a phosphate a d s o r p t i o n study immediately. 

A n a l y s i s f o r t o t a l d i s s o l v e d i r o n and F e ( I I ) i r o n , and 

d i s s o l v e d phosphate was c a r r i e d out during the second 

f i l t r a t i o n s t a g e . 

The second source of n a t u r a l saimples was i n t e r s t i t i a l 
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waters teiken from e i t h e r e s t u a r i n e or mine stream 

sediments. The l a t t e r s i t e gave v e r y h i g h d i s s o l v e d i r o n 

c o n c e n t r a t i o n s and together w i t h ease o f l o c a t i n g and 

c o l l e c t i n g the saonples, t h i s s i t e was favoured over 

e s t u a r i n e s i t e s . 

I n t e r s t i t i a l samples were c o l l e c t e d by i n s i t u 

d i a l y s i s u s i n g c e l l u l o s e a c e t a t e d i a l y s i s bags mounted 

i n perspex h o l d e r s ( 1 8 5 ) . Each d i a l y s i s bag contained 

approximately 20 ml of deoxygenated d i s t i l l e d water, euid 

they were immersed i n the anoxic l a y e r of sediments f o r 

between 5 and 8 days, w i t h the o b j e c t of c o l l e c t i n g F e ( I I ) 

Very few s t u d i e s have been made on the sampling of waters 

by d i a l y s i s bags (186) but i t proved t o be a s a t i s f a c t o r y 

technique f o r t h i s study as a source of F e ( I I ) was a l l 

t h a t was r e q u i r e d . 

On r e t r i e v i n g the samplers approximately 2 1 of the, 

sediment were a l s o c o l l e c t e d to p r o t e c t the samples from 

the a i r . Beakers c o n t a i n i n g samplers and sediment were 

put i n t o a glove bag p r e v i o u s l y f l u s h e d w i t h n i t r o g e n , and 

r e t u r n e d to the l a b o r a t o r y w i t h i n two hours. There the 

bags were q u i c k l y t r a n s f e r r e d from the h o l d e r s i n t o 

deoxygenated d i s t i l l e d water, and then the outer s u r f a c e s 

r i n s e d c l e a n before c u t t i n g the bag and emptying the 

c o n t e n t s i n t o a measuring c y l i n d e r . The whole o p e r a t i o n 

a f t e r t r a n s f e r from the h o l d e r s was done under n i t r o g e n , 

and the measuring c y l i n d e r s were t i g h t l y stoppered and 

s t o r e d i n a f r i d g e . These samples were always used w i t h i n 
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48 hours of c o l l e c t i o n , and were not used i f signs of 
oxidation were app)arent, i . e . an orange p r e c i p i t a t e 
c o l l e c t i n g at the bottom of the c y l i n d e r . Usually 2 or 3 
bags were combined i n 1 cylinder to give between 40 and 

60 mis of sajnple. A small aliquot of t h i s was 
analysed (see Section 2^5.2) the r e s t used i n modelling 
experiments (see Section 2,5.3). 
2.5.2 A n a l y t i c a l Methods 

The a n a l y s i s of the natural samples i s discussed 
here under a sep>arate heading as there are. additional 
f a c t o r s and problems that have to be taken into account 
when analysing these natural waters rather than the 
chemically simpler model solutions. 

Phosphate was measured using the Molybdenum Blue 
complex s i n g l e reagent method (183). There were no 
additional problems for t h i s method, provided that the 
very v a r i a b l e phosphate concentrations i n the streams 
and more e s p e c i a l l y the i n t e r s t i t i a l sajnples did not 
exceed the lineair range of the method. When t h i s was the 
case, the samples were di l u t e d with d i s t i l l e d water p r i o r 
to a n a l y s i s , and for some i n t e r s t i t i a l samples a 25 fold 
d i l u t i o n was required. 

Dissolved t o t a l Fe and F e ( I I ) were measured using 
the Ferrozine reagent method (187) on a Pye Unicam SP500 
spectrophotometer with 1 cm c e l l s at 560 nm. The measure­
ment of t o t a l dissolved iron i s straightforward, and for 
the measurement of iron i n some i n t e r s t i t i a l samples an 
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80 fold d i l u t i o n with d i s t i l l e d water was required* The 
a n a l y s i s of F e ( I I ) presents problems both i n sample 
haindling and a l s o the s p e c i f i c i t y of the measurement. 
Natural waters may contain both F e ( I I I ) and F e ( I I ) iron, 
and the complexation of F e ( I I ) may disturb the F e ( I l ) / F e ( I I I ) 
equilibrium (188). However, the F e ( I I I ) i s usually i n 
a c o l l o i d a l form (189) and i t s conversion to F e ( I I ) 
w i l l therefore involve a heterogeneous process that i s 
l i k e l y to be slow (190). The dissolved organic matter 
w i l l a l s o i n t e r a c t with the F e ( I I ) (52) so that organic 
matter can reduce F e ( I I I ) even under oxidising conditions 
(190). From these considerations the Ferrozine method 
was thought to be s u i t a b l e for F e ( I I ) a n a l y s i s , with 
the a c i d i f i c a t i o n and reduction steps omitted, and 
absorbance readings taken a f t e r 5 minutes of reagent 
addition. A comparison between the 2,2' B i p y r i d y l 
colorimetric and ix)larographic methods of measuring F e ( I I ) 
i n natural waters has found good agreement (190) and checks 
on the measurement of F e ( I I ) i n an excess of F e ( I I I ) 
showed neg l i g i b l e reduction of the F e ( I I I ) a f t e r lO 
minutes provided the a c i d i f i c a t i o n step was omitted. 
2.5.3 Preparation of Models and P r e c i p i t a t e s 

The natural sources of i r o n were used both for 
phosphate adsorption experiments and a l s o p r e c i p i t a t e 
c h a r a c t e r i s a t i o n studies. The most important consideration 
for these studies was r e s t r i c t i n g the concentrations to 
the l e v e l s controlled i n the models. The solutions were 
f i r s t used i n the phosphate adsorption experiments, and 
then the p r e c i p i t a t e s formed were examined to compare 
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with the synthetic p r e c i p i t a t e s . 

The stream waters contained dissolved iron l e v e l s 
close to those used i n the model adsorption experiments, 
and no addition or d i l u t i o n was c a r r i e d out. The phosphate 
l e v e l s were v a r i a b l e , but tended to be lower than those 
used i n models so that additional phosphate was added, as 
in the model experiments, before the iron was pr e c i p i t a t e d . 
The pH was increased by adding O.IM NaOH and the p r e c i p i ­
tates formed rapidly, and removal of phosphate was 
monitored as before. Further experiments were c a r r i e d 

; out by increasing the i o n i c strength of the seimple a t the 
same time as increasing pH. This was done by adding 
200 ml of a concentrated solution of NaCl and MgSO^ 
dissolved i n f i l t e r e d seawater,'->to 800 ml of stream water. 
22 g of NaCl was added d i r e c t l y to 200 ml of seawater 
and then 8 g of MgSO^ dissolved i n a l i t t l e d i s t i l l e d 
water was c a r e f u l l y added to t h i s solution. This gave a 

concentrated seawater emalogue with normal concentration 
+ — 2+ 2— 

of Na , C I , Mg and SO^ and other ions depleted when 
added to the stream water. 

Almost a l l the experiments involved f r e s h l y forming 
p r e c i p i t a t e s but a few were c a r r i e d out on p r e c i p i t a t e s 
aged for 20 hours as a comparison with the model. 

The i n t e r s t i t i a l samples contained high l e v e l s of 
iron and phosphate so that 20 ml could be inj e c t e d into 
1 1 of seawater or buffered d i s t i l l e d water to give 
comparable iron concentrations. The solutions contained 
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l.O or 2.0 ymol l " ^ of additional phosphate, amd the 
removal was monitored as before with the i n t e r s t i t i a l 
phosphate taken into account. Again, the majority of 
experiments involved f r e s h l y forming p r e c i p i t a t e s but 
a few experiments examined the uptcJce onto aged p r e c i p i ­
tates derived from i n t e r s t i t i a l waters. 

I t was not possible to obtain s u f f i c i e n t p r e c i p i t a t e 
from the i n t e r s t i t i a l saanples for surface area a n a l y s i s , 
X-ray d i f f r a c t i o n or Mttssbauer spectroscopy, but the 
p r e c i p i t a t e s were examined under the electron microscope. 

For the stream waters, 30 1 of the iron r i c h water 
were c o l l e c t e d , f i l t e r e d and the iron precipitated out 
by increasing the pH. For one sample which was r i c h i n 
organic matter the iron was p r e c i p i t a t e d out by the 
addition of a concentrated NaCl solution. The t o t a l 
i o n i c strength was thus r a i s e d by 0,07M and the p r e c i p i t a t e 
formed within 36 hours at 15^C. Once the iron had been 
removed from solution, i t was i s o l a t e d and dried i n the 
same way as for the synthetic p r e c i p i t a t e s . 
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3. RESULTS AND DISCUSSION 

This , the major chapter of the study, i s large i n 
content because of the need to integrate the two i n t e r ­
r e l a t e d aspects of the study, namely the nature of the 
ir o n oxyhydroxide s o l i d s and the response of phosphate 
to those s o l i d s . The f i r s t section describes the 
c h a r a c t e r i s a t i o n studies undertaken on both natural and 
synthetic iron oxyhydroxides. The second section 
describes t h e i r oxidation and p r e c i p i t a t i o n behaviour 
under simulated natural conditions using nephelometry* 
This aspect then i n t e r f a c e s with the f i n a l section on 
phosphate adsorption since the appearance and nature 
of the s o l i d phase controls the chemistry of the dissolved 
component. 
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3.1 P r e c i p i t a t e Characterisation 
3.1.1 Surface Area Measurements 

The surface area of an adsorbant i s one of the major 
v a r i a b l e s encountered i n adsorption studies. Numerous 
measurements have been made on the s p e c i f i c surface areas 
of amorphous and c r y s t a l l i n e iron oxyhydroxides and various 
techniques have been developed and modified to t r y ajid 
improve the accuracy and r e p r o d u c i b i l i t y of the measurements 
In t h i s study, the d i f f i c u l t i e s encountered i n measuring 
the surface areas were exemplified by the apparent f a i l u r e 
of the dye adsorption method. I t was therefore decided 
that the more commonly used B.E.T. adsorption technique 
would be employed to give a comparison between synthetic 
and natural p r e c i p i t a t e s formed i n t h i s study and a l s o i r o n 
oxyhydroxides investigated by other workers. Unfortunately, 
there i s l i t t l e agreement i n surface areas measured by 
di f f e r e n t workers using the same technique for a we l l 
defined oxyhydroxide, and the v a r i a b i l i t y between techniques 
i s even greater, as shown i n Table 3.1. Some of the 
v a r i a b i l i t y i n the surface areas for Goethite as measured 
by B.E.T. adsorption for instance must l i e i n the 
oxyhydroxide i t s e l f , and w i l l depend on how i t was formed 
and i s o l a t e d p r i o r to being analysed. I t i s a l s o apparent 
that measurements made i n s i t u are much larger than those 
made on p r e c i p i t a t e s removed from solution. Studies on 
the weight lo s s on outgassing of iron 03cyhydroxides have 
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Table 3.1 Comparison of s p e c i f i c surface areas of 

iron oxyhydroxides 

Iron 
03cyhydroxide Method of Measurement Surface 

area . 
2 -1 m. g 

Reference 

a - FeOOH Adsorption of Ethylene 
Glycol 112 191 

I t Geometric Surface Area 
from Electron 
Microscopy 118 191 

fi Geometric Surface Area 
from Electron 
Microscopy 11-18 91 

I t B.E.T. 87 192 
t i B.E.T. 89 193 
I t B.E.T. 48 84 
I t B.E.T. 71 194 

Y - FeOOH B.E.T. 128 192 
t i B.E.T. Ar 11618^^^ 

1 1 4 ^ 3 . 6 ' 
146 

ft B.E.T. 100 195 
I t B.E.T. 171 196 
tt B.E.T. 97-121 T h i s 

work 
Amorphous 
Fe(OH)3 

B.E.T. Ar 215^^^-
17 

I t B.E.T. 215 76 
n Adsorption of Phosphate 720 197 
t i B.E.T. 182 81 
tt Negative Adsorption of 

Na* 270-335 198 

n B.E.T. Ng 320 88 
n Calculated from 

P a r t i c l e Diameter and 
Density 840 81 
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Table 3.1 - continued 

Iron 
Oxyhydroxide Method of Measurement Surface 

area 
m.2 g-1 

Reference 

Amorphous 
Fe(0H)3 

B.E.T. 159 199 

I t Negative Adsorption of Mg2+ = 700 199 
I t 

I t 

B.E.T. N^ 
B.E.T. N^ 

280 
159-234 

15 
This 
work 

(a) Measured on manually operated equipment 
(b) Measured on automatic equipment 
(c) 1 year old 
(d) 1 month old 
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shown los s of chemisorbed water (88). This has been 
shown to occur at room temperature and t h i s r e s u l t s i n 
surface decomposition which may lead to an underestimate 
of the actual s p e c i f i c surface area. Comparative studies 
on two c l a y s have shown v a r i a t i o n s i n the surface areas 
of each c l a y when a i r dried, vacuum dried and oven dried 
(89). However, care must also be exercised when using 
some of the i n s i t u techniques such as the negative 
adsorption technique which applies only to smooth non-
porous surfaces (200), an assumption that cannot be made 
for iron oxyhydroxide surfaces. 

The r e s u l t s of the s p e c i f i c surface area measurements 
for synthetic iron oxyhydroxides prepared i n t h i s study 
are included i n Table 3.1, and i t can be seen that -for 
Lepidocrocite (y-FeOOH) there i s very good agreement with 
other values and that for aanorphous f e r r i c hydroxide the 
surface area f a l l s within the considerable range of 
previous values but towards the lower end. 

The B.E.T. plots for two of the Lepidocrocite sajnples 
and two of the amorphous oxyhydroxides are given to show 
the r e p r o d u c i b i l i t y of the measurements (Figures 3.1.1-
3.1.2). The v a r i a t i o n i n surface areas due to ageing 
processes i s shown i n Table 3,2 which includes t y p i c a l 
values found for the completely c r y s t a l l i n e forms of the 
oxyhydroxides. The i n i t i a l increase i n the surface area of 
F e ( I I I ) derived p r e c i p i t a t e s from 159 m̂  g"^ to 234 m̂  g"^ 
i s e i t h e r due to a disordering of some i n i t i a l structure 
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Figure 3.1.1. B.E.T. plot for 48 h aged 
p r e c i p i t a t e s . Q- F'e(II) derived 
Lepidocrocite. • - F e ( I I I ) derived amorphous 
iron oxyhydroxide. 



10.0_ 

Figure 3.1.2 
P 

B.E.T. plots for 2 h aged ^0 
p r e c i p i t a t e s . Q- F e ( I I ) derived 
Lepidocrocite. • - F e ( I I I ) derived amorphous 
iron oxyhydroxide. 

59. 



Table 3.2 The surface areas of aged F e ( I I I ) derived 

and F e ( I I ) derived oxyhydroxides 

Ageing Time 
(hours) S p e c i f i c Surface 2 -1 Area m g Ageing Time 
(hours) 

F e ( I I I ) derived F e ( I I ) derived 

2 159 121 
48 234 120 

168 - 97 
288 173 — 

00 87(-) 

(a) As measured for c r y s t a l l i n e a-FeOOH and 
Y-FeOOH by Cabrera et a l (192) 

p 
(b) Surface areas c a l c u l a t e d from ^ against 

o 
p 

x(P -P) pi®*® standard gravimetric 
method including buoyancy corrections (217) 
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i n the p r e c i p i t a t e over a short time, or i t may be an 
a r t i f a c t i n the sampling procedure as the 48 h old 
p r e c i p i t a t e was allowed to s e t t l e i n the beakers before 
centrifugation whereas the 2 h old p r e c i p i t a t e was not. 

2 —1 2 —1 The decrease i n surface area from 234 m g to 173 m g 
i s due to some of the amorphous p r e c i p i t a t e ageing to 
Goethite and quantities of t h i s c r y s t a l l i n e form were found 
using the MOssbauer and i n f r a - r e d techniques described i n 
Sections 3.1.6 and 3.1.5 r e s p e c t i v e l y . I f the ageing 
process reaches completion the surface area would be that 

2 —1 
for Goethite, approximately 80 m g , although t h i s would 
have taken many months at the temperature and i r o n con­
centration used. 

The surface area changes on ageing for the F e ( I I } 
derived p r e c i p i t a t e s are not as complex, and t h i s i s because 
a c r y s t a l l i n e oxyhydroxide i s formed almost iimnediately. 
The decrease i n surface area over 120 h i s probably due to 
an increase i n the c r y s t a l l i t e s i z e occurring e i t h e r i n 
solution, or on c o l l e c t i o n . A l l three measurements and 
e s p e c i a l l y those for the comparatively f r e s h material are 
c l o s e to the surface areas of Lepidocrocite measured by 
other workers. 

Further information on the p r e c i p i t a t e s i s given by 
the f u l l adsorption isotherms, and the isotherms with 
h y s t e r e s i s loops, where present, are given for each 
p r e c i p i t a t e studied. The isotherms for the 2 h, 48 h and 
288 h old p r e c i p i t a t e s are shown i n Figures 3.1.3, 3.1.4 
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Figure 3.1.3. B.E.T. adsorption isotherm for 2 h aged 
amorphous iron oxyhydroxide. 
O- Adsorption points. A - Desorption 

points. 
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Figure 3.1,4, 

OA 0.6 0.8 1.0 _E. 
B,E ,T . adsorption isotherm PQ 
f o r 48 h aged amorphous iron oxyhydroxide. 
O- Adsorption points. A - Desorption points 
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and 3.1.5 r e s p e c t i v e l y and they are a l l of type IV 
according to the c l a s s i f i c a t i o n of Brunauer, Deming, 
Deming ajid T e l l e r (B.D.D.T.) (201). A l l three s o l i d s are 
porous as shown by the h y s t e r e s i s loops which are type E 
according to the De Boer c l a s s i f i c a t i o n (202), and t h i s 
type of h y s t e r e s i s r e s u l t s from narrow necked wide 
bodied pores commonly c a l l e d "ink b o t t l e " pores. An 
indication of the pore s i z e d i s t r i b u t i o n i s given by the 
closure at e i t h e r end of the h y s t e r e s i s loop, and t h i s 
information i s given i n Table 3.3 for F e ( I I I ) and F e ( I I ) 
derived p r e c i p i t a t e s ; the l a t t e r W i l l be discussed below. 
The pore s i z e range for the F e ( I I I ) derived p r e c i p i t a t e s i s 
i n the mesopore range, i . e . between micro and macro, and 
the changes i n the s i z e range may itidicate changes i n the 
structure of the oxyhydroxide. Thus the decrease i n both 
the upper and lower l i m i t s i n ageing for 48 hours support 
the hypothesis that some'original structure formed within 
2 h ageing i s disrupted so that the p r e c i p i t a t e i s more 
c l o s e l y packed, and pore spaces are smaller. As the 
p r e c i p i t a t e ages the c r y s t a l structure begins to form and 
the upper l i m i t i s increased 4 or 5 f o l d as the p r e c i p i t a t e 
becomes more loosely packed. 

Isotherms for the 48 h aind 168 h old F e ( I I ) derived 
p r e c i p i t a t e s are shown i n Figures 3.1.6 and 3.1.7 respec­
t i v e l y . The isotherm for the 2 h old p r e c i p i t a t e was 
i d e n t i c a l to that shown i n Figure 3.1.6 and i s therefore 
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F i g u r e 3.1.5. B.E.T. a d s o r p t i o n isotherm ^ 
f o r 288 h aged amorphous i r o n oxyhydroxides 
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F i g u r e 3.1,6. B.E.T. a d s o r p t i o n isotherm f o r ~0 
48 h aged L e p i d o c r o c i t e . Q- Adsorption 
p o i n t s . A - Desorption p o i n t s . 
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F i g u r e 3.1,7. 

p 
Po 

B,E,T. a d s o r p t i o n isotherm f o r 168 h 
aged L e p i d o c r o c i t e . Q- Adsorption p o i n t s 
A - Desorption p o i n t s . 
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not i n c l u d e d . The isotherms a r e type I I a c c o r d i n g to the 

B»D«D«T« c l a s s i f i c a t i o n w i t h a type D h y s t e r e s i s loop u s i n g 

De Boers c l a s s i f i c a t i o n . T h i s tjrpe of h y s t e r e s i s i s 

a s s o c i a t e d w i t h e i t h e r slit-shap>ed pores or the space 

between peu r a l l e l p l a t e s £md the isotherm c l a s s i f i c a t i o n 

means t h a t t h e r e i s no upper l i m i t f o r the pore s i z e . 

T h e r e f o r e the upper l i m i t given i n T a b l e 3.3 i s probably 

low as the oxyhydroxide has a much more open s t r u c t u r e 

than the F e ( I I I ) d e r i v e d p r e c i p i t a t e s . The d e c r e a s e i n 

s u r f a c e a r e a might occur i n the lower pore s i z e s a s the 

h y s t e r e s i s loop c l o s e d e a r l i e r f o r the aged m a t e r i a l ajid 

i t i s only the l a c k o f s e n s i t i v i t y i n measuring r which 

does not show t h i s . 

Some of the n a t u r a l oxyhydroxides were a l s o i n v e s t i g a t e d 

and the r e s u l t s a r e g i v e n i n T a b l e 3.4. I t was not 

p o s s i b l e to c o l l e c t s u f f i c i e n t p r e c i p i t a t e from i n t e r s t i t i a l 

w a t ers f o r a measurement to be made but both a n a t u r a l l y 

p r e c i p i t a t e d oxyhydroxide. and oxyhydroxides p r e c i p i t a t e d 

from n a t u r a l waters r i c h i n d i s s o l v e d i r o n were used. 

The Cadover Bridge p r e c i p i t a t e produced an isotherm 

v e r y s i m i l a r to t h a t f o r the F e ( I I I ) d e r i v e d oxyhydroxide 

( F i g u r e 3.1.8) but the s u r f a c e a r e a was s l i g h t l y lower 

than f o r the amorphous s y n t h e t i c p r e c i p i t a t e s . The pore 

s i z e range was a l s o c l o s e r to t h a t f o r the more c r y s t a l l i n e 

oxyhydroxide y e t no evidence of c r y s t a l l i n i t y was observed 

by the other techniques used to c h a r a c t e r i s e the p r e c i p i ­

t a t e s . T h i s apparent emomaly i s probably due to o r g a n i c 

68. 



wt. N2 ads._m. 
g-FeOOH 

100 

Fxgure 3.1.8. B.E.T. a d s o r p t i o n isotherm 
f o r Cadover Bridge stream p r e c i p i t a t e . 
O- Adsorption p o i n t s . A- Desorption p o i n t s 
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T a b l e 3.3 The pore s i z e range of F e ( I I I ) and F e ( I I ) 

d e r i v e d p r e c i p i t a t e s 

P r e c i p i t a t e Age 

(hours) 

H y s t e r e s i s C l o s u r e 
P 
Po 

Pore s i z e 
range 
r 8 

F e ( I I I ) d e r i v e d 2 0.45 - 0.80 2 0 - 5 0 
F e ( I I I ) d e r i v e d 48 0.30 - 0.75 15 - 40 
F e ( I I I ) d e r i v e d 288 0.40 - 0.95 15 - 200 

F e ( I I ) d e r i v e d 48 0.45 - 0.95 20 - 200 
F e ( I I ) d e r i v e d 168 0.50 - 0.95 20 - 200 
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T a b l e 3.4 The a d s o r p t i o n isotherm d a t a f o r 

n a t u r a l p r e c i p i t a t e s 

P r e c i p i t a t e S.A. 
2 -1 

m g 

Isotherm 
type 
B.D.D.T. 

H y s t e r e s i s 
type 
De Boers 

Pore 
s i z e 
range 
r S 

Cadover Bridge 
stream 
p r e c i p i t a t e 141 IV E 15-200 
Lady B e r t h a 
Mine streajn 
p r e c i p i t a t e 6.4 I I D 15-200+ 
Lady Be r t h a 
Mine stream 
sediment 164 I l / l V None Non-

porous 
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matter p r e c i p i t a t e d on and w i t h the i r o n oxyhydroxide 

and t h i s has been shown to de c r e a s e the s u r f a c e aireas o f 

n a t u r a l i r o n oxyhydroxides ( 4 1 ) . T h i s p r e c i p i t a t e i s 

obtained from water c o n t a i n i n g a high c o n c e n t r a t i o n o f 

F e ( I I ) which was o x i d i s e d by bubbling a i r through the 

s o l u t i o n i n c r e a s i n g the pH, and a s s t a t e d i n the 

escperimental s e c t i o n the F e ( I I I ) produced by t h i s a c t i o n 

d i d not p r e c i p i t a t e out u n t i l the i o n i c s t r e n g t h o f the 

s o l u t i o n had been i n c r e a s e d . I t i s f e l t t h a t the 

s t a b i l i s a t i o n o f the F e ( I I I ) was due to d i s s o l v e d o r g a n i c 

matter, and t h i s may have been p r e c i p i t a t e d out toget h e r 

w i t h t h e i r o n when the i o n i c s t r e n g t h was a d j u s t e d . T h i s 

behavioixr suggests t h a t i f F e ( I I ) was to e n t e r a n a t u r a l 

water c o n t a i n i n g o r g a n i c m a t e r i a l an amorphous i r o n oxy­

hydroxide would be p r e c i p i t a t e d r a t h e r than the 

L e p i d o c r o c i t e formed i n the o r g a n i c - f r e e model s o l u t i o n s . 

The two o t h e r n a t u r a l p r e c i p i t a t e s examined both came 

from the Lady Be r t h a Mine stream and both gave s u r p r i s i n g 

r e s u l t s . T h i s stream water i s a l s o r i c h i n F e ( I I ) 

(=1.5 mg l " ^ ) and t h i s r e a d i l y p r e c i p i t a t e d from s o l u t i o n 

i f a i r was bubbled through f o r a few minutes. When the 

s u r f a c e a r e a measurement was made h a r d l y any uptake o f 
2 -1 

occ u r r e d , and the s u r f a c e a^rea i s v e r y low a t 6.4 m g 

T h i s suggests a ve r y c r y s t a l l i n e p r e c i p i t a t e , and the 

ads o r p t i o n isotherm and h y s t e r e s i s loop ( F i g u r e 3.1.9) a r e 

s i m i l a r t o those found f o r the F e ( I I ) d e r i v e d L e p i d o c r o c i t e , 

However no c r y s t a l l i n e s t r u c t u r e i s i n d i c a t e d by any of the 
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B.E.T. a d s o r p t i o n isotherm f o r Lady 
Bertha Mine stream p r e c i p i t a t e . 
O - Adsorption p o i n t s . ^ - Desorption 

p o i n t s . 
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o t h e r techniques used* and t h e r e i s no e x p l a n a t i o n f o r 

t h i s unusual p r e c i p i t a t e . 

The isotherm f o r the Lady B e r t h a streaun sediment i s 

shown i n F i g u r e 3.1.10t and t h i s i s the o n l y non-porous 

p r e c i p i t a t e examined. D e s p i t e being non-porous i t has a 

s u r f a c e a r e a o f 164 g""̂  which i s the l a r g e s t o f the 

a r e a s found f o r the n a t u r a l p r e c i p i t a t e s . The isotherm 

shape does not f i t n e a t l y i n t o any of the B.D.D.T. 

c l a s s i f i c a t i o n s and i t appears to be a h y b r i d of types 

I I and I V . Evidence of c r y s t a l l i n i t y i s given i n the 

X-ray d i f f r a c t i o n study as w i l l be shown l a t e r , but i t i s 

f e l t t h a t t h i s sediment i s a mixture c o n t a i n i n g a high 

percentage of i r o n but no s i n g l e c r y s t a l l i n e form. The 

high s u r f a c e a r e a suggests t h a t the sediment may be 

important i n the p a r t i t i o n i n g of d i s s o l v e d c o n s t i t u e n t s 

i n the mine stream and indeed high a r s e n i c l e v e l s were 

found i n t h i s sediment by X-ray f l u o r e s c e n c e ( F i g u r e 3.1.11). 

A r s e n i c i s one of the metals commercially e x t r a c t e d from 

Lady B e r t h a Mine and the stream d r a i n s some of the waste 

t i p s which a r e s t i l l b a r r e n because of t h e i r a r s e n i c 

c o n t e n t . The oxyhydroxide p r e c i p i t a t e d from the stream 

water d i d not c o n t a i n any a r s e n i c measurable by X-ray 

f l u o r e s c e n c e ( F i g u r e 3.1.12) and t h i s may i n d i c a t e the 

expected l a c k o f a c t i v i t y due to i t s s m a l l s u r f a c e a r e a , 

or t h a t the uptake onto the sediment i s a slow p r o c e s s . 

The v e r y l a r g e d i f f e r e n c e i n s u r f a c e areas, may i n d i c a t e t h a t 

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

mechanism to t h a t employed i n the l a b o r a t o r y , showing how 

important the method o f p r e c i p i t a t e formation i s t o the 
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p r e c i p i t a t e c h a r a c t e r . 

T h i s s u r f a c e a r e a study has shown some of the 

d i f f e r e n c e s between the F e ( I I ) and F e ( I I I ) d e r i v e d 

p r e c i p i t a t e s , and t h i s w i l l be u s e f u l i n the phosphate 

a d s o r p t i o n s t u d i e s i n e x p l a i n i n g some of the behaviour 

found. The compairison between s y n t h e t i c and n a t u r a l 

p r e c i p i t a t e s i n d i c a t e d the complexity found i n the n a t u r a l 

environment, but a l s o proved t h a t n a t u r a l l y o c c u r r i n g 

i r o n p r e c i p i t a t e s can have l a r g e s p e c i f i c s u r f a c e a r e a s . 

These measurements were made on p r e c i p i t a t e s removed from 

s o l u t i o n and c a r e must be taken not to use the s u r f a c e 

a r e a s found as a b s o l u t e f i g u r e s but to use them f o r 

comparative purposes only. These simple measurements have 

produced a c o n s i d e r a b l e amount of d e t a i l e d i n f o r m a t i o n on 

the i r o n oxyhydroxides but i d e n t i f i c a t i o n of the s y n t h e t i c 

and n a t u r a l p r e c i p i t a t e s cannot be made u s i n g t h i s d a t a 

a l o n e . I n the f o l l o w i n g four s e c t i o n s a v a r i e t y of 

complementary techniques a r e used to i d e n t i f y the p r e c i p i t a t e s 

3.1.2 E l e c t r o n Microscopy 

The e l e c t r o n microscope i s a v a l u a b l e t o o l used i n the 

study of s u r f a c e c h e m i s t r y , and i t s s i n g l e most remarkable 

a t t r i b u t e i s i t s v e r s a t i l i t y ( 2 0 3 ) . The v a r i e t y of 

techniques t h a t has been developed f o r the e l e c t r o n micro­

scope such as e l e c t r o n d i f f r a c t i o n . X-ray e m i s s i o n , extended 

e l e c t r o n l o s s f i n e s t r u c t u r e ( E X E L F S ) , and Z - c o n t r a s t 

images (atomic number maps), enable the elemental composition, 

bonding and c r y s t a l s t r u c t u r e of a sample to be determined. 

I n t h i s study high r e s o l u t i o n imaging u s i n g t r a n s m i s s i o n 
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e l e c t r o n microscopy (T.E.M.), one of the s i m p l e r techniques, 

i s used to examine the s y n t h e t i c and n a t u r a l i r o n oxy­

hydroxides. The e l e c t r o n micrographs show the morphology 

of each p r e c i p i t a t e and enable comparisons to be made 

between p r e c i p i t a t e s of d i f f e r e n t o r i g i n . I f an ordered 

p r e c i p i t a t e was observed an e l e c t r o n d i f f r a c t o g r a m was 

taken to i n v e s t i g a t e the c r y s t a l l i n i t y but no c l e a r p a t t e r n s 

were obtained so these have not been i n c l u d e d . T h e r e f o r e 

scanning e l e c t r o n microscopy (S.E.M.) was used to 

i n v e s t i g a t e the F e ( I I ) d e r i v e d p r e c i p i t a t e i n an attempt 

to e l u c i d a t e the t h r e e dimensional and s u r f a c e c h a r a c t e r ­

i s t i c s of the a p p a r e n t l y c r y s t a l l i n e p r e c i p i t a t e observed 

by T.E.M. The S.E.M. has an added advantage t h a t when 

i n v e s t i g a t i n g n a t u r a l p r e c i p i t a t e s the elemental composition 

can be determined u s i n g an X-ray d i s p e r s i v e energy probe. 

T h i s f a c i l i t y was not a v a i l a b l e on the t r a n s m i s s i o n 

microscope. T h i s probe i s v i t a l when studying such 

p r e c i p i t a t e s a s i t i s one of the few ways of p o s i t i v e l y 

i d e n t i f y i n g an amorphous i r o n p r e c i p i t a t e a s viewed by the 

e l e c t r o n microscope. T h i s e x t r a i n f o r m a t i o n i s r e q u i r e d 

because o f the l a r g e number o f subs t a n c e s t h a t can occur 

i n n a t u r a l p r e c i p i t a t e s which cannot be i d e n t i f i e d by 

o b s e r v a t i o n a l o n e . Care i s a l s o n e c e s s a r y when o b s e r v i n g 

s p e c i f i c samples of a n a t u r a l p r e c i p i t a t e so t h a t a 

r e p r e s e n t a t i v e s e c t i o n i s chosen whereas f o r a s y n t h e t i c 

sample o n l y the subs t a n c e s mounted should be p r e s e n t , and 

t h e s e must be i n v e s t i g a t e d r a t h e r than the unusual or 

s c a r c e o b j e c t s which aire more probably due to 
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contamination. 

The following e l e c t r o n micrographs show at l e a s t two 

views of each p r e c i p i t a t e . The f i r s t i s a general p i c t u r e 

to show a c h a r a c t e r i s t i c sample f o r each p r e c i p i t a t e 

followed by a t l e a s t one, and where necessary, two or 

three, views a t higher magnification to i n d i c a t e the 

p a r t i c l e s t r u c t u r e s i z e and shape of each oxyhydroxide. 

The p r e c i p i t a t e derived from F e ( I I I ) i n seawater i s 

shown i n P l a t e s 3.1 and 3.2. These F e ( I I I ) d erived oxy­

hydroxides have the same morphology whether they a r e 

p r e c i p i t a t e d i n seawater or d i s t i l l e d water a t high or low 

pH values and the ageing of the p r e c i p i t a t e only y i e l d s 

a more compact oxyhydroxide with no a d d i t i o n a l s t r u c t u r e 

v i s i b l e . The masses of compacted p r e c i p i t a t e csoi be 

l a r g e , 10-2O ym i n length, but when dispersed u l t r a s o n i c a l l y , 

or d i s r u p t e d by the heat generated by the lamp evaporating 

o f f the s o l u t i o n from the g r i d , the fundamental p a r t i c l e s 

a r e the same as f o r f r e s h p r e c i p i t a t e s , see P l a t e 3.2. 

The fundamental p a r t i c l e s that make up the amorphous oxy­

hydroxide appear to be small spheres ranging from 5-30 nm 

i n diameter. T h i s type of oxyhydroxide i s commonly found 

as the product of F e ( I I I ) p r e c i p i t a t i o n (11-13) and the 

s i z e of the spheres w i l l vary according to the concentrations 

of i r o n and concentration arid type of base used ( 1 3 ) . 

G e n e r a l l y the higher the i n i t i a l concentration of i r o n the 

l a r g e r the p a r t i c l e s . Whether the base i s added to an 

F e ( I I I ) s o l u t i o n , or F e ( I I I ) i s added to an a l k a l i n e s o l u t i o n 
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may a l s o a f f e c t the p a r t i c l e s i z e due to the p o s s i b i l i t y 

of l o c a l i s e d concentration e f f e c t s i f the second method 

i s used. No c r y s t a l l i n i t y was observed i n these 

p r e c i p i t a t e s even a f t e r 6 month ageing periods, and t h i s 

may be due to the low concentration of i r o n used, o r , t h a t 

storage a t room temperature r e q u i r e s even longer ageing 

periods before c r y s t a l l i n i t y can be observed by the 

e l e c t r o n microscope. The p r e c i p i t a t e i s l i k e l y to be very 

a c t i v e , and have a l a r g e s p e c i f i c s u r f a c e area because of 

i t s amorphous nature and small p a r t i c l e s i z e . A l a r g e 

s u r f a c e area was found as d i s c u s s e d i n Section 3.1.1 above 

and the adsorption a c t i v i t y w i l l be i n v e s t i g a t e d l a t e r . 

The p r e c i p i t a t e formed i n seawater from FeCl^ i s shown 

i n P l a t e s 3.3 and 3.4 and i t c o n t r a s t s with the previous 

amorphous oxyhydroxide, as c r y s t a l l i n e regions are dominant. 

The oxyhydroxide has an unusual morphology which i s most 

c l e a r l y shown i n P l a t e 3.4. The oxyhydroxide has f i l a ­

mentous p a r t i c l e s which appear to be produced by a folded 

f i l m randomly r a d i a t i n g from masses which are j o i n e d by 

the f i l a m e n t s . At very high magnification (200,000x) 

( P l a t e 3.5) the filaments stand out very c l e a r l y from what 

appears to be amorphous m a t e r i a l which cannot be r e s o l v e d 

even a t t h i s magnification, and there i s no i n t e r n a l 

s t r u c t u r e of l a y e r s v i s i b l e i n the c r y s t a l l i n e a r e a s . The 

degree of c r y s t a l l i n i t y d i d vary between p r e c i p i t a t e s but 

t h i s appeared to be independent of the media or the pH. 

Age had l i t t l e e f f e c t on the amount of c r y s t a l l i n e m a t e r i a l . 
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and even very f r e s h p r e c i p i t a t e contained a considerable 

amount of the s t r u c t u r e d oxyhydroxide. Some of the F e ( I I ) 

derived oxyhydroxides were p r e c i p i t a t e d i n the presence 

of phosphate but t h i s had no observable e f f e c t on the 

morphology of the oxyhydroxide ( P l a t e s 3.6, 3.7 and 3.8). 

The p a r t i c l e s i z e has no r e a l meaning for t h i s p r e c i p i t a t e , 

but the length of filaments i s measurable a t between 50 nm 

and 250 nm. I n an attempt to obtain a d d i t i o n a l information 

on the morphology of these p r e c i p i t a t e s , and as a f u r t h e r 

comparison with the F e ( I I I ) derived oxyhydroxides, 

scanning e l e c t r o n micrographs were taken, and these are 

shown i n P l a t e 3.9 f o r the F e ( I I I ) and P l a t e 3.10 f o r 

F e ( I I ) derived p r e c i p i t a t e s . Unfortunately, no d e t a i l e d 

information could be ex t r a c t e d but there are v i s i b l e 

d i f f e r e n c e s between the masses derived from d i f f e r e n t 

sources. The l a r g e r masses shown i n P l a t e 3.10 are 

approximately 50 jjm i n length and some "gr a i n " i s apparent 

whereas the masses f o r F e ( I I I ) derived m a t e r i a l shown i n 

P l a t e 3.9 are smaller a t 10-20 ym i n length and have a 

much smoother appeairance. Therefore i t i s l i k e l y that 

the p a r t i c l e s massed together are sm a l l e r when derived 

from F e ( I I I ) r a t h e r than F e ( I I ) , but t h i s i s no more than 

has been shown by the T.E.M. 

The c r y s t a l l i n e nature of t h i s oxyhydroxide plus the 

general l a r g e r s i z e of the p r e c i p i t a t e masses i n d i c a t e s a 

smaller surface area than that f o r the F e ( I I I ) d e r i v e d m a t e r i a l 

and t h i s was found to be so. The c r y s t a l l i n e nature a l s o 
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commonest s p e c i e s i n the sediment* These p r e c i p i t a t e 

p a r t i c l e s a re made up from spheres as i s the F e ( I I I ) 

derived m a t e r i a l , but t h e i r s i z e i s much l a r g e r , and the 

spheres do not appear to be made up from f u r t h e r u n i t s . 

The oxyhydroxides p r e c i p i t a t e d from stream waters are 

a l l very s i m i l a r , and some of the c l e a r e s t photomicro­

graphs were obtained f or the Carnon River p r e c i p i t a t e s , 

P l a t e s 3.17-3.19. The p r e c i p i t a t e again comprises of sph­

e r i c a l p a r t i c l e s but these do not appear to be as dense 

and are constructed of amorphous p r e c i p i t a t e which could 

not be resolved. The spheres are between 50 and 100 nm 

i n diameter and although no ageing study was c a r r i e d out 

these may form s i m i l a r p a r t i c l e s to those observed f o r the 

Lady.Bertha Mine stream. The general appearance i s very 

s i m i l a r to that f o r the F e ( I I I ) derived oxyhydroxide but 

with l a r g e r , l e s s compact p a r t i c l e s . These p r e c i p i t a t e s 

a r e expected to have large s u r f a c e a r e a s , and the p o s s i b l e 

presence of d i s s o l v e d organic matter c o p r e c i p i t a t i n g with 

the i r o n does not a l t e r the form of the oxyhydroxide. For 

the oxyhydroxides p r e c i p i t a t e d from i n t e r s t i t i a l waters 

there does appear to be a change i n the morphology of the 

i r o n oxyhydroxide due to organic coatings, and t h i s i s 

shown i n P l a t e s 3.20 and 3.22. The p a r t i c l e s a re again 

s p h e r i c a l but a f i l m appears to j o i n p a r t i c l e s so that the 

p a r t i c l e masses are g e n e r a l l y l a r g e r . T h i s i s the most 

d i r e c t evidence of organic m a t e r i a l i n t e r a c t i n g with the 

i r o n oxyhydroxides, and t h i s i n t e r a c t i o n i s di s c u s s e d with 
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r e s p e c t to changes i n the sur f a c e areas and degree of 

c r y s t a l l i n i t y . 

As mentioned above, i t i s v i t a l to i d e n t i f y the 

p a r t i c l e s that a r e examined under the e l e c t r o n microscope 

and t h i s has been done for the Cadover Bridge stream 

sediment. No e l e c t r o n micrographs of t h i s p r e c i p i t a t e 

have been shown as the. other p r e c i p i t a t e s gave c l e a r e r 

e l e c t r o n micrographs of the t y p i c a l p a r t i c l e s found. 

Figure 3.1.13 shows the X-ray d i s p e r s i v e energy spectrum 

for one p a r t i c l e of the stream sediment. I t c l e a r l y shows 

the predominance of i r o n i n the sediment p a r t i c l e and with 

small auooounts of aluminium, s i l i c o n , phosphorus and 

sulphur a l s o present. These four elements are not unexpected 

i n a n a t u r a l sample but some of the aluminium peak may be 

due to back s c a t t e r i n g from the stub that the sample was 

mounted on. Figure 3.1.14 shows the spectrum f o r the 

F e ( I I ) derived p r e c i p i t a t e with the two peaks of the Fe K̂ ^ 

and Fe K l i n e s with a small peak f o r the aluminium, and 

a very small peak f o r Cu, t h i s l a t t e r element a r i s i n g from 

the sample holder which i s made of b r a s s . 

The r e s u l t s of the e l e c t r o n microscopy c l e a r l y show 

the d i f f e r e n c e s i n the two s y n t h e t i c p r e c i p i t a t e s and 

enable p r e d i c t i o n s to be made about t h e i r expected behaviour. 

I n conjunction with the X-ray a n a l y s i s of the S.E.M. the 

n a t u r a l p r e c i p i t a t e s a r e i d e n t i f i e d and again p r e d i c t i v e 

behavioural information i s p o s s i b l e . 
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Figure 3.1.13. X-ray d i s p e r s i v e energy microprobe a n a l y s i s of Cadover Bridge stream sediment 
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Figure 3.1,14« X-ray d i s p e r s i v e energy microprobe a n a l y s i s of F e ( I I ) derived i r o n 
. oxyhydroxide ( L e p i d o c r o c i t e ) • 



3,1*3 X-ray D i f f r a c t i o n 
Powder X-ray d i f f r a c t i o n i s a non-destructive technique 

used to i d e n t i f y c r y s t a l l i n e powders when milligramme 

q u a n t i t i e s a r e a v a i l a b l e . The m a j o r i t y of X-ray d i f f r a c t o -

grams a r e measured using a Cu source with a wavelength 

of 1,542 but when studying i r o n oxyhydroxides a s h o r t e r 

wavelength r a d i a t i o n i s required and i n t h i s study a Mo 

source with a wavelength of 0,710 S i s used. The t a b l e s 

used to c a l c u l a t e d spacings from the 6^ values a r e 

c a l i b r a t e d with r e s p e c t to Cu K^;therefore i t i s necessary 

to convert the values obtained from the t a b l e s f o r the-

Mo wavelength r a d i a t i o n . The d spacings a r e c a l c u l a t e d 

using the Bragg equation 

X 
^ ^ 2 s i n e 

Therefore the conversion must be 

Eq. (3*1) 

d (Cu K ),0,71Q d (Mo K ) 
^ 1,542 = 

d (Mo K^) = 0.46 d (Cu K^^ 

I t i s an easy matter then to look up the d (Cu K^) 

value corresp>onding to the angle a t which a peak occurs 

on the diffractogram and c a l c u l a t e the d spacing f o r 

Mo K^. These are then compared to d spacings of v a r i o u s 

i r o n oxyhydroxides given i n the A,S.T.M. card f i l e u n t i l 

a good f i t i s found. The diffractograms f o r the s y n t h e t i c 

and n a t u r a l oxyhydroxides are shown i n the f i g u r e s 

f o l l o w i n g , and the data f o r each p r e c i p i t a t e i s tabulated 
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and compared with the data f o r the oxyhydroxide of "best 

f i t " e x t r a c t e d from the A.S.T.M. card. 

The f i r s t diffractogram (Figure 3*1.15) i s f o r aged 

F e ( I I ) derived oxyhydroxide compared with L e p i d o c r o c i t e 

and i t has 6 d i s t i n c t peaks which correspond to peaks 

i n the spectrum f o r L e p i d o c r o c i t e . The d spacings f o r 

these.peaks have been c a l c u l a t e d , and are l i s t e d i n 

Table 3.5 alongside the d spacings f o r L e p i d o c r o c i t e . 

There i s very good agreement between the values but the 

most intense peak i n the standard i s missing from the 

saunple. T h i s i s because the d i f f r a c t i o n occurs a t an 

angle l e s s than 4*̂  and the diffractogram was s t a r t e d 

a t 4° to avoid s t r a i g h t through r a d i a t i o n e f f e c t s . 

The diffractograan f o r F e ( I I I ) derived oxyhydroxide i s 

shown i n Figure 3.1.16 and t h i s does not have any strong 

d i s t i n c t peaks but has two very broad bands i n d i c a t i n g 

amorphous m a t e r i a l . There are peaks that appear above 

the background noise and these have been analysed and are 

shown i n Table 3.6. There i s moderate agreement, but 

some of the most intense d sp>acings are not present, and 

some of the peaks analysed give d spacings that do not 

correspond to those i n the standard. T h i s i d e n t i f i c a t i o n 

i s not as d e f i n i t e as that f o r the F e ( I I ) derived oxy­

hydroxide and i t i s more r e a l i s t i c to use the l a c k of 

d i s t i n c t peeiks as an i n d i c a t i o n of amorphous i r o n oxyhydroxide 

r a t h e r than to use the very weak peaJcs as a c l e a r i n d i c a t i o n 

of Goethite. 
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Figure 3.1.15, X-ray diffractograms for aged F e ( I I ) derived i r o n oxyhydroxide (lower t r a c e ) 
and a s y n t h e t i c c r y s t a l l i n e L epidocrocite (upper t r a c e ) . 



Table 3.5 Comparison of d spacings for F e ( I I ) 

derived p r e c i p i t a t e s with L e p i d o c r o c i t e 

d (Cu K ) d (Mo K^) 
S 

d 8 I n t e n s i t y 

% 

6.26 100 

6.325 6.98 3.21 3.29 90 

8.35 5.29 2.44 2.47 80 

10.70 4.14 1.91 1.94 70 

1.73 40 

13.625 3.63 1.50 1.52 40 

14.40 2.99 1.37 1.37 30 

17.35 2.58 1.19 1.19 20 

1.07 40 

(a ) Taken from A.S.T.M. card f i l e 8-98 for 

Le p i d o c r o c i t e 
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Figure 3.1.16. X-ray diffractogram for aged F e ( I I I ) derived i r o n oxyhydroxide 



Table 3.6 Comparison of d spacings f or F e ( I I I ) d erived 
p r e c i p i t a t e v/ith Goethite 

d (Cu K ) d (Mo K ) 
a 

d s I n t e n s i t y 

% 

4.97 60 
4.18 100 

6.60 6.689 (3.080) 3.36 60 
7.00 6.308 (2.904) 2.69 70 
7.90 5.593 2.575 2.58 55 
8.10 5.456 2.51 2.48 40 

:• 2.44 80 
9.20 4.808 2.214 2.25 60 
9.50 4.657 2.144 2.18 60 
9.8 4.516 2.079 2.01 20 

10.0 4.427 2.04 1.92 40 
10.2 4.341 1.999 1.80 50 
11.7 3.797 1.748 1.77 30 
11.90 3.728 1.716 1.72 70 
12.00 3.697 1.702 1.69 50 

1.66 40 

1.60 50 
13.10 3.392 1.562 1.56 65 
13.55 3.281 1.511 1.51 60 
13.80 3.223 (1.484) 1.46 40 

1.45 60 

(a) Taken from A.S.T.M. card f i l e 3.0249 

f o r Goethite 

104. 



The a n a l y s i s f o r the F e ( I I I ) derived oxyhydroxide 

h i g h l i g h t s the d i f f i c u l t i e s i n using X-ray d i f f r a c t i o n 

on amorphous or poorly c r y s t a l l i n e p r e c i p i t a t e s , and these 

problems are even worse when the n a t u r a l p r e c i p i t a t e s are 

examined. Only the diffractogram f o r the Lady Bertha Mine 

stream sediment contains peaces of s u f f i c i e n t i n t e n s i t y to 

enable d spacings to be c a l c u l a t e d (Figure 3.1.17). The 

other n a t u r a l oxyhydroxides p r e c i p i t a t e d from the Cadover 

Bridge emd Lady Bertha Mine stream waters give s i m i l a r 

diffractograms to that f o r F e ( I I I ) derived oxyhydroxide 

and are not analysed ( F i g u r e s 3.1.18 and 3.1.19). The 

problem i n the a n a l y s i s f o r the sediment i s shown i n 

Table 3.7 which compares the d spacings f o r the n a t u r a l 

p r e c i p i t a t e with those f o r Goethite (a-FeOOH) ajid 

L e p i d o c r o c i t e (y-FeOOH). The d i f f ractogram f o r yFeOOH 

i s a l s o shown i n Figure 3.1.17 to show the s i m i l a r i t y i n 

the diffractograms that i n i t i a l l y were thought to i n d i c a t e 

L e p i d o c r o c i t e . However agreement i s found for d spacings 

of both a-FeOOH and y-FeOOH and t h i s obviously makes 

i d e n t i f i c a t i o n d i f f i c u l t . Traces of both these c r y s t a l l i n e 

forms may be present, but MOssbauer spectroscopy does not 

i n d i c a t e the presence of Goethite, and i n f r a - r e d s p e c t r o ­

scopy gives a spectrum i n d i c a t i n g an amorphous p r e c i p i t a t e . 

There i s a l s o the strong p o s s i b i l i t y that the sediment 

contains c r y s t a l l i n e forms which do not contain i r o n 

and some of the d spacings obtained from the diffractogram 

do not correspond to d spacings f o r any i r o n phase. 
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Figure 3.1.17, X-ray diffractograms f or Lady Bertha Mine stream sediment (lower t r a c e ) and 
a s y n t h e t i c c r y s t a l l i n e L e p i d o c r o c i t e (upper t r a c e ) . 
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Figure 3.1.18« X-ray diffractogram for Cadover Bridge stream p r e c i p i t a t e 
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Figure 3.1.19. X-ray diffractogram f or Lady Bertha Mine stream p r e c i p i t a t e . 



Table 3.7 Comparison of d spacings f o r Lady Bertha 

Mine stream sediment with L e p i d o c r o c i t e 

and Goethite 

Y-FeOOH^^^ 

i / i ^ d S 
Lady Bertha Mine 

Sediment 
d 8 d 8 

a-FeOOH^^^ 

d 8 i / i ^ 

4.97 60 
100 6.26 4.18 100 
90 3.29 3.28 6.20 3.28 3.36 60 

2.79 7.30 2.79 2.69 70 
80 2.47 2.55 8.0 2.55. 2.58 55 

2.48 40 
2.44 80 

30 2.34 2.29 8.90 2.29 2.25 60 
2.21 9.25 2.21 2.18 60 
2.13 9.6 2.13 2.01 20 
2.00 10.2 2.00 1.92 40 

70 1.94 1.96 10.4 1.96 1.80 50 
40 1.73 1.795 11.4 1.795 1.77 30 

1.72 70 
1.68 12.15 1.68 1.69 50 
1.65 12.40 1.65 1.66 40 

l.iSO 50 
1.56 65 

40 1.52 1.515 13.65 1.515 1.51 60 
l\i46 40 
1.45 60 

30 1.37 1.375 15.0 1.375 1.37 

(a) Taken from A.S.T.M. card f i l e 8-98 
(b) Taken from A.S.T.M. card f i l e 3.-0249 
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Therefore from X-ray d i f f r a c t i o n data t h i s i r o n r i c h 

sediment c o n s i s t s of a small amount of Goethite and 

Le p i d o c r o c i t e with amorphous i r o n oxyhydroxides predorainamt 

and p o s s i b l y other u n i d e n t i f i e d c r y s t a l l i n e substances. 

The oxyhydroxides p r e c i p i t a t e d from the mine streaans 

a r e amorphous to X-rays and i t i s not p o s s i b l e to i d e n t i f y 

the p r e c i p i t a t e s using X-ray d i f f r a c t i o n . However, the 

diffractogramsshown i n Figures 3.1.18 and 3.1.19 are very 

s i m i l a r to the diffractogram f o r the F e ( I I I ) derived 

p r e c i p i t a t e showing that i n n a t u r a l waters containing 

F e ( I I ) an eonorphous oxyhydroxide i s p r e c i p i t a t e d i n i t i a l l y 

i n preference to L e p i d o c r o c i t e which i s formed i n the 

chemically simpler model s o l u t i o n s . 

X-ray d i f f r a c t i o n i s most u s e f u l when a w e l l c r y s t a l l i s e d 

s i n g l e component i s present and then the i d e n t i f i c a t i o n 

i s a u t h o r i t a t i v e . However when amorphous and/or mixed 

phases are present the a n a l y s i s i s not as h e l p f u l and other 

techniques must be used e i t h e r i n conjunction with or 

i n s t e a d of X-ray d i f f r a c t i o n , 

3.1,4 Mttssbauer Spectroscopy 

Only a few elements are MOssbauer a c t i v e and t h i s 

nuclear spectroscopic technique gives information on the 

oxid a t i o n s t a t e and chemical environment of the nucleus 

under examination (204). Iron was the f i r s t , auid i s the 

most common element to be studied using t h i s method and i t 

i s hoped that the information obtained from t h i s technique 

w i l l a i d the i d e n t i f i c a t i o n of the s y n t h e t i c and n a t u r a l 
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i r o n oxyhydroxides formed i n t h i s study. One l i m i t a t i o n 

encountered with t h i s method aurises from a l l the oxy­

hydroxides containing F e ( I I I ) . The symmetry of the d^ 

e l e c t r o n s h e l l of Fe^* can make separation of d i f f e r e n t 

compounds d i f f i c u l t (205)« e s p e c i a l l y when the chemical 

environment of the i r o n nucleus i s s i m i l a r as i s the 

case f o r oxyhydroxides. Consequently a l l the chemical 

or isomer s h i f t (6) values are very s i m i l a r at approximately 

0.4 mm s ' ^ and the e r r o r s on t h i s measurement make any 

d i f f e r e n c e s found meaningless. As there a r e only 3 or 4 

oxyhydroxides that are l i k e l y to be formed given the 

experimental conditions used, t h i s l i m i t a t i o n i s not 

s e r i o u s . Both the quadropole s p l i t t i n g (A) and the behaviour 

i n an app l i e d magnetic f i e l d of amorphous i r o n oxyhydroxide, 

Goethite (a-FeOOH), Akaganite (B-FeOOH) and L e p i d o c r o c i t e 

(y-FeOOH) a r e s u f f i c i e n t l y d i f f e r e n t , as shown i n Table 

3.8 f o r p o s i t i v e i d e n t i f i c a t i o n to be made i n most c a s e s . 

L e p i d o c r o c i t e i s perhaps the most d i f f i c u l t to p o s i t i v e l y 

i d e n t i f y as l i q u i d helium temperatures (4K) aire r e q u i r e d 

f o r magnetic hyperfine s p l i t t i n g to occur, and t h i s 

f a c i l i t y was not a v a i l a b l e . The data e x t r a c t e d from the 

s p e c t r a of s y n t h e t i c and n a t u r a l p r e c i p i t a t e s i s a l s o 

given i n Table 3.8 and each p r e c i p i t a t e w i l l be d i s c u s s e d 

i n t u r n . 

Figures 3.1.20 and 3*1.21 show the s p e c t r a f o r a 

f r e s h l y p r e c i p i t a t e d F e ( I I I ) d erived oxyhydroxide a t 293K 

and 77K r e s p e c t i v e l y . Both specti^a c o n s i s t of doublets 
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Table 3.8 Summary of M&ssbauer data between c r y s t a l l i n e F e ( I I I ) oxyhydroxides 
and 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 

Behaviour 

293K 77K 

P r e c i p i t a t e Oxide St a t e « -1 
mm s 

^ -1 mm s 
Magnetic 
f i e l d 
T 

Sta t e « .1 
mm s 

^ -1 
mm s 

Magnetic 
f i e l d 
T 

Goethite^^^ Dt-FeOOH a.f • 0.53± 
0.06 

0+0.1 36.4± 
3.7 

a . f . 0.78 + 
0.06 

- 51.5+ 
4.3 

Akaganite^^^ e-FeOOH P 0.43 + 
0.06 

0.62± 
0.06 

0 a . f . - - 46.6 + 
4.9 

Lepido­
c r o c i t e ( a) 

y-FeOOH P 0.48+ 
0.06 

0.54+ 
0.06 

0 P 0.62+ 
0.06 

0.62+ 
0.06 

0 

F e r r i -
h y d r i t e ( a ) 

5-FeOOH P - - - a . f ? 0.45± 
0.11 

O i O . l l 53.3 + 
5.1 

Amorphous 
gel (b) 

Fe(OH)3 P 0.50± 
0.01 

0.72± 
0.03 

0 P 0.62± 
0.01 

0.81± 
0.03 

0 

Fresh F e ( I I I ) 
derived 

Fe(OH)3 P 0.32± 
0.1 

0.68± 
0.05 

0 P 0.4Qt 
0.1 

0.68+ 
0.05 

0 

to 



Table 3.8 - continued 

Behaviour 
293K 77K 

P r e c i p i t a t e Oxide State 
mm s ^-1 

mm s 
Magnetic 
f i e l d 
T 

s t a t e 
mm s 

A 
mm s~ 

Magnetic 
f i e l d 
T 

Aged F e ( I I I ) 
derived 

Fe(OH)3 
/a-FeOOH 

P 0.40+ 
0.1 

0.60± 
0.05 

O a.f . 0.48± 
0.1 

0.64± 
0.05 

48.6 

Fresh F e ( I I ) 
derived 

Y-FeOOH - - - - P 0.36± 
0.1 

0.54± 
0.05 

0 

Aged F e ( I I ) 
derived Y-FeOOH - - - - P 0.40 + 

0.1 
0.56± 
0.05 

0 

Lady Bertha 
Mine - - - - P 0.44± 

0.1 
0.74± 
0.05 

O 

Lady Bertha 
Mine 
sediment 

- - - - P 0.46± 
0.1 

0.76+ 
0.05 

0 

Cadover 
stream P 0.44 

0.1 
0.70 
0.05 

0 — — — -



Table 3.8 - continued 

Precipitate Oxide 

Behaviour 

Precipitate Oxide 
293K 77K 

Precipitate Oxide State _ i ^ -1 Magnetic 
mm s" mm s" f i e l d 

T 
State -1 ^ -1 Magnetic 

mm s" mm s" f i e l d 
T 

Cadover 
stream 
sediment 

p 0.44± 0.76± 0 
0.1 0.05 

p 0.32± 0.72± 0 
0.1 0.05 

(a) Data taken from Rossiter and Hodgson (206) 
(b) Data taken from Coey and Readman (207) 

Abbreviations 6 = Isomer Shift 
A = Quadropole S p l i t t i n g 
p = Paramagnetic 

a.f. = Antiferromagnetic 
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Figure 3.1.20. Mttssbauer spectrum of freshly precipitated F e ( I I I ) derived iron oxyhydroxide at 293K. 
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Figure 3,1.21. Mttssbauer spectrum of freshly precipitated F e ( I I I ) derived iron oxyhydroxide at 77K. 



with an isomer s h i f t of approximately 0.4 mm s"^ which 
i s expected for the Fe"^* nucleus. The absence of hjrper-
fine s p l i t t i n g at 77K means that a-FeOOH, B-FeOOH and 
6-FeOOH cam be discounted and as thi s precipitate i s 
known to be X-ray amorphous the ide n t i f i c a t i o n can be 
taken no further. 

Figures 3.1.22 and 3.1.23 are for a s i m i l a r l y derived 
precipitate which has been aged in solution, and although 
the spectrum at 293K i s almost identical to Figures 3.1.20 
and 3.1.21 when the temperature i s decreased to 77K 
hyperfine s p l i t t i n g can be seen, and a magnetic f i e l d of 
48.6T i s measured. This spectrum has a complicated 
structure with the peaks collapsing towards the centre 
probably because of the small p a r t i c l e s i z e . The 
variation in the peak heights i s also due to the small 
p a r t i c l e s i z e , and also because i t i s a mixed oxyhydroxide 
containing up to 30% Goethite with the remainder being, 
amorphous F e ( I I I ) gel. The baseline for the spectrum 
measured at 293K i s much more scattered than those i n 
Figures 3.1.20 and 3.1.21 and this i s almost ce r t a i n l y due 
to the Goethite which i s antiferromagnetic at room 
temperature and would therefore give hyperfine s p l i t t i n g . 

The spectra for F e ( I I ) derived precipitates are very 
simil a r , and only those measured at 77K are shown. Figure 
3.1.24 i s for a fresh precipitate, and Figure 3.1.25 for 
an aged precipitate. Both are doublets with 6 values at 
%0.4 ram s"^ indicating that they are F e ( I I I ) oxyhydroxides, 
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Figure 3.1.25. Mttssbauer spectrum for aged F e ( I I ) derived iron oxyhydroxide at 77K. 



The spectra show no signs of hyperfine s p l i t t i n g , and 
therefore are either sonorphous iron oxyhydroxides or 
Lepidocrocite. From infra-red and X-ray d i f f r a c t i o n data, 
the l a t t e r i s identified and so the M5ssbauer data does 
not contradict t h i s i d e n t i f i c a t i o n . The spectra for F e ( I I ) 
derived oxyhydroxides are different from those for F e ( I I I ) 
derived oxyhydroxides as the quadropole s p l i t t i n g (A) values 
for F e ( I I ) derived precipitates are 0.54-0.56 ram s"^ com­
pared with 0.64-0.68 mm s"^ for F e ( I I I ) derived precipitates 
These figures are lower than those for pure 'Goethite or 
Lepidocrocite because of the small p a r t i c l e s i z e . 

The natural iron r i c h precipitates a l l gave spectra 
indicating the presence of F e ( I I I ) and only the spectrum 
for the Cadover Bridge stream sediment i s unusual (Figure 
3.1.26). This spectrum, tfJcen at 77K, i s not a doublet 
and i s very d i f f i c u l t to interpret. When a spectrum was 
measured using l e s s of the sediment a doublet was formed 
(Figure 3.1.27) and i t i s thought that organic compounds 
may be masking the iron oxyhydroxide spectrum i n some way 
(208). This i s an unusual r e s u l t , and probably warrants 
further investigation, but th i s could not be done i n t h i s 
study. The Cadover Bridge streeun precipitate gave the 
more normal spectrum (Figure 3.1.28) and t h i s i s almost 
certainly an amorphous sample with the A values at 0.7 mm 
s"^ being closer to the synthetic F e ( I I I ) derived precip­
i t a t e s rather than the F e ( I I ) derived. This again i s 
supportive evidence for the findings of the infra-red and 
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Figure 3.1.26. Mtissbauer spectrum for Cadover Bridge stream sediment at 77K. 
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x-ray d i f f r a c t i o n methods. 
An ide n t i c a l picture i s obtained for the Lady Bertha 

Mine stream sediment (Figure 3.1.29) c o i d precipitate 
(Figure 3.1.30) with an aimorphous F e ( I I I ) oxyhydroxide 
indicated. The A values are s l i g h t l y higher at 0.76 and 
0.74 mm s"^ respectively and thi s probably indicates a 
larger p a r t i c l e s i z e , but with no Goethite formation 
apparent i n the sediment. One advantage the Mi)ssbauer 
spectroscopy has over X-ray d i f f r a c t i o n of the sediments 
i s that Mttssbauer w i l l only give the spectrum for the 
iron compounds whereas the X-ray d i f f r a c t i o n w i l l respond 
to any c r y s t a l l i n e phases, such as quartz, making the 
diffractogram much more d i f f i c u l t to interpret. 

Although M5ssbauer spectroscopy did not identify the 
natural precipitates a l l the information i s supportive 
of that obtained by other methods. The most important 
fact to a r i s e from the data on the synthetic precipitates 
i s the quantitative value given for Goethite i n the aged 
F e ( I I I ) derived oxyhydroxide• This precipitate i s X-ray 
amorphous, but i n conjunction with the infra-red data the 
percentage content of Goethite <:an be given to within a 
few percent as w i l l be seen in Section 3.1.5 below. 
3.1.5 Infra-red Spectroscopy 

Infra-red spectroscopy i s a useful technique for 
identifying oxyhydroxides especially i f only small 
quantities are available as a spectrum can be obtained 
from 1 or 2 mg of sample quite e a s i l y . The technique has 
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advantages over X-ray d i f f r a c t i o n when the oxyhydroxides 
are not p a r t i c u l a r l y c r y s t a l l i n e and X-ray diffractograms 
can be ajnbiguous and i n d i s t i n c t . The Fe-0 bonds i n an 
oxyhydroxide are I.R. s e n s i t i v e and by comparing spectra 
of the unknown samples with well defined oxyhydroxides i t 
i s possible to obtain a p o s i t i v e i d e n t i f i c a t i o n (56). 
Further information can be extracted as to the degree of 
c r y s t a l l i n i t y from the i n t e n s i t y of c e r t a i n peaJcs, and 
t h i s has been used i n the case of the aged F e ( I I I ) derived 
oxyhydroxide. Infra-red spectra were measured for the 
synthetic p r e c i p i t a t e s and the Lady Bertha Mine stream 
sediment and p r e c i p i t a t e as well as the Cadover stream 
p r e c i p i t a t e . Spectra for a-FeOOH ( Goethite) and y-F'eOOH 
(Lepidocrocite) were also measured, and used to compare 
with the synthetic p r e c i p i t a t e s . Only a section of the 
spectrum i s shown as a l l the bands of i n t e r e s t f e l l 
between 1400 cm"^ and 400 cm"^. 

Figure 3.1.31 i s a comparison between the spectra of 
a-FeOOH and the aged F e ( I I I ) derived oxyhydroxide. The 
relevant bands for a-FeOOH are at 890 cm"^, 795 cm"^ and 
650 cm"^ and these 3 bands can quite c l e a r l y be seen on the 
lower trace. The F e ( I I I ) derived p r e c i p i t a t e i s not as 
c l e a r but there are 2 very weak bands at 890 cm*^ and 
795 cm"^ and these can be used i n the i d e n t i f i c a t i o n of 
t h i s p r e c i p i t a t e . The spectra for the aged and f r e s h 
F e ( I I I ) derived p r e c i p i t a t e s are shown i n Figure 3.1.32 
and the bands at 890 cm*^ and 795 cm"^ only occur for the 
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Figure 3.1.31. I n f r a - r e d s p e c t r a f or aged F e ( I I I ) derived i r o n oxyhydroxide (upper t r a c e ) and a 
s y n t h e t i c c r y s t a l l i n e Goethite (lower t r a c e ) . 



aged p r e c i p i t a t e . From t h i s i n f o r m a t i o n an e s t i m a t e of 

the percentage content of G o e t h i t e i n the aged p r e c i p i t a t e 

can be made i f a comparison i s made w i t h the r e s u l t s 

shown i n F i g u r e lO of Landa and C a s t ( 2 0 ) . By simple 

i n s p e c t i o n o f the v a r i a t i o n i n the band i n t e n s i t y i n 

F i g u r e s 3.1.31 and 3.1.32 a v a l u e of 10-20% G o e t h i t e 

can be est i m a t e d . T h e r e f o r e t h i s p r e c i p i t a t e i s i n i t i a l l y 

t o t a l l y amorphous but as i t ages G o e t h i t e i s formed and 

the I.R. spectroscopy measures t h i s i n a s e m i q u a n t i t a t i v e 

way. The percentage given agrees w i t h the r e s u l t s from 

the MOssbauer spectroscopy which i n d i c a t e d l e s s than 

30% c r y s t a l l i n e G o e t h i t e i n the aged p r e c i p i t a t e . 

F i g u r e 3.1.33 compares w e l l c r y s t a l l i n e L e p i d o c r o c i t e 

w i t h the aged F e ( I I ) d e r i v e d p r e c i p i t a t e and the two bands 

a t 1020 cm"^ and 750 cm"^ a r e o b v i o u s l y congruent and the 

s y n t h e t i c p r e c i p i t a t e i s L e p i d o c r o c i t e (y-FeOGH). Con­

s i d e r i n g the d i s o r d e r e d nature of t h i s p r e c i p i t a t e when 

viewed under the e l e c t r o n microscope, the need f o r l i q u i d 

helium temperature f o r Mdssbauer spectroscopy, and the 

c a r e f u l a n a l y s i s r e q u i r e d f o r X-ray d i f f r a c t i o n because of 

the s i m i l a r i t i e s i n i r o n oxyhydroxide diffractograuns 

the i n f r a - r e d spectrum i s the e a s i e s t and c l e a r e s t method 

used i n p o s i t i v e l y i d e n t i f y i n g L e p i d o c r o c i t e . 

When the s p e c t r a f o r the n a t u r a l p r e c i p i t a t e s a r e 

examined no peaks a r e v i s i b l e , and the s p e c t r a f o r Lady 

Bertha Mine stream sediment ( F i g u r e 3.1.34) Lady B e r t h a 

Mine streajn p r e c i p i t a t e ( F i g u r e 3.1.35) and Cadover Bridge 
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Figure 3.1.35, I n f r a - r e d spectrum for Lady Bertha Mine stream p r e c i p i t a t e . 



stream p r e c i p i t a t e (Figure 3.1.36) a l l i n d i c a t e amorphous 

i r o n oxyhydroxides• The s p e c t r a are almost f e a t u r e l e s s 

and no i n d i c a t i o n of organic molecules i s v i s i b l e although 

both humic a c i d s and other organic molecules might have 

been expected to occur i n the p r e c i p i t a t e s * There may be 

i n s u f f i c i e n t organic matter i n the very small s£unples 

used to give a peak and the way i n which the s p e c t r a of 

organic molecules i s a f f e c t e d by i r o n oxyhydroxides i s 

not known (208)• A l l 3 n a t u r a l s p e c t r a are d i f f e r e n t and 

do not c o i n c i d e with that f o r the s y n t h e t i c i r o n oxyhydroxide 

showing the v a r i a t i o n s that can occur i n I.R. s p e c t r a of 

amorphous p r e c i p i t a t e s which make c h a r a c t e r i s a t i o n d i f f i c u l t * 

I n f r a - r e d spectroscopy proved to be very u s e f u l i n 

i d e n t i f y i n g the c r y s t a l l i n e and p a r t i a l l y c r y s t a l l i n e oxy­

hydroxides but gave very l i t t l e information on the 

amorphous s y n t h e t i c and n a t u r a l p r e c i p i t a t e s . 

3.1.6 Summary of C h a r a c t e r i s a t i o n of P r e c i p i t a t e s 

The c h a r a c t e r i s a t i o n of a l l the p r e c i p i t a t e s w i l l be 
summarised by a simple l i s t i n g f o r each p r e c i p i t a t e 
examined. 

(a) The f r e s h F e ( I I I ) derived p r e c i p i t a t e i s an amorphous 

F e ( I I I ) oxyhydroxide with a l a r g e s p e c i f i c s u r f a c e a r e a of 

234 m̂  g"^. I t i s constructed of small 5-10 nm spheres 

which are massed together to give a p>orous p r e c i p i t a t e . 

(b) The aged F e ( I I I ) d erived p r e c i p i t a t e i s a mixture of 

aonorphous F e ( I I I ) oxyhydroxide and Goethite (a-FeOOH), I t 

contains between 10 and 20% Goethite and has a s u r f a c e a r e a 
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of 159 m g . The c r y s t a l l i n i t y cannot be observed by 

e l e c t r o n microscopy or X-ray d i f f r a c t i o n , but i s i n d i c a t e d 

by i n f r a - r e d and MOssbauer spectroscopy and supported by 

the changes i n pore s i z e d i s t r i b u t i o n from the s u r f a c e 

a r e a measurements• 

( c ) The f r e s h and aged F e ( I I ) derived p r e c i p i t a t e s a r e 

poorly c r y s t a l l i n e L e p i d o c r o c i t e (y-FeOOH) with s u r f a c e 

axeas between 100 amd 120 m̂  g"^. The degree of 

c r y s t a l l i n i t y does not vary with age nor conditions of 

preparation but changes i n the matrix could occur due to 

Le p i d o c r o c i t e being an unstable phase r e l a t i v e to 

amorphous F e ( I I I ) oxyhydroxide and Goethite. The p o r o s i t y 

i n the sample i s due almost e n t i r e l y to i t s c r y s t a l l i n i t y , 

and i t s appearance i s of a folded f i l m or bent l a t h s with 

a small p a r t i c l e s i z e . 

(d) The Lady Bertha Mine stream sediment i s an i r o n r i c h 

p r e c i p i t a t e containing amorphous F e ( I I I ) oxyhydroxide which 

may be as coatings on other components as there i s no 
2 -1 

p o r o s i t y d e s p i t e a s u r f a c e area of 164 m g • The 

sediment contains a measurable amount of a r s e n i c and may 

w e l l c o n s i s t of other mineral phases, but these were not 

i n v e s t i g a t e d . The i r o n oxyhydroxide i s derived from 

F e ( I I ) but no c r y s t a l l i n e i r o n compounds are found and 

perhaps ageing of the amorphous oxyhydroxide i s hindered 

by organic compounds. 

(e) The Lady Bertha Mine stream p r e c i p i t a t e i s an eunorphous 
F e ( I I I ) oxyhydroxide which has a very low s u r f a c e a r e a of 

2 —1 
6 m g . T h i s i s a more pure F e ( I I I ) oxyhydroxide than 

the sediment and i s a l s o derived from F e ( I I ) but why i t 138. 



has such a low s u r f a c e area cannot be explained. Organic 

coatings may be present, and these have been found to 

reduce the s u r f a c e area of i r o n oxyhydroxides but i t i s 

doubtful whether such a dramatic decrease could occur. 

( f ) The Cadover Bridge stream sediment i s am F e ( I I I ) 

r i c h p r e c i p i t a t e p o s s i b l y containing s u b s t a n t i a l amounts 

of p r e c i p i t a t e d organic matter* 

(g) The Cadover Bridge stream p r e c i p i t a t e i s s i m i l a r to 

the sediment but has been more e x t e n s i v e l y studied* I t • 

has a s u r f a c e area of 140 m̂  g*^ and i s an amorphous 

F e ( I I I ) oxyhydroxide. No evidence of c r y s t a l l i n i t y was 

found although the pore s i z e d i s t r i b u t i o n i s s i m i l a r to 

that f o r aged F e ( I I I ) d erived oxyhydroxide. The s l i g h t l y 

•lower s u r f a c e a r e a than the s y n t h e t i c oxyhydroxides may 

be due to organic c o a t i n g s . 

(h) Both the Carnon River p r e c i p i t a t e and the i n t e r s t i t i a l 

water p r e c i p i t a t e s were only examined by e l e c t r o n micro­

scopy. The p r e c i p i t a t e s from both sources appeared to be 

mixtures of amorphous i r o n oxyhydroxide smd organic matter. 

The i r o n was i n the F e ( I I I ) s t a t e and no c r y s t a l l i n i t y was 

observed d e s p i t e the f a c t that these were formed from 

waters containing F e ( I I ) . 

Using t h i s comprehensive s u i t e of techniques the 

s y n t h e t i c i r o n oxyhydroxides have been c a r e f u l l y and 

thoroughly i d e n t i f i e d . No s i n g l e technique cam be used to 

i d e n t i f y these p r e c i p i t a t e s completely amd there i s no 

c o n f l i c t i n g evidence between the techniques used. The pre-
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c i p i t a t i o n from n a t u r a l waters both i n the laboratory 

and i n sediment formation points to the p o s s i b l e 

involvement of organic matter which appears to r e s t r i c t 

c r y s t a l formation. A l l n a t u r a l waters chosen contained 

F e ( I I ) but no p r e c i p i t a t e s s i m i l a r to the L e p i d o c r o c i t e 

formed from the model s o l u t i o n s could be found. 

The formation of oxyhydroxides from F e ( I I I ) and 

F e ( I I ) under simulated n a t u r a l conditions w i l l be examined 

i n the following s e c t i o n . These s t u d i e s are made i n 

s o l u t i o n s f r e e from d i s s o l v e d organic matter and t h i s i s 

a s i m p l i f i c a t i o n of the system that may decrease the 

d i r e c t relevance to the n a t u r a l system but i s f e l t necessary 

fo r a reproducible model to be developed. 
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3.2 P r e c i p i t a t e Formation 
3*2.1 Nephelometry 

In Section 3.1 two d i f f e r e n t i r o n oxyhydroxides 

r e s u l t i n g from the p r e c i p i t a t i o n of F e ( I I ) and F e ( I I I ) 

were i d e n t i f i e d . Following on from t h i s the formation 

of these p r e c i p i t a t e s under varying conditions of pH 

and i o n i c strength was i n v e s t i g a t e d . A nephelometric 

technique was used to examine the changes i n l i g h t 

s c a t t e r i n g , a t 90° to an i n c i d e n t beam, r e s u l t i n g from 

the formation of microscopic i r o n oxyhydroxide p a r t i c l e s 

i n various aqueous media. These r e s u l t s provided 

information on r e l a t i v e r a t e s and mechanisms for the 

transformations from d i s s o l v e d to s o l i d phase. Problems 

i n c a l i b r a t i n g the nephelometer meant that only semi­

q u a n t i t a t i v e a n a l y s i s and g e n e r a l i s e d mechanisms were 

extra c t e d from the data. However, these were very u s e f u l 

i n themselves and a l s o proved to be a reasonable guide 

i n evaluating the i n t e r a c t i o n s of the f r e s h l y forming 

i r o n oxyhydroxides with phosphate, as w i l l be shown 

l a t e r . 

The raw nephelometric data c o n s i s t s of p l o t s of 

r e l a t i v e i n t e n s i t y of s c a t t e r e d l i g h t ( R . I . ) and pH as 

a function of time, see Figure 3.2.1. The general form 

of an R . I . curve can be s p l i t i n t o three p a r t s : 

(a) the i n i t i a l r i s e i n R . I . due to c o l l o i d formation 

r e s u l t i n g from the h y d r o l y s i s and polymerisation 

of F e ( I I I ) ; 

(b) a plateau region where the amount of c o l l o i d i n 
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Figure 3.2.1 General form of nephelometry trace including pH v a r i a t i o n for F e ( I I I ) 

derived p r e c i p i t a t e s i n d i s t i l l e d water. 



suspension remains constant; 

( c ) a decrease i n R.I . as the c o l l o i d i s d e s t a b i l i s e d 

and f l o c c u l a t e s . T h i s causes an in c r e a s e i n s i z e 

but decrease i n number of p a r t i c l e s , both f a c t o r s 

producing a decrease i n the amount of s c a t t e r e d l i g h t . 

Part (a) of the curve i s thought to be due to Rayleigh 

s c a t t e r i n g which produces a symmetrical angular s c a t t e r i n g 

d i s t r i b u t i o n . However, as the radius of the s c a t t e r i n g 

p a r t i c l e becomes comparable with the wavelength of the 
r a d i a t i o n , i . e . approximately 360 nm, the s c a t t e r i n g 

-4 
i s no longer =; X Rayleigh s c a t t e r i n g . When the p a r t i c l e 

i s i n the s i z e range O.l X i r 5 25X the s c a t t e r i n g i s 

no longer symmetrical with respect to the perpendicular 

to the d i r e c t i o n of the i n c i d e n t beam and the amount of 

forward s c a t t e r i n g i n c r e a s e s , which may account f or 

part ( c ) of the curve. The l i g h t s c a t t e r i n g produced 

by the suspensions used i n t h i s study may be f u r t h e r 

complicated by other f a c t o r s such as p a r t i c l e shape 

(see P l a t e 3.4), s i z e d i s t r i b u t i o n , concentration and 

other p h y s i c a l and o p t i c a l a n i s o t r o p i e s . 

The magnitude and exact shape for each of the three 

s e c t i o n s i s dependent on pH, i o n i c strength and the 

i n i t i a l oxidation s t a t e of the i r o n . The changes i n 

R . I . a r i s e from two r e a c t i o n s , one of c o l l o i d formation 

and the other of c o l l o i d f l o c c u l a t i o n which may occur 

concurrently or c o n s e c u t i v e l y . C o l l o i d formation and 

f l o c c u l a t i o n occur at the same time i n seawater because 
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o f the d e s t a b i l i s i n g e f f e c t of anions on the i r o n 

c o l l o i d , e s p e c i a l l y doubly charged s p e c i e s such as 

s u l p h a t e ( 2 0 9 ) . T h i s g i v e s an R . I . curve w i t h no v i s i b l e 

p l a t e a u , and because the c o l l o i d a l p a r t i c l e s a r e f l o c ­

c u l a t e d as they form the t o t a l i n c r e a s e i n R . I . i s 

l e s s tham f o r a compaurable r e a c t i o n i n d i s t i l l e d water. 

I n the d i s t i l l e d water c a s e the i r o n f i r s t forms 

c o l l o i d a l p a r t i c l e s which a r e q u a s i - s t a b l e and which 

only slov/ly f l o c c u l a t e . 

T h i s d e s c r i p t i v e a n a l y s i s of the nephelometric d a t a 

i s of l i t t l e v a l u e e i t h e r f o r comparing the numerous 

model t r a c e s obtained, or f o r p r e d i c t i n g the behaviour 

of n a t u r a l systems. I n the a n a l y s i s of these c u r v e s 

the i n i t i a l r i s e i n R . I . i s c o n s i d e r e d to be the most 

important s e c t i o n of the d a t a because i t r e p r e s e n t s 

the appearance of an a c t i v e s u r f a c e , and by u s i n g the 

concept of a r i s e time t h i s can be expressed n u m e r i c a l l y . 

The r i s e time i s d e f i n e d as the time taiken f o r 105S 

to 90% of the e q u i l i b r i u m v a l u e of the i n i t i a l r i s e i n 

R . I . to be a t t a i n e d and the method of c a l c u l a t i o n i s 

shown i n F i g u r e 3.2.2. T h i s g i v e s a s i n g l e numerical 

v a l u e f o r each curve which can be used i n comparisons 

and i t a l s o removes any e r r o r s due to i n a c c u r a c i e s i n 

measuring the t o t a l i n c r e a s e i n R . I . where long p l a t e a u x 

o c c u r . The v a r i a t i o n s found i n r i s e times w i t h pH^ and/or 

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

F e ( I I I ) and F e ( I I ) d e r i v e d p r e c i p i t a t e s . 

^ A l l pH v a l u e s quoted b e s t r e p r e s e n t the pH a t which the 
r e a c t i o n s a r e o c c u r r i n g and u n l e s s o t h e r w i s e s t a t e d a r e 
not more than 0.5 pH u n i t s below the i n i t i a l pH. 
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Figure 3.2.2. Method of c a l c u l a t i n g r i s e time from r e l a t i v e i n t e n s i t y curves 



3.2.2 F e ( I I I ) D e r i v e d P r e c i p i t a t e s 

The p r e c i p i t a t i o n of an i r o n oxyhydroxide derived 

from F e ( I I I ) can be hypothesised as a sequence of 

r e a c t i o n s as shown i n Equation ( 3 . 2 ) : -

F e ( I I I ) ( a q ) ; = : i Fe(OH) 
Hydrolysis Polymerisation 

... Eq. (3.2) 

T h i s i s a s i m p l i f i e d system as both the h y d r o l y s i s and 

polymerisation stages are complex r e a c t i o n s which have 

received d e t a i l e d i n v e s t i g a t i o n as shown i n Chapter 1. 

I n t h i s study the nephelometer i s monitoring the c o l l o i d 

formation and f l o c c u l a t i o n and consequently only 

inferences on these r e a c t i o n s can be made d i r e c t l y from 

the data. 

The r i s e times for F e ( I I I ) derived p r e c i p i t a t e s formed 

i n d i s t i l l e d water, NaCl s o l u t i o n s , b r a c k i s h waters, sea-

water and n a t u r a l f r e s h waters are displayed i n Table 3.9. 

The data i n d i c a t e s the v a r i a t i o n s i n r i s e time with pH 

and the duration of the plateau s e c t i o n s i s a l s o l i s t e d 

where they occur. This l a t t e r parameter i s d i f f i c u l t to 

measure a c c u r a t e l y and i t i s e a s i e r to define when a 

plateau i s not present than to measure the short term 

s t a b i l i t y of the c o l l o i d system. In d i s t i l l e d water the 

r i s e times are constant at approximately 2.2 seconds for 

pH values between 6.2 < pH < 8.1 and there i s a s l i g h t 

i n c r e a s e i n the duration of plateaux as the pH i n c r e a s e s . 
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Table 3.9 Summary of nephelometric data for F e ( I I I ) 
-5 3+ 

(5 X lO M Fe ) c o l l o i d formation and 

f l o c c u l a t i o n . 
MEDIA IONIC 

STRENGTH 
(M) 

SALINITY pH RISE 
TIME 
(se e s ) 

DURATION 
OF PLATEAU 
(s e e s ) 

D i s ­
t i l l e d 
water 0 0 4.3 No pre­

c i p i t a ­
t i o n 

— 

0 0 5.1 No pre­
c i p i t a ­
t i o n 

— 

0 

0 

0 

0 

5.9 

5.9 

No pre­
c i p i t a ­
t i o n 
8(b) 

0 0 6.0 6.0 0 
0 0 6.2 2.0 10 
0 0 6.2 2.4 10 
0 0 6.4 2.6 10 
0 0 6.5 1.8 15 
0 0 6.7 2.6 10 
0 0 7.1 2.0 10 
0 0 7.8 2.0 40 
0 0 7.8 2.4 -
0 0 8.1 2.2 35 

NaCl 
Solu. 
tions 

0.01 
0.01 

0 
0 

5.0 
9.6 

3.2 
3.0 

10 
0 

0.05 0 5.0 3.0 5 
0.05 0 9.6 4.6 0 
0.10 0 4.0 5.0 20 
0.10 0 4.9 2.8 100 
0,10 0 5.1 3.5 5 
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Table 3.9 - continued 

MEDIA IONIC SALINITY pH RISE DURATION 
STRENGTH 

(M) 

pH 
Tir^lE 
( s e e s ) 

OF PLATEAU 
(se e s ) 

NaCl 
Solu­ 0.10 0 5.2 3.5 5 
tio n s O.IO 0 5.8 3.0 0 

O.IO 0 6.0 3.2 0 
0.10 0 6.2 3.0 20 
0.10 0 8.0 3.0 0 
0.10 0 8.0 4.0 0 
0.10 0 8.2 3.0 5 
0.10 0 8.8 3.0 0 
0.10 0 9.0 2.8 10 
1.00 0 5.0 3.4 0 
1.00 0 5.2 3.9 10 
1.00 0 8.0 2.6 0 

Sea-
ivater 
S o l u ­ 0.007 0.34 4.0 80.0 0 
ti o n s 0.007 0.34 7.8 2.5 0 

0.007 0.34 9.9 2.6 8 
0.007 0.34 9.9 2.8 8 
0.007 0.34 10.0 3.9 0 
0.017 0.85 6.9 3.2 15 
0.017 0.85 7.2 4.4 20 
0.017 0.85 7.5 2.8 20 
0.034 1.70 9.4 2.2 0 
0.034 1.70 10.0 2.2 0 
0.085 4.25 6.5 2.6 8 
0.085 4.25 6.6 2.8 10 
0.085 4.25 7.0 3.2 12 
0.085 4.25 7.2 3.0 15 
0.085 4.25 7.6 2.7 10 
0.34 17.0 7.2 2.3 5 
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Table 3.9 continued 

MEDIA IONIC 
STRENGTH 

(M) 
SALINITY pH RISE 

TIME 
(s e e s ) 

DURATION 
OF PLATEAU 

(s e e s ) 
Sea-
water 
Solu-. 
t i o n s 0.68 34.0 6.6 1.9 12 

0.68 34.0 6.9 2.3 0 
0.68 34.0 7.4 2.4 0 
0.68 34.0 7.4 2.0 0 
0.68 34.0 7.4 2.4 0 
0.68 34.0 7.6 2.5 0 
0.68 34.0 8.0 2.2 0 
0.68 34.0 8.0 2.6 0 

Natural 
Fresh 
waters 0 0 7.5 3.0 10 
with 0 0 7.8 3.4 30 
added 

Ir o n -
r i c h 0 0 7.0 6.0 . 830 
na t u r a l 0 0 8.0 3.5 120 

4. (< waters ̂  ̂ ) 0 0 8.1 3.0 100 
0.017 0.85 6.0 2.8 .0 

(a) 

(b) 

( c ) 

(d) 

The d i s t i l l e d water contained a 2 mM NaHCO^ bu f f e r . 

Approximate r i s e time due to noisy output. 

F i l t e r e d R i ver Plym v/ater with 5 x 10~^M Fê "*" added. 

Cadover Bridge mine stream v/ater containing 4.5 x 

10"^1 Fe ( t o t a l i r o n ) , pH on c o l l e c t i o n 5.4. 
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The r i s e times at pH = 5.9 and pH = 6.0 have increased to 

approximately 6-8 seconds, with the r i s e time at pH = 5.9 

not as p r e c i s e as the others because of a i r bubbles v 

d i s t u r b i n g the t r a c e towards the end of the i n i t i a l r i s e 

i n r e l a t i v e i n t e n s i t y . At pH ^ 5.1 there i s no i n c r e a s e i n 

the l i g h t s c a t t e r i n g i n d i c a t i n g the non-appearance of the 

c o l l o i d . With a t o t a l Fe concentration of 5 x 10"^M and 

pH < 5 t h i s i s p o s s i b l e , s i n c e , while h y d r o l y s i s may occur 

the s o l u b i l i t y of am-Fe(OH)2 i s only j u s t exceeded (31) 

and with only a very low i o n i c strength (2 mM NaHCO^) i t 

i s p o s s i b l e that the Fe (OH) c o l l o i d i s not formed. The 
X y 

second r e s u l t at pH = 5.9 i s more d i f f i c u l t to e x p l a i n as 

am-Fe(0H)2 should be p r e c i p i t a t e d but t h i s may be an 

unrepresentative r e s u l t . The r i s e times are j u s t 

s t a r t i n g to i n c r e a s e at pH = 6.0 so the border between 

c o l l o i d formation and s t a b i l i t y of d i s s o l v e d phases has 

almost been reached and contamination of the system may 

have produced t h i s odd r e s u l t . The s t a b i l i t y of the 

c o l l o i d before f l o c c u l a t i o n occurs appears to be s l i g h t l y 

greater at the higher pH»s. This shows that even i n 

d i s t i l l e d water the c o l l o i d i s a t r a n s i e n t phase i n the 

development of the p r e c i p i t a t e , with the t o t a l time for 

the r i s e and plateau being i n the range 12-40 s. Sub­

sequently the p a r t i c l e s i z e i n c r e a s e s through polymerisa­

t i o n processes and the f l o c c u l a t e d p a r t i c l e s give l e s s 

s c a t t e r e d l i g h t . 

The r i s e times i n NaCl s o l u t i o n s vary from 2.6 to 5.0 
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seconds and do not show a c l e a r trend i n the pH range 

4.0^ pH g 9.O. These s o l u t i o n s d id not contain a pH 

buffer, consequently pH control was poor with changes of 

more than 1 pH uni t occurring during the course of some 

experiments. Rise times at 4.0 < pH g 5,2 do not appear 

to be greater than for the r e s t of the pH range, p o s s i b l y 

i n d i c a t i n g the e f f e c t of the NaCl i n causing c o l l o i d 

formation by d e s t a b i l i s i n g the h y d r o l y s i s products. Trends 

i n the duration of the plateau may be obscured by the poor 

pH con t r o l although i t appears that shorter plateaux are 

obtained a t high pH and/or i o n i c strength and i t i s 

expected that high concentrations of C l " w i l l d e s t a b i l i s e 

the c o l l o i d . 

The s a l i n e media do contain a pH buffer at higher 

s a l i n i t i e s such that pH v a r i a t i o n i n media of S 5 17^^ 

are € 0.5 pH u n i t s whereas pH changes around LO pH 

u n i t s occurred a t lower s a l i n i t y . Throughout a pH range 

of pH = 6.5 to pH = 10.0 the r i s e times are almost 

constant between 1.9 and 3.9 seconds f or a l l seawater 

s o l u t i o n s . The one exception i s a t very low pH i n a very 

d i l u t e s a l i n e medium where the r i s e time i s 80 seconds a t 

pH = 4.O. In d i s t i l l e d water at t h i s pH there would be no 

c o l l o i d formation but i n t h i s case the low concentration of 

seawater ions may induce c o l l o i d formation over an extended 

period. This c o l l o i d i s d e s t a b i l i s e d and f l o c c u l a t e s as 

i t forms so that there i s l i t t l e or no plateau region. 

The general trend i s for e i t h e r no plateau i n high s a l i n i t y 
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media or a short term plateau at lower pH values. 

Therefore, i n brackish waters i n the n a t u r a l pH range 

c o l l o i d formation w i l l be f a s t with the c o l l o i d being 

immediately d e s t a b i l i s e d by the anions to give a f l o c c u l e n t . 

In d i s t i l l e d water there i s some short term c o l l o i d 

s t a b i l i t y both at high and low pH's, with some decrease 

i n the r a t e of c o l l o i d formation at low pH. In NaCl 

s o l u t i o n s the r a t e of c o l l o i d formation i s f a s t throughout 

a wide pH range, and the c o l l o i d i s d e s t a b i l i s e d a t high 

i o n i c s t rengths. 

The r e s u l t s above are for model systems, and the f i n a l 

s e c t i o n i n Table 3.9 gives data for n a t u r a l f r e s h waters 

that may contain high concentrations of d i s s o l v e d organic 

matter. The c o l l o i d a l forms of i r o n that are transported 

by r i v e r s are thought to be s t a b i l i s e d by organic matter 

(104) and t h i s hypothesis may be supported by the duration 

of the plateaux e s p e c i a l l y for the i r o n r i c h stream water. 

However, for runs i n v o l v i n g the addition of F e ( I I I ) to a 

f i l t e r e d r i v e r water, the r i s e times and plateau duration 

a r e very s i m i l a r to those parameters measured i n buffered 

d i s t i l l e d water at the same pH. Therefore, there was 

e i t h e r i n s u f f i c i e n t d i s s o l v e d organic matter to s t a b i l i s e 

the c o l l o i d , or the iro n c o l l o i d i s f l o c c u l a t e d before an 

iron-organic i n t e r a c t i o n occurs to s t a b i l i s e the c o l l o i d a l 

form. The p r e c i p i t a t i o n of i r o n from a f i l t e r e d a c i d mine 

water appeared to give a c o l l o i d with enhanced s t a b i l i t y 

compared to a l l the other s o l u t i o n s . At pH = 7.0 the 

c o l l o i d forms comparatively slowly and i s s t a b l e for s e v e r a l 

152. 



minutes. At higher pH the r i s e time i s s i m i l a r to those 

found i n the d i s t i l l e d water s o l u t i o n s where the c o l l o i d 

i s s t i l l s t a b l e f o r up to lOO seconds- I n the f i n a l c a s e 

some concentrated seawater was added to the a c i d i c stream 

water to giv e a pH = 6.0 but d e s p i t e t h i s low pH c o l l o i d 

formation and p r e c i p i t a t i o n were extremely r a p i d . Thus 

the o r ganic matter does appear to s t a b i l i s e the i r o n 

c o l l o i d t h a t forms from the n a t u r a l source of i r o n p r o v i d i n g 

t h a t the i o n i c s t r e n g t h i s not i n c r e a s e d . I t i s thought 

th a t d i s s o l v e d o r g anic matter i s a l s o p r e c i p i t a t e d on 

e n t e r i n g an e s t u a r y (118) and t h i s may be the reason f o r 

the absence of a p l a t e a u and the f a s t r i s e time a t pH = 

6.0 when the seawater ions a r e added^, 

Only a few of the n a t u r a l s o l u t i o n s i n v e s t i g a t e d a r e 

l i s t e d here as the t r a c e s tended to be much n o i s i e r and 

d i f f i c u l t to a n a l y s e . The o x i d a t i o n s t a t e of the i r o n 

was not determined and i n some i n s t a n c e s the i r o n - r i c h 

stream water produced complex R . I . t r a c e s which i n v o l v e d 

two s t a g e s i n the i n i t i a l r i s e . T h i s could have r e s u l t e d 

from two p r o c e s s e s o c c u r r i n g s i m u l t a n e o u s l y , i . e . the 

p r e c i p i t a t i o n of the F e ( I I I ) and the o x i d a t i o n o f the 

F e ( I I ) r e s u l t i n g i n f u r t h e r p r e c i p i t a t i o n . The a c i d 

i r o n r i c h stream was l a t e r found to c o n t a i n predominantly 

F e ( I I ) but when these experiments were c a r r i e d out t h i s 

had not been i n v e s t i g a t e d and d i d not c o n s t i t u t e p a r t 

of the study. With c a r e f u l sample manipulation i t might 

^Only i i l O % of the D.O.M. i s p r e c i p i t a t e d but t h i s may 
be the most important f r a c t i o n w i t h r e s p e c t to i r o n 
c o l l o i d s t a b i l i t y . 
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have been p o s s i b l e to separate the two r e a c t i o n s so 

that r i s e times could be c a l c u l a t e d for each. This 

would a l s o require f u r t h e r model s t u d i e s using s o l u t i o n s 

containing both F e ( I I I ) and F e ( I I ) , but rather than 

adding to the complexity of the model a s e r i e s of 

experiments using F e ( I I ) were c a r r i e d out. 

3.2.3 F e ( I I ) Derived P r e c i p i t a t e s 

The sequence of r e a c t i o n s shown i n Eq. (3.2) can 

be extended quite simply to include F e ( I I ) as the 

i n i t i a l reactant thus:-

F e ( X I ) ( a q ) F e ( l I I ) ( a q ) 
Oxidation Hydrolysis 

FeOOH (ppt) 
... Eq. (3.3) 

The r a t e of oxidation w i l l c o n t r o l the r a t e of formation 

of F e ( I I I ) ( a q ) which w i l l obviously a f f e c t the r a t e of 

h y d r o l y s i s and a l l subsequent r e a c t i o n s . The r a t e of 

oxidation has been shown to be pH and i o n i c strength 

dependent (56) but there i s a secondary f a c t o r i n t r o ­

duced as the i r o n oxyhydroxide surface i s thought to 

c a t a l y s e the oxidation, and there i s the p o s s i b i l i t y 

of F e ( I I ) being adsorbed d i r e c t l y onto the oxyhydroxide 

s u r f a c e (210). 
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The R . I . c u r v e s f o r F e ( I I ) d e r i v e d p r e c i p i t a t e s 

a r e shown f o r seawater i n F i g u r e 3.2.3 and d i s t i l l e d 

water i n F i g u r e 3.2.4. There i s a p r o g r e s s i o n i n both 

media such t h a t the s t e e p e r the i n i t i a l r i s e the 

g r e a t e r the maximum R . I . v a l u e i l l u s t r a t i n g the e f f e c t 

of o x i d a t i o n on the r a t e of p a r t i c l e formation. I n 

seawater i t might be expected t h a t the slow formation 

of F e ( I I I ) ( a q ) f ollowed by the ve r y f a s t f l o c c u l a t i o n 

a s observed i n S e c t i o n 3.2.2 would g i v e a very s m a l l 

i n c r e a s e i n R . I . because o f the s m a l l number of 

c o l l o i d a l p a r t i c l e s a v a i l a b l e a t any one time. T h i s i s 

not observed however and the a u t o c a t a l y s i s of the 

F e ( I I ) o x i d a t i o n by the FeOOH s u r f a c e may be c a l l e d 

upon as an e x p l a n a t i o n ( 5 6 ) . A c y c l e i s s e t up where 

the more i r o n oxyhydroxide produced the f a s t e r F e ( I I ) 

can be o x i d i s e d which i n c r e a s e s the amount of c o l l o i d a l 

p a r t i c l e s which f l o c c u l a t e to produce more i r o n oxy­

hydroxide. Thus the r a t e o f c o l l o i d formation w i l l 

i n c r e a s e i n i t i a l l y and then d e c r e a s e a s the F e ( I I ) i s 

dep l e t e d g i v i n g a curve of the form shown i n F i g u r e 

3.2.4 a t pH = 7.4. The curv e s i n F i g u r e s 3.2.3 and 

3.2.4 a r e on d i f f e r e n t s c a l e s , and as f o r the ca s e 

of F e ( I I I ) the trend i s f o r lower t o t a l R . I . i n c r e a s e s 

i n seawater compared w i t h d i s t i l l e d water. 

The e f f e c t of phosphate on the p r e c i p i t a t i o n was 

i n v e s t i g a t e d as i t has been shown to a c c e l e r a t e the r a t e 

of o x i d a t i o n ( 5 4 ) . The e f f e c t of 1 x 10"^M [ (PO^)] i n 

155. 



R,l. 
Arbitrary 
Units 

5 

Figure 3.2.3 

pH:8-2 

15 ^. . . . 20 
Time (mins) 

R e l a t i v e i n t e n s i t y curves for F e ( I I ) derived p r e c i p i t a t e s i n d i s t i l l e d 
water at various pH's 



R.I. 6 
Arbitrary 
Units 

Figure 3.2.4 
Time (mins) 

R e l a t i v e i n t e n s i t y curves for F e ( I I ) derived p r e c i p i t a t e s i n seawater 
a t various pH»s 



d i s t i l l e d water i s shov/n i n Figure 3.2.5. The dotted 

l i n e i s the normal curve without phosphate ivhereas 

the lov/er s o l i d curve i s for a phosphate containing 

s o l u t i o n . In seawater there i s no observable difference-, 

consequently i t i s the d e s t a b i l i s i n g e f f e c t on the 

c o l l o i d a l p a r t i c l e s of the negatively charged phosphate 

species that i s being shown by the changes i n R.I. 

curves r a t h e r than the c a t a l y s i s of the oxidation. 

Having i l l u s t r a t e d the types of R . I . curve obtained 

for F e ( I I ) derived p r e c i p i t a t e s the data i s summarised 

i n Figure 3.2.6 for d i s t i l l e d water and Figure 3.2.7 

for seawater. In each f i g u r e the r i s e time versus pH 

i s p l o t t e d and although there i s considerable s c a t t e r , 

the trends are quite c l e a r . In d i s t i l l e d water the r i s e 

times vary from 15 seconds at pH = 8.3 to - 400 seconds 

a t pH = 7.0, while i n seawater the v a r i a t i o n i s from 

= 100 seconds at pH = 8.3 to - 1000 seconds at pH = 7.4. 

Obviously the r i s e times are much sloiver f or F e ( I I ) 

derived p r e c i p i t a t e s than for F e ( I I I ) derived p r e c i p i t a t e s 

at the same pH i n d i c a t i n g the r a t e determining r o l e of 

the oxidation r e a c t i o n p r i o r to p a r t i c l e formation. 

T h i s i s a l s o revealed by the i n v e r s e behaviour of the 

p a r t i c l e formation i n seawater compared with d i s t i l l e d 

water between the F e ( I I ) and F e ( I I I ) derived p r e c i p i t a t e . 

The changes i n r i s e time with changing s a l i n i t y are 

shown i n Figure 3.2.8 for F e ( I I ) a t constant pH, and 
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although the data s e t i s not complete, i t appears that 

r i s e times are most g r e a t l y a f f e c t e d by changes i n 

s a l i n i t y i n the O^^ to lO^^ range. T h i s i s complicated 

by the e f f e c t s of pH such that at pH = 7.9 the change 

i n r i s e time i s from 70 seconds a t S = O? to 300 
oo 

seconds at S = 32?^ compared with a change i n r i s e time 

a t pH = 7.4 from 100 seconds for S = O^^ to 1000 

seconds at S = 32^^ i . e . from a 4.5 f o l d i n c r e a s e to 

a 10 f o l d i n c r e a s e i n r i s e time from pH = 7.9 to pH 

= 7.4. 

The r i s e times f o r both the F e ( I I ) and the F e ( I I I ) 

derived p r e c i p i t a t e s are shown i n Figure 3.2.9 with 

the points for F e ( I I I ) derived p r e c i p i t a t e s l y i n g almost 

along the x - a x i s . T h i s f i g u r e summarises almost a l l 

the data for p r e c i p i t a t e formation i n various media with 

the two p o s s i b l e s t a r t i n g m a t e r i a l s . The general form . 

of t h i s diagram w i l l occur i n l a t e r d i s c u s s i o n when 

exajnining the phosphate uptake onto f r e s h l y forming 

model and n a t u r a l i r o n oxyhydroxides. 

3.2.4 K i n e t i c A n a l y s i s of Nephelometry 

Nephelometry measures the formation of c o l l o i d a l 

p a r t i c l e s and the r e a c t i o n sequence hypothesised i n 

Equation (3.2) and Equation (3.3) give the r e a c t i o n s 

f o r both c o l l o i d formation and c o l l o i d f l o c c u l a t i o n . 

I f the removal by f l o c c u l a t i o n i s ignored i t may be 

p o s s i b l e to d e r i v e k i n e t i c equations for the formation 

as measured by the nephelometer. 
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As a f i r s t assumption l e t the c o l l o i d formation 

from F G ( I I ) be a s i n g l e s t a g e p r o c e s s w i t h the c o l l o i d 

forming d i r e c t l y from the F e ( I I ) , a s shown i n Equation 

(3.4),which may occur f o r r a p i d o x i d a t i o n c a s e s . 

F e ( I I ) ( a q ) + A Pe^(OH) y ( c o l l o i d ) + ^ 
I 

... Eq. (3.4) 

Where A = Unconsumed component such as 0H~ as pH i s 

h e l d c o n s t a n t or Og because system i s open 

and i n i t i a l c o n c e n t r a t i o n of F e ( I I ) i s s m a l l 

I f [ F e ( I I ) ( a q ) ] = 

[•"^x^O^^y ( c o l l o i d )]= ' ^ l 
and [ A ] = x 

— = x ( x ^ - x^) - X x^ 

... Eq. (3.5) 

dx 
then 

By r e p l a c i n g and k̂ ^̂  by c o n c e n t r a t i o n dependent terms 

Equation (3.6) i s obtained thus: 
dx 

d t " = ^1 " ^1 (*̂ 1 +^-1^ ••• ^^'^^ 

IVhere k^ = kj^ x 

At time t = O when x^ = O Equation (3.6) i n t e g r a t e s to 

=̂ 1 = k77ir7 '^o f 1 - (- * * ' ^ - i ? ) ] 

... Eq. (3.7) 

165. 



At equilibrium x̂ ^ ^^^9 t 00 

r ^1 1 
''loo = [ (k^+k_^)J Ô 

.-. ^ = [1 - exp (- t (k^ + k _ ^ ) ) ] 

and rearranging 

" [ 1 - ^ ] = + k_^ 
J. 00 

... Eq. (3.8) 

As = [ F e ^ ' ^ " y ( c o l l o i d l ^ '̂ '̂̂  equated to 
the i n c r e a s e i n R . I . at time t with x^^^ being the 

1 R * l ' maximum value of the R . I . Thus p l o t t i n g - I n 
^max 

against time should give a s t r a i g h t l i n e for t h i s simple 

model. 
T h i s data i s plotted i n Figure 3.2.10 for d i s t i l l e d 

water and Figure 3.2.11 for seawater and i n both cases 

curves are obtained except for pH values greater than 

pH = 8.0 i n d i s t i l l e d water only. T h i s i s not a 

s u r p r i s i n g r e s u l t as the s i m p l i c i t y of the i n i t i a l 

hypothesis r e q u i r e s the r a t e of oxidation to be of 

s i m i l a r magnitude to that of the c o l l o i d formation from 

F e ( I I I ) . From the r i s e times obtained for the oxidation 

r e a c t i o n s and other work done on t h i s system (56) t h i s 

condition i s only l i k e l y to be met at high pH values i n 

d i s t i l l e d v/ater. Therefore for the next c a l c u l a t i o n a 

two stage process i s proposed as shown i n Equation (3.9), 
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Time 

Figure 3.2.lO. Plot for s i n g l e stage k i n e t i c a n a l y s i s of 
r e l a t i v e i n t e n s i t y curves for F e ( I I ) i n 
d i s t i l l e d water. x - pH = 7.0; A - pH = 
7.3; O - pH = 7.8; • - pH = 8.2 
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Figure 3.2.11 Plot for s i n g l e stage k i n e t i c a n a l y s i s of 
r e l a t i v e i n t e n s i t y curves f or F e ( I I ) i n 
seawater. A - pH = 7.4; O- pH = 7.8; 
O- pH = 8.1;' • - pH = 8.3 
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F e ( I I ) ( a q ^ + A F e ( I I I ) ( a q ) + A 

^-1 K2 

''^x<°"^(colloid) ^ A ... Eq. ( 3 . 9 ) 

and i t i s assumed as a f i r s t approximation that k^ = 2kj^ 
and k_2 = ^k^^^ ( i . e . that c o l l o i d formation i s twice 
as f a s t as the o x i d a t i o n ) . 

I f [ F e ( I I ) ( a q ) ] = 

[ F e ( I I I ) ( a q ) . ] = x^ 

and [ F'e^(OH) y^^Qj^j^^j^^^ ] = y:^ the r a t e equations can be 

w r i t t e n down thus: 

d X 

= k^ x^ - k^^ XQ ... Eq. (3.10) 

dt = ^1 *** ̂ -2 ^2 " ^2 "̂ 1 " ^-1 ^1 

... Eq. (3.11) 

^ ^2 
= kg - k_̂ 2 ^2 ... Eq. (3.12) 

The f u l l i n t e g r a t i o n of these simultaneous equations i s 
described elsewhere ( 2 1 1 ) and applying the l i m i t that 
a t t = O, Xg = O with the assumed r e l a t i o n s h i p s between 
the r a t e constants, then: 

k^ X 
-2 = W ^ ^ ) - exp (- t (k^ . k _ , ) ) ] 2 

At equilibrium x- x- , t 
2 00 00 
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X 

• •. ; r ~ = ( 1 - exp (- t (k^ + k_^n] ̂  

and rearranging: 
/''2 \ ^ 1 r 1 

' - \ ^ ) = ' r i ^ ^ - i \ I n 

... Eq. (3.13) 

As ^2 =[ ^®x^^^V(colloid)] same assumption can 
be made as for the s i n g l e stage process, and so by 

r /R I 1 p l o t t i n g - I n 1 - „'T * against time a s t r a i g h t 

l i n e v / i l l be obtained f o r a two stage process. The 

r e s u l t s of t h i s a n a l y s i s are pl o t t e d i n Figure 3.2.12 

for d i s t i l l e d water and Figure 3.2.13 for seav/ater. In 

seawater there i s s t i l l l i t t l e agreement with the 

proposed mechanism except at pH = 8.3. However i n 

d i s t i l l e d water s t r a i g h t l i n e s are obtained f or the 

r e a c t i o n s a t pH = 7.6, 7.8 and 8.2, but for pH c 7.5 

no s t r a i g h t l i n e s are obtained. T h i s i n d i c a t e s that 

the oxidation step f i t s the assumption of i t s r a t e 

constant being h a l f as la r g e as that f o r the c o l l o i d 

formation f or pH > 7.5 i n d i s t i l l e d water. In seawater 

t h i s only f i t s a t pH ^ 8.3. 

By using a simple mechanism, and assuming an a r b i t r a r y 

r e l a t i o n s h i p between the r a t e s f o r the two stages an 

improvement i n the model i s obtained. However t h i s i s 

as f a r as t h i s simple mechanistic approach can be taken 

because i f 4 2k^ and k_2 ^ ^^^i "tbe integrated r a t e 
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P l o t f o r two stage k i n e t i c a n a l y s i s of 
r e l a t i v e i n t e n s i t y curves f or F e ( I I ) i n 
d i s t i l l e d water. X- pH = 7.1; A - pH = 
7.3; V - pH = 7.6; o - pH = 7.8; pH 
= 8.2 
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Figure 3.2.13. P l o t f or two stage k i n e t i c a n a l y s i s of 
r e l a t i v e i n t e n s i t y curves for F e ( I I ) i n 
seawater. A - pH = 7.4; o - pH = 7.8; 
0 - p H = r 8 . 1 ; • - p H = 8.3 
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equation f o r X 2 i s s t i l l cumbersome and cannot be 

s i m p l i f i e d e a s i l y . I n c r e a s i n g the number of s t a g e s 

f o r the p r o c e s s would a l s o i n v o l v e l a r g e complex 

equations so t h a t t h i s s i m p l i f i e d two stage p r o c e s s 

i s the b e s t m e c h a n i s t i c model t h a t can be obtained. 

The one and two stage models f i t the r e a c t i o n 

sequences o r i g i n a l l y hypothesised under c e r t a i n c o n d i t i o n s . 

For a one s t a g e p r o c e s s the r a t e of o x i d a t i o n must be a s 

f a s t a s the c o l l o i d formation which can only occur a t 

h i g h pH's i n d i s t i l l e d water. For a two s t a g e p r o c e s s 

assuming t h a t the r a t e of c o l l o i d formation i s t w i c e 

a s f a s t a s the o x i d a t i o n the mechanism works i n d i s t i l l e d 

water a t pH's ^ 7.6 and i n seawater a t pH's ^ 8.3. 

Below these r e s p e c t i v e pH's the mechanism i s more complex 

and a s s t a t e d above, a d d i t i o n a l r e a c t i o n s such a s d i r e c t 

a d s o r p t i o n of F e ( I I ) may occur and add complexity to 

the r e a c t i o n sequence. Furthermore i n seawater and 

d i s t i l l e d water a t pH < 7.5 the removal of the c o l l o i d 

by f l o c c u l a t i o n i s almost c e r t a i n l y o c c u r r i n g s i m u l t a n ­

e o u s l y w i t h the c o l l o i d formation. The d a t a f o r k i n e t i c 

a n a l y s i s was e x t r a c t e d from the R . I . c u r v e s which were 

assumed to equate to the c o n c e n t r a t i o n of P'^x^^^Vccolloid) 

a l o n e , consequently the removal mechanism w i l l o b v i o u s l y 

a f f e c t the measurements and hence the c a l c u l a t i o n s . 

3.2.5 Summary of P r e c i p i t a t e Formation 

( a ) C o l l o i d formation from F e ( I I I ) i s extremely f a s t 

and pH independent i n NaCl s o l u t i o n s and seawater. I n 
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these higher i o n i c strength media the c o l l o i d i s 

immediately d e s t a b i l i s e d by the anions. 

(b) C o l l o i d formation from F e ( I I I ) i s a l s o very f a s t i n 

d i s t i l l e d water and although pH dependent, no measurable 

change i n the r a t e of formation i s obtained other than 

at the low end of the n a t u r a l pH range (pH ^ 6.0). The 

c o l l o i d has a l i m i t e d s t a b i l i t y i n d i s t i l l e d water and 

f l o c c u l a t e s slowly a t high pH's. 

( c ) C o l l o i d formation from F e ( I I ) i s c o n t r o l l e d by the 

r a t e of oxidation of F e ( I l ) . At high pH i n d i s t i l l e d 

water the formation of c o l l o i d appears to be a s i n g l e 

stage process, at high pH i n seawater and pH -> 7.6 

i n d i s t i l l e d water the formation of c o l l o i d appears to 

be a two stage process. The d e s t a b i l i s i n g of the c o l l o i d 

i n seawater and at low pH i n d i s t i l l e d water hinder any 

f u r t h e r mechanistic a n a l y s i s . 

(d) By examining the r i s e times of the R . I . curves a 

f i e l d diagram can be drawn i n d i c a t i n g the comparative 

r a t e s of p r e c i p i t a t e formation from F e ( I I I ) and F e ( I I ) 

i n d i s t i l l e d water and seawater at various pH»s. 
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3.3 Phosphate Adsorption 

For t h i s p a r t of the study a v a r i e t y of a d s o r p t i o n 

experiments were c a r r i e d out i n order to model the 

p o s s i b l e i n t e r a c t i o n s of i r o n oxyhydroxides w i t h d i s s o l v e d 

phosphate i n e s t u a r i n e media. Reference i s made to the 

r e s u l t s obtained i n S e c t i o n s 3.1 and 3.2 as many of the 

a d s o r p t i o n phenomena can be e x p l a i n e d a t l e a s t i n p a r t 

by d i f f e r e n c e s i n p r e c i p i t a t e formation and/or c h a r a c t e r . 

The f i r s t s e c t i o n d e a l s w i t h the v a r i a b l e s chosen and 

c o n t r o l l e d i n t h i s study and d i s c u s s e s t h e i r r e l e v a n c e to 

the n a t u r a l e s t u a r i n e environment* The uptaike i s des­

c r i b e d q u a l i t a t i v e l y i n the next two s e c t i o n s , each 

d i s t i n g u i s h e d by the p r e c i p i t a t e age. Q u a n t i t a t i v e 

a n a l y s i s then f o l l o w s , i n c l u d i n g a n a l y s i s of n a t u r a l 

samples, and t h i s i s a l s o s p l i t i n t o two s e c t i o n s i n v o l v i n g 

aged and f r e s h p r e c i p i t a t e s . F i n a l l y the r e s u l t s a r e 

summarised so t h a t the comparison between n a t u r a l and 

model experiments can be c l e a r l y made. 

3.3.1 D i s c u s s i o n of Chemical Modelling 

The r e a c t i o n s were c a r r i e d out i n f i l t e r e d seawater 

and d i s t i l l e d water c o n t a i n i n g a sodium bicarbonate 

b u f f e r . These s o l u t i o n s r e p r e s e n t the end members of an 

e s t u a r i n e system and no s o l u t i o n s of i n t e r m e d i a t e s a l i n i t y 

were used. V a r i a t i o n of the s a l i n i t y i n model s o l u t i o n s 

to cover the e s t u a r i n e range would have r e q u i r e d a 

c o n s i d e r a b l e i n c r e a s e i n the number of experiments. I t 

was f e l t t h a t the d a t a obtained from the examination of 
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r e a c t i o n s at S =07 and S ^ 34? would enable l i m i t s 
DO OO 

to be given to the extent and r a t e s of adsorption, plus 

any mechanistic information on the i n t e r a c t i o n s between 

i r o n oxyhydroxides and phosphate. Previous st u d i e s 

have shown that the low s a l i n i t y region i s important 

for e s t u a r i n e iron/phosphate i n t e r a c t i o n s (114). 

Hoivever, the nephelometric technique used i n t h i s study 

has shown that the r a t e of p a r t i c l e formation from F e ( I I ) 

i s not a l t e r e d draimatically by s a l i n i t y changes above 

lO^^ (Figure 3.1.3) and r a t e of p a r t i c l e formation from 

F e ( I I I ) i s almost constant throughout the n a t u r a l pH 

range and at any i o n i c strength up to 0.7M. 

Seawater has a r e l a t i v e l y constant composition when 

sampled away from freshwater and anthropogenic inputs, 

as was the case i n t h i s work, whereas r i v e r water can 

vary considerably i n composition with season, weather 

and the geology of the catchment area, plus other f a c t o r s , 

not l o a s t of which i s human a c t i v i t y . Therefore seawater 

of low organic carbon content (<1.0 mg l'"^) was used as 

the s a l i n e end-member for the model and buffered d i s t i l l e d 

water v;as used as the f r e s h water end-member, the l a t t e r 

being a comparatively poor analogue. However, t h i s 

s i m p l i f i e d s o l u t i o n removes some of the v a r i a t i o n which 

makes f i e l d measurements so d i f f i c u l t to analyse and 

enabled repeat experiments to be done v/ithout the 

n e c e s s i t y of checking or a d j u s t i n g the composition of the 

media. 
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The oxyhydroxides derived from both F e ( I I ) and 

F e ( I I I ) s a l t s were formed in s i t u as f r e s h p r e c i p i t a t e s , 

or aged for 20 h before phosphate a d d i t i o n . The 

experiments using f r e s h p r e c i p i t a t e s modelled inputs 

of d i s s o l v e d ir o n from e i t h e r streams, sediment pore 

waters or s t i r r i n g across the oxic/anoxic boundary of 

s t a b i l i s e d lakes, while the aged oxyhydroxides modelled 

p o s s i b l e c r y s t a l l i n e forms of i r o n oxyhydroxides 

derived from c r u s t a l weathering and other s o l i d phases 

of iron found i n n a t u r a l waters. 

The majority of experiments were c a r r i e d out at 15*̂ C 

but a few were repeated at 2^C to i n v e s t i g a t e the tem­

perature dependence of the i n t e r a c t i o n s . These two 

temperatures are approximate l i m i t s of normal e s t u a r i n e 

temperature ranges. A temperature of 15*̂ 0 was chosen 

not only because i t i s r e p r e s e n t a t i v e of n a t u r a l water 

temperatures but a l s o for comfort s i n c e experiments were 

c a r r i e d out i n temperature c o n t r o l l e d rooms set at the 

appropriate values. 

Thus the above parameters of i n i t i a l concentration 

of r e a c t a n t s , p r e c i p i t a t e source and age, s o l u t i o n 

composition and temperature were combined with pH to 

model the numerous p o s s i b i l i t i e s of e s t u a r i n e adsorption 

phenomena i n a laboratory c o n t r o l l e d environment. 

3.3.2 General Discussion on Aged P r e c i p i t a t e s i n 

Model Solutions 

The adsorption of phosphate onto aged F e ( I I I ) derived 

p r e c i p i t a t e s i s shown i n Figure 3.3.1 for seawater and 
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by aged F e ( I I I ) d e r i v e d o x yhydroxides. A- pH = 8.1; • - pH = 7.6; 
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F i g u r e 3.3,2 f o r d i s t i l l e d w a t e r i n t h e pH range 

pH = 6.9 t o pH = 8.3. Each o f t h e s e c u r v e s i s p r o d u c e d 

f r o m d a t a f o r a t l e a s t 2 i d e n t i c a l r u n s . F u r t h e r 

s i n g l e e x p e r i m e n t s a t v a r i o u s i n t e r m e d i a t e pH»s were 

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

and a l s o because t h e subsequent k i n e t i c a n a l y s i s was 

o n l y done on t h o s e r u n s w h i c h had s u f f i c i e n t d a t a f o r 

w e l l d e f i n e d c u r v e s t o be drawn. The e x t e n t o f a d s o r p t i o n 

i s dependent on pH i n b o t h media w i t h t h e e q u i l i b r i u m v a l u e ^ 

d e c r e a s i n g w i t h i n c r e a s i n g pH. The t r e n d i s more pronounced 

i n d i s t i l l e d w a t e r w i t h t h e amount adsorbed a t e q u i l i b r i u m 

a t pH = 8.5 b e i n g l e s s t h a n 20% compared w i t h 80% a t 

pH = 6.9. I n seawater t h e a d s o r p t i o n a t e q u i l i b r i u m a t 

pH = 8.1 i s 60% compared w i t h more t h a n 9 0 % a t pH = 6.9 

and so t h e e x t e n t o f a d s o r p t i o n i s a l s o enhanced i n sea-

w a t e r compared w i t h t h a t i n d i s t i l l e d w a t e r a t t h e same 

pH. The p o s s i b l e e x p l a n a t i o n s f o r t h e s e a d s o r p t i o n 

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

o r a p h y s i c a l a d s o r p t i o n mechanism o r perhaps more 

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

may i n d i c a t e a d s o r p t i o n mechanisms and b o t h t h e Langmuir 

and F r e u n d l i c h e q u a t i o n s were a p p l i e d t o d a t a f r o m uptaJce 

c u r v e s a t f i x e d pH b u t v a r y i n g phosphate c o n c e n t r a t i o n . 

I n i t i a l phosphate c o n c e n t r a t i o n s used were 0.5, l.O, 2.0, 

2.5, 3.0, 4.0, 5.0, 6.0 and lO.O pmol l " ^ and t h e pH i n 

seawater was pH = 8.1 and i n d i s t i l l e d w a t e r was pH = 7.4. 

The Langmuir e q u a t i o n produced no d e f i n i t i v e t r e n d and t h e 

^ h i s i s t a k e n as t h e c o n c e n t r a t i o n o f PO. a d s o r b e d 
a f t e r 2 h. ^ 
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F i g u r e 3«3.2. A d s o r p t i o n p r o f i l e s f o r the removal o f d i s s o l v e d phosphate from d i s t i l l e d 

. water by aged F e ( I I I ) d e r i v e d oxyhydroxides. Q- P*̂  = 8.5; A- pH = 8.3; 
• - pH = 7.3; X- PH = 6.9 



d a t a f o r b o t h seawater and d i s t i l l e d w a t e r gave randomly 

s c a t t e r e d p o i n t s . P r e v i o u s work has s t a t e d t h a t i t i s 

u n l i k e l y t h a t t h e Langmuir i s o t h e r m w o u l d be a p p r o p r i a t e 

f o r a p p l i c a t i o n t o t h e a d s o r p t i o n o f c h a r ged phosphate 

i o n s o n t o c h a r ged o x i d e s u r f a c e s (143) and t h e r e f o r e t h e 

Langmuir c a l c u l a t i o n s a r e n o t shoivn. The F r e u n d l i c h 

i s o t h e r m s a r e shown i n F i g u r e 3.3.3 as some r e l a t i o n s h i p 

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

o r d i s t i l l e d w a t e r . The more u s u a l f o r m f o r t h e F r e u n d l i c h 

i s o t h e r m i s a s i n g l e s t r a i g h t l i n e whose s l o p e and 

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

F r e u n d l i c h e q u a t i o n as shown i n E q u a t i o n ( 1 . 5 ) . I n t h e 

d i s t i l l e d w a t e r case t h e d a t a f o r m s two s t r a i g h t l i n e s 

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

c u r v e . Whichever way t h i s i s o t h e r m i s d e p i c t e d i t appears 

t o r e p r e s e n t two segments o f a d s o r p t i o n b e h a v i o u r 

d e p e n d i n g on phosphate c o n c e n t r a t i o n . The F r e u n d l i c h 

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

a d s o r p t i o n decreases e x p o n e n t i a l l y as t h e amount ad s o r b e d 

i n c r e a s e s ( 1 4 0 ) . I t i s e x p e c t e d t h a t t h e a f f i n i t y f o r 

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

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

c h a r g e w i t h i n c r e a s i n g adsorbed phosphate. I t i s u n l i k e l y 

t h a t a s a t u r a t i o n o f s u r f a c e s i t e s i s o c c u r r i n g a t t h e 

comp>aratively low l e v e l s o f phosphate used i n t h i s s t u d y 

as c o n s i d e r a b l y h i g h e r c o n c e n t r a t i o n s ( 3 mg PO^-P 1*^) 

have been used by o t h e r w o r k e r s (131) w i t h o u t r e a c h i n g 

t h e l i m i t s o f t h e a d s o r p t i o n c a p a c i t y . C o n s e q u e n t l y 
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i n c r e a s i n g t h e phosphate a d s o r b e d d e c r e a s e s t h e a f f i n i t y 

f o r a d s o r p t i o n b u t n o t e x p o n e n t i a l l y as t h e F r e u n d l i c h 

model p r e d i c t s . A s i m i l a r argument can be p roposed f o r 

t h e a d s o r p t i o n i n seawater a l t h o u g h t h e i s o t h e r m has a 

d i s c o n t i n u i t y a t a p p r o x i m a t e l y 2.0 ymol l " ^ i n i t i a l 

p h osphate c o n c e n t r a t i o n . The change i n s l o p e o f t h e two 

p a r t s o f t h e i s o t h e r m i s l e s s t h a n t h a t i n t h e d i s t i l l e d 

w a t e r example w h i c h may i n d i c a t e t h e l e s s e n i n g o f t h e 

e f f e c t o f phosphate a d s o r p t i o n on s u r f a c e charge i n t h e 

p r e s e n c e o f h i g h c o n c e n t r a t i o n s o f o t h e r i o n s . T h e r e i s 

no e x p l a n a t i o n o f t h e d i s c o n t i n u i t y as e x p e r i m e n t s were 

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

g r e a t e r d e t a i l . The amount o f phosphate adsorbed was 

c a l c u l a t e d f r o m e q u i l i b r i u m c o n c e n t r a t i o n s measured a f t e r 

20 h. T h i s t i m e p e r i o d was t a k e n as t h e c o m p l e t i o n o f 

phosphate u p t a k e w i t h o u t a d d i t i o n a l uptedce r e s u l t i n g 

f r o m l o n g t e r m i n c o r p o r a t i o n o f phosphate i n t o t h e i r o n 

o x y h y d r o x i d e m a t r i x t o produce an i r o n phosphate ( 1 3 4 ) . 

The e q u i l i b r i u m v a l u e s i n d i s t i l l e d w a t e r were v i r t u a l l y 

i d e n t i c a l a f t e r 2 h w i t h t h o s e a f t e r 20 h whereas i n sea-

w a t e r t h e r e was c o n s i d e r a b l e a d d i t i o n a l uptaJce o v e r t h e 

l o n g e r p e r i o d . T h i s phenomenon emphasises t h e d i f f e r e n c e s 

i n t h e u p t a k e between t h e two media and i t may be e a s i e r 

t o e x p l a i n t h e s e d i f f e r e n c e s u s i n g a more p h y s i c a l t y p e o f 

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

l i g a n d exchange w h i c h i s as shown i n E q u a t i o n ( 3 . 1 4 ) . 
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Fe - OH + H^PO^ ^ Pe - " 2 ^ 4 

... Eq. (3 . 1 4 ) 

The e x t e n t o f t h i s r e a c t i o n depends on t h e c o o r d i n a t i n g 

tendency o f i r o n w i t h phosphate s p e c i e s compared w i t h 

t h e h y d r o x y l i o n . T h i s can be f o u n d s e m i q u a n t i t a t i v e l y 

by e x a m i n i n g t h e a f f i n i t y o f t h e aqueous F e ( I I I ) i o n 

towards OH" and t h e phosphate s p e c i e s , e.g. 

Fê "*" + PO^" ^ F'ePÔ  ^*^^10 ̂  = 
... Eq. (3.15) 

Fe^* + 3(0H") ̂  Fe(0H)3 ^<^9^Q K = 36 

... Eq. (3.16) 

T h e r e f o r e t h e OH" has a s t r o n g e r a f f i n i t y f o r Fe^* t h a n 

PO^" and t h e same a p p l i e s t o o t h e r phosphate s p e c i e s ( 3 1 ) . 

However, t h i s r e a c t i o n w i l l depend on t h e c o n c e n t r a t i o n s 

o f OH" and PO^" a c c o r d i n g t o t h e r a t i o o f [ P O ^ ' j / f O H j ^ 

and so as pH decreases t h e PO^" w i l l t e n d t o e n t e r t h e 

c o o r d i n a t i o n s h e a t h o f t h e Fê "*". T h i s s i m p l e mechanism 

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

s p e c i a t i o n and t h e s u r f a c e c h a r g e on t h e i r o n o x y h y d r o x i d e 

w i l l v a r y w i t h pH. Thus, i n d i s t i l l e d w a t e r t h e t r e n d s 

can be r e p r e s e n t e d i n T a b l e 3.10, where t h e pH o f z e r o 

p o i n t c h a r g e (pH^ p ^ ) o f am-FeOOH i s 7.9 ( 4 9 ) . Even 

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

i n t e r a c t i o n a t pH < 7.9 c o n t r a s t s w i t h t h e e l e c t r o s t a t i c 

r e p u l s i o n a t pH > 7.9. T h e r e f o r e e l e c t r o s t a t i c i n t e r ­

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

i n t e r a c t i o n s w i t h r e g a r d t o changes i n pH, i . e . u p t a k e i s 
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Table 3.10. Changes i n s p e c i a t i o n and s u r f a c e charge 

due t o pH f o r i r o n o xyhydroxide and 

phosphate i n d i s t i l l e d w a t e r . 

pH Dominant s u r f a c e Dominant phosphate 
group on i r o n species 
o x y h y d r o x i d e 

<7.9 Fe . OH^ 
= 7.9 Fe - OH H PO^" 4 
>7.9 Fe - 0~ H PO^" 4 
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more f a v o u r a b l e a t lov;er pH, However, t h e r e i s no 

i n f o r m a t i o n on which o f these mechanisms predominates 

and a l t h o u g h b o t h f i t t he uptake curves as shown i n 

F i g u r e s 3.3.1 and 3.3.2 t h e c h e m i s o r p t i o n model does 

not p r e d i c t t h e enhanced e q u i l i b r i u m a d s o r p t i o n found 

i n seawater nor the d i f f e r e n c e s between t h e two F r e u n d l i c h 

i s o t h e r m s . The a d s o r p t i o n o f phosphate from seawater i s 

co m p l i c a t e d by a d s o r p t i o n o f seawater i o n s onto t h e i r o n 

o x y h y d r o x i d e s u r f a c e (73, 7 4 ) . The normal pH^ p ^ f o r 

G o e t h i t e i s depressed t o pH^ p ^ = 7.1 i n seawater by 
2- • • ' 

a d s o r p t i o n o f SO^ {50). Consequently t h e e l e c t r o s t a t i c 

i n t e r a c t i o n s appear t o be l e s s f a v o u r a b l e i n seawater a t 

n a t u r a l pHts than i n d i s t i l l e d water y e t t h e observed 

b e h a v i o u r i s f o r a d s o r p t i o n t o be enhanced. T h i s can 

be e x p l a i n e d i n terms o f a model r e c e n t l y developed t o 

examine t h e s u r f a c e c h e m i s t r y o f a-FeOOH i n seawater 

(73, 9 0 ) . By examining t h e a d s o r p t i o n o f major seawater 

i o n s t h e model proposed t h a t a t pH = 7.0 40% o f t h e 

s u r f a c e s i t e s would be n e u t r a l l y charged, 27% p o s i t i v e l y 

charged m a i n l y by Mg^* and Câ "*" a d s o r p t i o n and 33% 
2- -

n e g a t i v e l y charged p r e d o m i n a n t l y by SO^ and CI a n i o n s . 

At pH = 8.0 37% a r e n e u t r a l l y charged, 36% p o s i t i v e l y 

charged w i t h Mg OH"*" becoming i m p o r t a n t as w e l l as Mĝ "*" 

and Câ "*" and 27% n e g a t i v e l y charged by t h e same anions as 

above. Consequently a l t h o u g h t h e pH- „ - = 7 . 1 p r e d i c t s 

an o v e r a l l n e g a t i v e charge a t pH's above t h i s v a l u e , t h e 

a d s o r p t i o n o f Ca^^ and Mg^* may w e l l i n c r e a s e the number 
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o f a v a i l a b l e s i t e s f o r phosphate a d s o r p t i o n . Furthermore, 
2-

t h e dominant form o f phosphate i n seawater i s HPO^ (159) 

b u t complexation w i t h Mg^* and Câ "*" i s l i k e ' l y and t h i s 

c o m p l e x a t i o n may occur e i t h e r w i t h t h e s u r f a c e adsorbed 

c a t i o n s or i n s o l u t i o n so t h a t c ation-phosphate complexes 

c o u l d be adsorbed. To o b t a i n f u r t h e r i n f o r m a t i o n on 

these r e a c t i o n s the temperature dependence o f the 

a d s o r p t i o n was i n v e s t i g a t e d i n an a t t e m p t t o e l u c i d a t e 

t h e dominant mechanism o f a d s o r p t i o n . Temperature changes 

may a f f e c t .the r e a c t i o n i n two ways. F i r s t l y p h y s i c a l 

a d s o r p t i o n has no a p p r e c i a b l e a c t i v a t i o n energy whereas 

an a c t i v a t i o n energy may be i n v o l v e d i n c h e m i s o r p t i o n 

( 2 1 2 ) ; thus the r a t e o f uptake f o r p h y s i c a l a d s o r p t i o n 

w i l l not be a f f e c t e d by temperature changes. Secondly, 

p h y s i c a l a d s o r p t i o n i s an exothermic process so t h a t from 

Le C h a t e l i e r * s P r i n c i p l e a decrease i n temperature w i l l 

g i v e an i n c r e a s e i n the amount o f phosphate adsorbed a t 

e q u i l i b r i u m . The a d s o r p t i o n o f phosphate a t 2^C and 15*̂ C 

i s shoivn f o r seawater i n F i g u r e 3.3.4 and f o r d i s t i l l e d 

w a ter i n F i g u r e 3.3.5. I f r a t e c o n s t a n t s are a v a i l a b l e 

f o r t h e r e a c t i o n s a t the d i f f e r e n t temperatures the 

Arhenius e q u a t i o n can be used t o c a l c u l a t e the a c t i v a t i o n 

energy f o r a d s o r p t i o n t h u s : 

l o a i"^] E f ^ 2 - ^ 1 ] 
•*-°̂ 10 \ k / " 2.303 R \ TJT, / ^1 

.. Eq. (3.17) 
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F i g u r e 3.3.4. A d s o r p t i o n p r o f i l e s f o r removal o f d i s s o l v e d phosphate a t v a r y i n g t e m p e r a t u r e s 
i n seawater. O- 2°C; X- ISOC | pH = 8.2 
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F i g u r e 3.3.5. A d s o r p t i o n p r o f i l e s f o r removal o f d i s s o l v e d phosphate a t v a r y i n g temperat u r e s 

i n d i s t i l l e d w a t e r . x- 2°C| Q- 15°C, pH = 7.3 



IVhere k̂ ^ & k^ = Rate c o n s t a n t s f o r the r e a c t i o n s a t 

275K and 288K r e s p e c t i v e l y 

& = Temperature i n °K 

R = Gas c o n s t a n t [ k J K"-^ mol""*" ] 

and E = A c t i v a t i o n Energy [ k J mol"'^] 

Equation (3.17) w i l l be used i n the complete k i n e t i c 

a n a l y s i s i n S e c t i o n 3.3.4 t o c a l c u l a t e an a c t i v a t i o n 

energy f o r the a d s o r p t i o n i n d i s t i l l e d w a t e r . I n t h i s 

medium the r a t e o f uptake i s dependent on temperature, 

and the e q u i l i b r i u m v a l u e i s equal a t b o t h temperatures. 

This" f u r t h e r c o n f i r m s t h a t t h e r e a c t i o n i n d i s t i l l e d 

w ater i s p r e d o m i n a n t l y a l i g a n d exchange process b u t i n 

seawater as shown i n F i g u r e 3*3.4 t h e r a t e o f uptake 

and e q u i l i b r i u m a d s o r p t i o n i s independent o f temperature; 

c o n s e q u e n t l y e l e c t r o s t a t i c and c o - a d s o r p t i o n phenomena p l a y 

a more i m p o r t a n t p a r t i n the process. Thus the mechanism 

f o r t h e a s s o c i a t i o n between phosphate and aged F e ( I I I ) 

d e r i v e d oxyhydroxide w i l l depend on i n which media t h e 

r e a c t i o n s occur. Yates and Mealy (84) have c a r r i e d o u t 

c a l c u l a t i o n s f o r the seawater i o n a d s o r p t i o n u s i n g a s i t e 

b i n d i n g model which combines s p e c i f i c and e l e c t r o s t a t i c 

i n t e r a c t i o n s and which does not s e p a r a t e the mechanisms. 

The r e s u l t s p r e s e n t e d here support t h i s type o f model and 

th e degree o f p h y s i c a l or chemical n a t u r e o f the r e a c t i o n 

mechanisms w i l l a l t e r depending on v a r i o u s parameters, 

and a b e t t e r p r e d i c t i v e q u a l i t y t o t h e models should be 

o b t a i n e d i f the mechanisms ar e not k e p t m u t u a l l y e x c l u s i v e . 
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I n d r a m a t i c c o n t r a s t t o the complex a d s o r p t i o n 

behaviour o f aged F e ( I I I ) d e r i v e d p r e c i p i t a t e s F i g u r e 

3.3.6 shows t h a t aged F e ( I I ) d e r i v e d p r e c i p i t a t e s do not 

adsorb phosphate e i t h e r i n d i s t i l l e d water or seawater 

i n t h e n a t u r a l pH range even when the experiments were 

extended f o r a p e r i o d o f 50 h. T h i s i s a s u r p r i s i n g 

r e s u l t as t h e r e should be l i t t l e d i f f e r e n c e i n t h e 

s u r f a c e groups o f am-FeOOH and the F e ( I I ) d e r i v e d p r e c i p i ­

t a t e which has been i d e n t i f i e d as L e p i d o c r o c i t e (y-FeOOH) 

i n S e c t i o n 3.1. The l i g a n d exchange mechanism appears 

o n l y t o be v a l i d f o r aged F e ( I I I ) p r e c i p i t a t e s ; i t 

cannot e x p l a i n why a d s o r p t i o n does not occur i n t h i s case. 

A l t h o u g h t h e pH^ p ^ f o r y-FeOOH i s not as w e l l documented 

as t h a t f o r am-FeOOH (7.9) and a-FeOOH (8.1) v a l u e s o f 

pH^ p ̂  = 6.2 (192) and 6.9 (213) have been found. These 

a r e c e r t a i n l y lower than t h e pH^ P C»s F e ( I I I ) d e r i v e d 

o x yhydroxides and they may w e l l be decreased i n seawater 

by t h e same mechanism o f SO^" a d s o r p t i o n t h a t has a l r e a d y 

been proposed. Consequently t h i s o x y h y d r o x i d e w i l l have 

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

examined and t h i s may be s u f f i c i e n t t o pr e v e n t a d s o r p t i o n 

under t h e c o n d i t i o n s examined. The pH was lowered t o 

pH = 5.3 i n t h e d i s t i l l e d water and some (;̂  20%) 

a d s o r p t i o n was found. D i f f i c u l t i e s i n m a i n t a i n i n g t h i s 

pH prevented complete i n v e s t i g a t i o n o f c o n d i t i o n s t h a t 

a r e o u t s i d e t h e n a t u r a l range and when the pH d r i f t e d 

upwards, as the b u f f e r r e g a i n e d i t s e q u i l i b r i u m , d e s o r p t i o n 
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F i g u r e 3.3.6. T y p i c a l a l d s o r p t i o n p r o f i l e f o r t h e r e m o v a l o f d i s s o l v e d phosphate f r o m d i s t i l l e d 
w a t e r and seawater by aged F e ( I I ) d e r i v e d o x y h y d r o x i d e s ; pH range = 6.5-8.2 



o f phosphate o c c u r r e d . Thus t h i s a d s o r p t i o n phenomena 

appears t o be p r e d o m i n a n t l y p h y s i c a l but may not occur 

i n t h e n a t u r a l pH range. The s u r f a c e area foxy^FeOOH 

i s s m a l l e r than the e x t r e m e l y l a r g e v a l u e s o b t a i n e d f o r 

amorphous p r e c i p i t a t e s , w i t h s u r f a c e areas o f about 

100-170 m̂  g"*̂  p r e v i o u s l y quoted (192) and areas up t o 
2 - 1 

120 m g found i n t h i s s t u d y . Thus t h e r e i s s t i l l a 

s u b s t a n t i a l area a v a i l a b l e f o r a d s o r p t i o n . The occurrence 

o f L e p i d o c r o c i t e i n t h e n a t u r a l environment has been 

recor d e d p r e d o m i n a n t l y i n ground waters ( 4 1 ) . I t s 

occurrence i n a c i d mine streams may mean t h a t the com­

p o s i t i o n o f these streams v / i l l be d i f f e r e n t from o t h e r 

n a t u r a l waters as they may not c o n t a i n an e f f i c i e n t 

adsorbant t o a f f e c t t h e p a r t i t i o n i n g o f v a r i o u s 

c o n s t i t u e n t s between the s o l i d and d i s s o l v e d phases. 

L e p i d o c r o c i t e has not y e t been i d e n t i f i e d as a component 

o f e s t u a r i n e sediments and i t i s thought t h a t t h e more 

common forms o f G o e t h i t e and amorphous FeOOH are p r e ­

dominant. Consequently t h e importance o f L e p i d o c r o c i t e 

t o e s t u a r i n e a d s o r p t i o n processes remains unknown. 

3.3.3 General D i s c u s s i o n on Fresh P r e c i p i t a t e s i n 

Model S o l u t i o n s 

F r e s h l y f o r m i n g i r o n oxyhydroxides produced by adding 

d i s s o l v e d F e ( I I I ) t o s o l u t i o n s c o n t a i n i n g phosphate were 

found t o be v e r y e f f i c i e n t removers o f phosphate from 

s o l u t i o n as shown i n F i g u r e 3.3.7 f o r seawater and F i g u r e 

3.3.8 f o r d i s t i l l e d w a t e r . I n d i s t i l l e d water experiments 
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Figure 3.3.7. Removal of d i s s o l v e d phosphate.from seawater by f r e s h l y p r e c i p i t a t i n g F e ( I I I ) 
derived oxyhydroxides. A- pH = 6.5; pH = 7.0; Q- pH = 7.8 
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Figure 3.3.8. Removal of d i s s o l v e d phosphate from d i s t i l l e d water by f r e s h l y p r e c i p i t a t i n g 
F e ( I I I ) derived oxyhydroxides. Q- pH = 6.7; • - pH = 8.0; ^ - pH = 8.2 



were c a r r i e d out a t pH = 6.5, 7.0 and 7.8 a t 15°C and 

pH = 7.2 a t 2^C and i n seawater the pH v a l u e s used were 

6.7, 8.0 and 8.2 a t Is'^C and pH = 7.4 and 8.1 a t 2°C. I n 

a l l these experiments approximately 90% of the phosphate 

was removed from s o l u t i o n w i t h i n 30 seconds and e q u i l i ­

brium was reached w i t h i n 5 minutes. Under the experimental 

c o n d i t i o n s used any d i f f e r e n c e s i n the r a t e of a d s o r p t i o n 

could not be d i s c e r n e d and i t can be concluded t h a t the 

a d s o r p t i o n behaviour i s independent of pH, and i o n i c 

s t r e n g t h . The change i n temperature could slovj the r a t e 

of uptake by an order of magnitude, but the r e s u l t s show 

no obvious decrease i n r a t e a t the lower temperature 

and t h i s suggests t h a t the r a t e of uptake i s s t i l l 

e xtremely f a s t a t 2^C. The nephelometric study showed 

t h a t over a wide pH range i n d i s t i l l e d water and s e a -

water the appearance of the c o l l o i d o c c u r r e d i n <lO 

seconds. T h i s r a p i d development of a v e r y a c t i v e s u r f a c e 

i n the presence of phosphate would tend to mask the 

e f f e c t of the two v a r i a b l e s . U n f o r t u n a t e l y no nephelo­

m e t r i c experiments were c a r r i e d out a t 2°C and no 

c o n c l u s i o n s can be drawn as to the e f f e c t s of temperature 

on the p a r t i c l e formation; however h y d r o l y s i s of F e ( I I I ) 

has been shown to be temperature dependent by other 

workers ( 6 ) . 

The r a t e of these r e a c t i o n s makes k i n e t i c a n a l y s i s 

i m p o s s i b l e from the methods used and t h e r e i s l i t t l e 

e vidence on which to h y p o t h e s i s e mechanisms f o r the 
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r e a c t i o n s . As F e ( I I I ) was added to a s o l u t i o n containing 

phosphate i t i s po s s i b l e that Fe PO^ was p r e c i p i t a t e d 

depending on pH and i n i t i a l phosphate concentration. 

Consideration of the s o l u b i l i t y of Fe PO^ (31) i n d i c a t e s 

that t h i s phase i s s t a b l e i f p r e c i p i t a t e d a t pH < 5 but 

the concentration used i n t h i s study i s low enough to 

prevent p r e c i p i t a t i o n of Fe PO^ e s p e c i a l l y i n the pH 

range used. Furthermore the low concentrations of 

phosphate used compared with the F e ( I I I ) concentration 

would mean that more Fe(0H)2 than Fe PO^ v/ould be 

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

almost impossible. VJhether Fe(0H)2, Fe PO^ or mixed 

oxide/phosphates were formed under the varying conditions 

did not a f f e c t the r a t e of removal of the phosphate from 

s o l u t i o n . T h i s can be explained by the general trend 

i n r a t e s of complex formation of an aquo ion with a 

ligand and such r e a c t i o n s are thought to proceed i n two 

stages (205). I n i t i a l l y an aquo ion-ligand outer sphere 

complex i s formed and t h i s i s followed by the e l i m i n a t i o n 

of H^O. I f a s i m i l a r mechanism occurs f o r the i r o n 

oxyhydroxide/phosphate system the r a t e of formation w i l l 

show l i t t l e or no dependence on the i d e n t i t y of the ligand 

i . e . phosphate or OH~ and so the r a t e of adsorption w i l l 

not i n d i c a t e v;hether Fe(OH)2 or Fe PO^ i s formed. The 

uptake i s so rapid and independent of a l l v a r i a b l e s t r i e d 

that no information as to the mechanism f o r adsorption 

i s a v a i l a b l e other than to say uptake i s dependent on 

the r a t e of p a r t i c l e formation. 
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F r e s h l y forming F e ( I I ) derived p r e c i p i t a t e s have 

a more complex adsorption behaviour although the r a t e of 

phosphate adsorption i s a l s o dependent on r a t e of p a r t i c l e 

formation. However, i n t h i s case the r a t e determining 

step was found to be the r a t e of oxidation of F e ( I I ) which 

was dependent on pH, i o n i c strength and temperature. 

Figure 3.3.9 shows the r e l a t i v e l y slow removal of phosphate 

i n seawater at various pH»s. The adsorption at pH = 8.1 

was complete w i t h i n 30 minutes and the equilibrium con­

c e n t r a t i o n was approximately 0.15 ^mol l " * ^ . At pH = 7.4 

the removal was much slower and was not complete u n t i l 

approximately 150 minutes with a s i m i l a r e q u ilibrium 

concentration to that at pH = 8.1. The pH changes during 

the course of an experiment were u s u a l l y <0.2 pH u n i t s 

and occurred as the a c i d i c F e ( I I ) was added to the 

s o l u t i o n . The buffer c a p a c i t y of the seawater then 

returned the pH to i t s o r i g i n a l value over a period of 

approximately 10 minutes and during t h i s pH r i s e no 

desorption of the phosphate was observed. A few e x p e r i ­

ments were c a r r i e d out at 2^C and the r e s u l t s of one 

of these experiments i s shown i n Figure 3.3.10 i n which 

the adsorption under i d e n t i c a l conditions except a 

temperature of 15^C i s included as a comparison. I t was 

expected that t h i s r e a c t i o n would be temperature 

dependent as the r a t e of oxidation of F e ( I I ) i s known 

to be dependent on t h i s parajneter. T h i s temperature 

dependence w i l l be used to c a l c u l a t e an apparent a c t i v a ­

t i o n energy for t h i s uptake i n the s e c t i o n on k i n e t i c 
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Figure 3.3,10. Adsorption p r o f i l e s showing e f f e c t of temperature upon uptake of phosphate 
from seawater by F e ( I I ) derived oxyhydroxides at pH = 8.1. Q - 15°C; X- 2°C 



a n a l y s i s . The r e s u l t s from the few experiments c a r r i e d 

out on temperature dependence w i l l be plotted on diagrams 

i n the k i n e t i c a n a l y s i s to shov/ p o s s i b l e e f f e c t s of 

temperature for comparison with n a t u r a l adsorption 

phenomena. 

The adsorption onto f r e s h l y forming F e ( I I ) derived 

oxyhydroxides from d i s t i l l e d water i s shown i n Figure 

3.3.11 and i n t h i s medium the changes i n pH during the 

course of an experiment did r e s u l t i n desorption. In 

Figure 3.3.11 only one curve i s shown for c l a r i t y and 

t h i s i s for two runs where pH changes were i d e n t i c a l . 

The curves were very s e n s i t i v e to the changes i n pH such 

that desorption would be retarded for a few minutes i f 

the minimum i n pH p e r s i s t e d for a short time. The 

concentration of phosphate remaining i n s o l u t i o n at 

maximum adsorption was dependent on pH although the 

desorption made t h i s d i f f i c u l t to measure. The maiximum 

change i n pH was 0.4 pH u n i t s and the carbonate buffer 

returned the pH to equilibrium a f t e r about 15 minutes. 

Ad d i t i o n a l desorption occurred a f t e r the pH s t a b i l i s e d 

and t h i s occurred over 24 h and may have been l i n k e d 

with morphological changes i n the y-F'sOOH p r e c i p i t a t e d . 

The equilibrium concentrations a f t e r 24 h were pH 

dependent as shown i n Table 3.11. 

The i n i t i a l r a t e of uptake appears to be [PO^]^ i n ­

dependent as shoxvn i n Figure 3.3.12 when adsorption at 

pH = 8.1 reaches a maximum with approximately 0.2 ymol 1~* 
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T a b l e 3.11 pH dependence of e q u i l i b r i u m c o n c e n t r a t i o n 

of PO^ i n d i s t i l l e d water 

pH f ^ 4 ] I N I T I A L [ ^ 4 ] E Q M 

6.5 0.88 0.60 
7.9 0. 95 0.50 
8.1 0.95 0.40 
8.3 0.75 0.37 
8.1 1.73 0.50 
8.1 1.96 0.85 
8.4 4.20 2.05 
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Figure 3.3.H. Adsorption p r o f i l e for the removal of d i s s o l v e d phosphate from d i s t i l l e d 
water by f r e s h l y p r e c i p i t a t i n g F e ( I I ) derived oxyhydroxide pH = 8.0. 
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Figure 3.3.12. Adsorption p r o f i l e s for uptake onto p r e c i p i t a t i n g F e ( I I ) derived 
oxyhydroxides i n d i s t i l l e d water at pH = 8.1 showing dependence on f PC ] -
X - 1»0 pmol 1 -1 2.0 pmol 1 



remaining i n s o l u t i o n f o r i n i t i a l c o n c e n t r a t i o n s of 

1.0 ymol 1"^ and 2.0 \smol 1~^. The long term uptaJce to 

e q u i l i b r i u m i s [PO^Independent as shown i n F i g u r e 3.3.12 

and Table 3.11. F i g u r e 3.3.13 shows the d e s o r p t i o n i s 

a l s o r e v e r s i b l e over medium length time p e r i o d s i f the 

pH.changes. By d e c r e a s i n g the pH from pH = 8.0 to 

pH = 5.7 r e a d s o r p t i o n occurs to a s i m i l a r l e v e l to t h a t 

a t i n i t i a l maximum ad s o r p t i o n where pH f e l l to pH = 7.0. 

Furthermore i n c r e a s i n g the pH produces d e s o r p t i o n a g a i n 

showing the l a b i l e nature of the phosphate on t h i s 

oxyhydroxide s u r f a c e . T h i s behaviour was not observed 

f o r a s i m i l a r l y d e r i v e d p r e c i p i t a t e i n seawater even when 

pH changes were purposely i n c r e a s e d . Consequently, as 

was the c a s e f o r aged F e ( I I I ) d e r i v e d p r e c i p i t a t e s the 

mechanism f o r phosphate binding to the r e s p e c t i v e oxy­

hydroxides appears to be d i f f e r e n t between seav/ater and 

d i s t i l l e d water. The a d s o r p t i o n behaviour of F e ( I I ) 

d e r i v e d p r e c i p i t a t e s i n seawater i s amenable to 

q u a n t i t a t i v e a n a l y s i s but q u a n t i t a t i v e s t u d i e s of the 

r e a c t i o n i n d i s t i l l e d water would r e q u i r e an even t i g h t e r 

c o n t r o l over pH. T h i s could be obtained by u s i n g 

premixed C 0 2 / a i r gas mixtures of v a r y i n g c o n c e n t r a t i o n 

bubbled c o n t i n u o u s l y through the s o l u t i o n s during the 

course of an experiment. Although t h i s may make a n a l y s i s 

e a s i e r , i t would push the model f u r t h e r away from the 

r e a c t i o n s o c c u r r i n g i n n a t u r a l waters which w i l l not have 

such an e l a b o r a t e pH b u f f e r . 
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3.3.4 K i n e t i c A n a l y s i s of the Uptake onto Aged P r e c i p i t a t e s 

The q u a l i t a t i v e d e s c r i p t i o n of the previous s e c t i o n s 

i s of l i t t l e use i n p r e d i c t i n g n a t u r a l adsorption phenomena 

and the numerous adsorption p r o f i l e s must be analysed to 

give q u a n t i t a t i v e information. In t h i s way i t was p o s s i b l e 

to summarise the important aspects of the data. Further­

more, mechanistic and k i n e t i c information extracted from 

t h i s data may i n d i c a t e which of the two p o s s i b l e processes 

proposed, i . e . p h y s i c a l adsorption or chemical adsorption, 

i s predominant. I f , for example, r a t e constants for the 

various r e a c t i o n s can be c a l c u l a t e d as a function of 

temperature t h i s would enable a c t i v a t i o n energies to be 

obtained. This would a l s o a s s i s t i n the p r e d i c t i o n of 

phosphate removal under varying conditions i n the n a t u r a l 

aquatic environment• 

However, i n t h i s study only two data s e t s can be 

q u a n t i t a t i v e l y analysed. F i r s t l y , the adsorption onto aged 

F e ( I I I ) derived p r e c i p i t a t e s i n both d i s t i l l e d water and 

seawater and secondly, the adsorption onto f r e s h l y p r e c i p i ­

t a t i n g F e ( I I ) derived oxyhydroxides i n seawater. T h i s i s 

because aged F e ( I I ) derived oxyhydroxides do not adsorb i n 

the pH range examined, f r e s h l y p r e c i p i t a t i n g F e ( I I I ) d erived 

oxyhydroxides adsorb the phosphate too r a p i d l y for a n a l y s i s 

to be c a r r i e d out and the desorption observed i n f r e s h l y 

forming F e ( I I ) p r e c i p i t a t e s i n d i s t i l l e d water makes a n a l y s i s 

d i f f i c u l t * 
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Attempts were made to f i t the i n t e g r a t e d r a t e equations f o r 

1s t and 2nd order r e a c t i o n s to the a d s o r p t i o n curves of 

aged F e ( I I I ^ d e r i v e d p r e c i p i t a t e s i n d i s t i l l e d water and 

seawater. T h i s a n a l y s i s d i d not produce meaningful r e s u l t s 

and t h e r e f o r e the order of the r e a c t i o n s i n each medium was 

c a l c u l a t e d u s i n g the i n i t i a l r a t e method a t v a r y i n g i n i t i a l 

phosphate c o n c e n t r a t i o n s , Thus, by measuring the 

s l o p e of the tangent drawn to the a d s o r p t i o n curve a t t=:0 

f o r two i n i t i a l phosphate c o n c e n t r a t i o n s the order can be 

c a l c u l a t e d u s i n g equation ( 3 . 1 8 ) : -

... Eq. (3.18) 

where [^^j & ^ ) = Slope of the tangent to c u r v e s 

1 and 2 r e s p e c t i v e l y , 

[ x ] ^ & [ x ] 2 = I n i t i a l c o n c e n t r a t i o n of 

phosphate, [PO^]^. 

n^ = Order of r e a c t i o n w i t h r e s p e c t 

to component x. 

The order i n d i s t i l l e d water was found to be approximately 

1.4 w i t h v a l u e s v a r y i n g from 1.1 to 1.5, u s i n g 4 runs w i t h 

the i n i t i a l c o n c e n t r a t i o n s i n the range 0.5 pmol l " ^ to 

10 ymol l " ^ . For seawater n 0.7 w i t h a range of v a l u e s 

from 0.5 to 0.9. I n both c a s e s a wide spread of v a l u e s 

was found which was due to the steepness of the c u r v e s a t 

the s t a r t of the a d s o r p t i o n f o r each media. The four v a l u e s 
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of the order showed that n < l . O for seawater and 1.0<n 
X X 

< 2.0 for d i s t i l l e d water. These values i n d i c a t e some 

d i f f e r e n c e i n the uptake i n seawater and d i s t i l l e d water. 

However, s i n c e the order i n both cases i s not a whole 

number the r e a c t i o n i s thought to be complex and i t i s 

u n l i k e l y that simple k i n e t i c s w i l l f i t the data (214). 

Rather than attempting to formulate exact r a t e laws, a 

working p r e d i c t i v e model was required, so that the uptake 

i n the model systems could be compared to that i n n a t u r a l 

systems. I n order to accomplish t h i s a s e t of standard 

integrated r a t e equations f o r s e v e r a l r e v e r s i b l e r e a c t i o n s 

(215) were chosen and applied to the data i n order to f i n d 

the "best f i t " . From the c a l c u l a t i o n s of the order of 

r e a c t i o n i t i s u n l i k e l y that even these simple mechanisms 

(shown i n Table 3.12) represent the complete system. 

However, as w i l l be seen the chosen system does enable the 

required comparisons between the model and n a t u r a l systems 

to be made. 

The t e s t s of the 5 r e v e r s i b l e r e a c t i o n s i n Table 3.12 

f o r the seawater data are shown i n Figure 3.3.14 and for 

d i s t i l l e d water i n Figure 3.3.15. The y-axes for these 

p l o t s are given as l n ( f ) where the function, f , i s given 

i n Table 3.12. In both cases the r e v e r s i b l e 2nd order 

r e a c t i o n i n v o l v i n g e i t h e r equal concentrations of two 

components ( r e a c t i o n 5) or two components of the same type 

( r e a c t i o n 4) give a s t r a i g h t l i n e f i t to the data using 

with [ P O ^ J Q = 2.0 ymol l " ^ . Reaction 5 i s not favoured 
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Table 3.12 l n ( f ) functions for reaction mechanism examined 

Reaction 
Mechanism l n ( f ) 

1. X A 1. X A 
[ X ] - [x]„ 

2. X ^ A+B 
[x]§ - (x]„[x] 

2. X ^ A+B 
( [ X ] - [ X ] J [X]Q 

3. 2X ^ A ( [ ^ ] 0 - f [ ^][^]o + r X ] Q [ x]„ - f x]f X]J 
3. 2X ^ A 

4. 2x ;± A+B ['*]0 [ ' ' I c o - 2 [ x ] [ x ] ^ + [ X ] [ X ] Q 
or 

5. X+Y^ A+B* [ X ^ ([ X ] - [ X ] ^ ) 

[ X ]Q = I n i t i a l concentration of x. 
[ X ] ^ = Equilibrium concentration of x. 
[ X ] = Concentration of x at time t, 
^ for equal concentrations of x and y. 
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Mechanism test for aged F e ( I I I ) derived 
precipitates in d i s t i l l e d water at 15°C using 
l n ( f ) vs t where l n ( f ) i s derived from the 

rate equations of the following 
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X - 2X ^ A+B 
o - 2X ^ A 
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integrated 
mechanisms 
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Mechanism test for aged F e ( I I I ) precipitates in 
seawater at 15°C using l n ( f ) vs t where l n ( f ) 
i s derived from the integrated rate equations 
of the following mechanisms tested: 
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as i t would appear to involve the consumption not only of 
phosphate but a l s o of the a c t i v e s i t e s on the iron oxy-
hydroxide surface. Even i f i t i s assumed that one phosphate 
ion binds to a single r e a c t i v e s i t e on the oxyhydroxide 
surface» or possibly as a binuclear complexation as 
suggested by Lijklema (131), the concentrations of phosphate 
adsorbed are small when compared to the number of a c t i v e 
s i t e s on the s o l i d * Consequently the concentration of 
s i t e s e f f e c t i v e l y remains constant and hence the reaction 
should follow pseudo-first order k i n e t i c s * A s i m i l a r 
argument would apply to other possible reactants such as 
OH" because the pH i s held constant. Therefore, the 
mechanism involving the two reactants i s discounted. This 
leaves reaction 4 involving two phosphate ions which com­
bine i n some unspecified way on the oxyhydroxide surface. 
This mechanism i s d i f f i c u l t to envisage and as w i l l be seen 
l a t e r i t cannot be designated as the actual mechanism, 
despite the f a c t that the data f i t s i t reasonably w e l l . 
This method of manipulating the data was adopted and the 
data was processed to show the dependence of the rate of 
adsorption on pH, i o n i c strength, phosphate concentration 
and temperature. Figure 3.3.16 shows the l n ( f ) versus 
time plots for reaction 4, Table 3.12 (2X ^ A+B) i n 
d i s t i l l e d water at varying [PO^j^ and constant pH. From 
the slopes of these l i n e s log^^Q k values can be c a l c u l a t e d ^ , 
and these ÔQ̂ Q̂ ^ values are then plotted against the square 
root of the i n i t i a l concentration of phosphate as shown i n 

^ h i s was done using standard k i n e t i c formulae as found 
i n L a i d l e r (214). 
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Figure 3.3.16 Plot of l n ( f ) versus t for 2X ^ A+B in 
d i s t i l l e d water with varying i n i t i a l concen­
tration of phosphate at pH = 7.4. 
1-^ *; V = 4.0 ymol 1 ; 0 = 5.0 ymol 1 , 
X = 10.0 ymol 1"̂ ; •'= 2.0pmol l " \ 

A = l.O pmol 
-1 
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Figure 3,3«17» This diagraun includes IOQ^Q ^ values 
calculated for seawater from the l n ( f ) plots shown i n 
Figure 3.3.18. A single l i n e has been drawn through the 
points, but l e a s t squares regression on the data for each 
medium give the following r e l a t i o n s h i p s ; i n seawater 
log^Q k = 5.49 - 0.85 4c with a c o r r e l a t i o n c o e f f i c i e n t of 
r = 0.97 and i n d i s t i l l e d water IOQ^^Q k = 5.67 - 0.92 Vc 
with r = 0.98. The adsorption of phosphate onto iron 
oxyhydroxides has previously been found to be proportional 
to the square root of the phosphate concentration (131) and 
t h i s i s sa i d to r e s u l t from the following reaction (Equation 
(3.19)), reaching equilibrium. This represents a chemical 

Fe - OH Fe-0 
\ ^ O 

+ HJPO. 7t P \ + Ĥ O + OH 
^ ^ / ^ OH ^ 

Fe - OH Fe-O 

... Eq. (3.19) 
sorption process and although t h i s i s possible for the 
reaction i n d i s t i l l e d water from the r e s u l t s of t h i s study, 
i t does not explain why the dependence of IOQJ^Q ̂  i s very 
s i m i l a r i n seawater to that i n d i s t i l l e d water as shown i n 
Figure 3.3.17. In a sense the Jc dependence i s quite 
a r b i t r a r y and further investigations into the concentration 
e f f e c t s are required. 

Similar equations showing the dependence of loQ^O ^ ̂ P^n 
pH are found with Figure 3.3.19 showing the l n ( f ) v time 
plots for the pH values for d i s t i l l e d water (pH = 6.9 and 
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Figure 3.3.18 Plot of l n ( f ) versus t for seawater with 
varying i n i t i a l concentration of phosphate 
at pH = 8.1 2.0 ymol 1 -1 X = 4.0 umol 

• = 5.0 ymol 1 
V = 10 ymol 1"^ 

A = 6.0 ymol 1' 
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Plot of l n ( f ) against time investigating pH 
dependence of uptake onto aged F e ( I I I ) derived 
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pH = 8.3) and seawater (pH = 6.9 and pH = 8.2). The 
plots at other pH values were omitted for c l a r i t y , but 
a l l the data i s shown on Figure 3.3.20. This gives the 
following r e l a t i o n s h i p s between IOQ^^Q ^ sind pH, i n seawater 
log^^Q k = 7.52 - 0.33 pH with r = 0.98 and i n d i s t i l l e d 
water log^^ k = 9.19 - 0.64 pH with r = 0.97. From these 
equations i t can be seen that the rate of uptake i s more 
dependent on pH i n d i s t i l l e d water than i n seawater. This 
supports the hypothesis that seawater ions a f f e c t the 
surface charge and/or type of a v a i l a b l e binding s i t e thus 
decreasing the e f f e c t of pH, these fac t o r s being controlled 
by pH alone i n the d i s t i l l e d water. 

Two s e t s of equations have been produced r e l a t i n g 
log^^Q k to pH and [PO^ Q; unfortunately i n s u f f i c i e n t 
experiments were c a r r i e d out to enable the equations to be 
combined as was done by Lijklema (131). The rate constants 
c a l c u l a t e d i n t h i s study are dependent on the concentration 
of phosphate, consequently care must be exercised i n the 
use of these values as they are not true rate consteints. 
No conclusions as to the mechanism should be drawn from 
the plots and the mechanism proposed(2X ^ A+B)does not 
n e c e s s a r i l y represent the mechanism for the reaction. The 
diagrams produced ind i c a t e that the rate of uptake has a 
s i m i l a r dependence on the concentration of phosphate whether 
i n seawater or d i s t i l l e d . However, the pH dependence i s 
larger i n d i s t i l l e d water than i n seawater. Further evidence 
of the differences i n the processes i n the two media was 
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obtained by studying the uptake at 2^C and 15*̂ C (see 
Figure 3.3.21, which shows plots of l n ( f ) against time for 
the temperature dependence of the reactions). In seawater 
there i s no temperature dependence (see adsorption p r o f i l e s 
Figure 3.3.4) and the rate constant at pH = 8.2, PO^ ^ = 

l.O mol 1"^, T = 2°C/15*^C i s log^^ k = 4.85. In contrast 
the uptake i s temperature dependent i n d i s t i l l e d water with 
log^^Q k = 4.37 at 2°C and log^^^ k = 4.64 a t 15*^0. Use of 
these data i n equation (3.17) y i e l d s an a c t i v a t i o n energy, 
E = 31.9 kJ mol"^. This should be regarded as an apparent 
a c t i v a t i o n energy (214) s i n c e : -

^(True) = ^(Apparent) * °^ adsorption 

I f , i n the case of d i s t i l l e d water, the uptake i s chemi-
sorption then the lower l i m i t to the heat of adsorption i s 
approximately 80 kJ mol""^ (212) and so t o t a l a c t i v a t i o n 
energy may be as high as l l O kJ mol"^. In seawater no 
a c t i v a t i o n energy was measured and i f the process i s 
dominated by a physical adsorption mechanism, already 
proposed, the heat of adsorption would be l e s s than 40 k J 
mol"^ (212). The reason that the a c t i v a t i o n energy could 
not be measured may possibly be due to the near equivalence 
of the true a c t i v a t i o n energy and heat of adsorption although 
t h i s would be rather f o r t u i t o u s . O v e r a l l , the adsorption 
has thus been found to be more physical i n nature when 
occurring i n seawater, and more chemical i n nature when 
occurring in d i s t i l l e d water. 
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Graph showing temperature dependence of l n ( f ) for 2X A+B. x= aged F e ( I I I ) in 
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The next stage was to examine the adsorption onto 
naturally occurring precipitates using estimates of loĝ Ô ^ 
as the summary of the model experiments. Only a few 
adsorption experiments were carried out on aged natural 
precipitates. The natural iron ric h waters chosen contained 
predominantly Fe(XI^ so that the major investigation con­
centrated on freshly forming precipitates from these sources. 
Figure 3.3.22 shows the behaviour of aged precipitates 
derived from the Lady Bertha mine stream. When aged in 
fresh water the precipitate does not adsorb phosphate as can 
be seen for the traces at pH = 8.1 and pH = 7.2. However, 
when aged in a saline medium (S = 15^^) adsorption did occur 
as shown in the trace at pH = 7.4 and a I^OJ^Q ̂  value was 
calculated for the profile and i s plotted on Figure 3.3.23. 
This diagram contains the values calculated from the models, 
and the values calculated from the aged natural precipitates. 
In the case of the Lady Bertha Mine precipitate the IOQ^Q ^ 

value i s not comparable with any of the model predictions. 
This precipitate i s not expected to adsorb phosphate because 
i t was found to have a very low surface area and i t does not 
adsorb in d i s t i l l e d water. However, i t does adsorb in 
saline media but the equilibrium concentration i s high, and 
the loĝ Q̂ k = 4.19 which i s smaller than expected under the 
experimental conditions. As i t i s of intermediate s a l i n i t y 
the loĝ .© ^ '^^lue "isi'y be expected to be lower than IOQJLQ ^ ~ 

5.05 but i t appears that this i s an anomalous adsorption 
perhaps occurring because of some interaction in the more 
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Figure 3.3.22. Adsorption p r o f i l e s for uptake of dissolved phosphate onto Lady Bertha Mine 
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Comparison of IOQJ^Q ^ values for aged natural 
p r e c i p i t a t e s with synthetic oxyhydroxides. 
A - i n t e r s t i t i a l p r e c i p i t a t e in f r e s h waters; 
• - i n t e r s t i t i a l water i n scawater; 
# mine stream p r e c i p i t a t e at S = 15? 
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^ Figure 3.3.20. 
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complex n a t u r a l media. A much b e t t e r f i t to the model i s 

found f o r aged p r e c i p i t a t e d e r i v e d from the R i v e r Carnon. 

The a d s o r p t i o n c u r v e s f o r t h i s system a r e shown i n F i g u r e 

3.3.24 and the lOQ^O ^ v a l u e s p l o t t e d on F i g u r e 3«3«23* 

F i g u r e 3«3«24 a l s o c o n t a i n s p l o t s f o r the uptake by f r e s h l y 

forming Carnon R i v e r p r e c i p i t a t e s and t h i s supports the 

f i n d i n g s t h a t t h i s F e ( I I ) r i c h water produces a d s o r p t i o n 

behaviour much c l o s e r to t h a t found f o r model F e ( I I I ) 

systems. Even a t the c o m p a r a t i v e l y low pH v a l u e s i n v e s t i ­

gated removal i s almost i n s t a n t a n e o u s and t h e r e i s only a 

v e r y s m a l l eunount of d e s o r p t i b n . No reasons can be g i v e n 

f o r t h i s behaviour as a l i m i t e d number of experiments were 

c a r r i e d out u s i n g t h i s water. E x c e l l e n t agreement i s found 

f o r the uptake by two aged p r e c i p i t a t e s , and i t i s 

u n f o r t u n a t e t h a t f u r t h e r r e s u l t s c o u l d not be obtained f o r 

t h i s n a t u r a l water. The reason f o r t h i s was a problem with, 

the a n a l y t i c a l method f o r measuring phosphate which appeaured 

to be s u s c e p t i b l e to c o n s i d e r a b l e i n t e r f e r e n c e from t h i s 

n a t u r a l water. Absorption v a l u e s d i d not remain 

c o n s t a n t a f t e r 10 minutes as was u s u a l but continued to 

i n c r e a s e f o r over an hour making the d e t e r m i n a t i o n of phos­

phate almost i m p o s s i b l e . T h i s i n t e r f e r e n c e was s u s p e c t e d 

as being due to high a r s e n i c c o n c e n t r a t i o n s , t h i s element 

i s known to i n t e r f e r e w i t h t h i s method f o r measuring 

phosphate (183) and high a r s e n i c l e v e l s have been recorded 

f o r the waters and sediments of t h i s r i v e r ( 2 1 6 ) . Conse­

quen t l y the absorbance. measured a t 10 minutes was assumed 

226. 



[P041 
yumol.l ^ 

to 
-4 

80 Time (minsj^OO 
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to be proportional to the concentration of phosphate, 

the colour development due to airsenic taking longer as 

the molybdenum a r s e n i c complex formation was not c a t a l y s e d . 

The fourth point on Figure 3.3,23 i s f o r an aged i n t e r ­

s t i t i a l derived p r e c i p i t a t e formed i n seawater. The r a t e 

of adsorption onto t h i s p r e c i p i t a t e has a loQj^O k = 4.53 

at pH = 8.05 which i s lower than that predicted by the 

model. I f t h i s r e s u l t i s compared to that f o r the Lady 

Bertha Mine stream p r e c i p i t a t e both are lower than 

expected but the i n t e r s t i t i a l water derived p r e c i p i t a t e 

does f a l l between the boundaries for seawater and d i s t i l l e d 

water whereas the other r e s u l t l i e s below these l i m i t s . 

For these very l i m i t e d examples the model p r e d i c t s the 

behaviour i n n a t u r a l freshwaters when adsorption occurs, 

but the adsorption onto n a t u r a l p r e c i p i t a t e s i n s a l i n e 

media has lower r a t e constants than those predicted by the 

model. T h i s may mean that organic matter, or some other 

component of the n a t u r a l p r e c i p i t a t e s reduces the e f f e c t 

of the seawater i o n s . These n a t u r a l p r e c i p i t a t e s have 

been i d e n t i f i e d as am-FeOOH with surface areas somewhat 

smaller than s y n t h e t i c oxyhydroxides and i t was suggested 

that the reduction i n s u r f a c e area was due to organic 

coatings. Even the anomalous Lady Bertha Mine stream 

p r e c i p i t a t e appears to obey the adsorption behaviour 

expected by c o n s i d e r a t i o n of s u r f a c e areas by i t s non-

adsorptive behaviour. Thus the model i s a good analogue 

fo r the f r e s h waters, but organics may complicate the 
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behaviour to such an e x t e n t a s to produce o v e r e s t i m a t e s 

f o r the r a t e of uptake from seawater. 

3 > 3 > 5 K i n e t i c A n a l y s i s f o r Uptake onto F r e s h P r e c i p i t a t e s 

As mentioned above, only d a t a f o r the formation of 

p r e c i p i t a t e s d e r i v e d from F e ( I I ) i n seawater can be 

k i n e t i c a l l y a n a l y s e d and t h i s i s then used a s the model 

f o r the p r e c i p i t a t e s forming from i r o n r i c h n a t u r a l w a t e r s • 

The r a t e o f a d s o r p t i o n was thought to be l i m i t e d by the 

r a t e of o x i d a t i o n of F e ( I I ) and so f o r the f i r s t approxima­

t i o n the r a t e of uptake of phosphate was a n a l y s e d by 

adapting the equations used by Sung and Morgan ( 5 6 ) • The 

g e n e r a l r a t e law f o r homogeneous o x i d a t i o n was found to be: 

-d f F e d P I k [OH-]^ P Q f F e ( I l V l 
d t " 2 

. . . Eq. ( 3 . 2 0 ) 

where k = Homogeneous r a t e c o n s t a n t (M"^ atm"^ min"^) 

[ O H " ] = C o n c e n t r a t i o n of hydroxyl i o n s 

[•Fe(II>] = C o n c e n t r a t i o n of t o t a l F e ( I I ) 

At c o n s t a n t pH and P Q equation ( 3 . 2 0 ) reduces to a f i r s t 

order equation: 

- d j F e ( I I ) ] ^ f F e ( I I ) ] ... Eq. ( 3 . 2 1 ) 

where k̂ ^ = kfOH"]^ P Q (mins"-'-) 
' 2 

Eq. ( 3 . 2 2 ) 

E q u a t i o n ( 3 . 2 1 ) i n t e g r a t e s to 

[ F e ( I I ) ] = [ F e ( I I ) ] ^ exp (- k^ t ) 
. . . Eq. ( 3 . 2 3 ) 

By assuming t h a t the r a t e of o x i d a t i o n of F e ( I I ) i s 
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equivalent to the r a t e of removal of f P O ^ ] i . e . 
-d f F e ( I I ) 1 " i i ^ l 

dt ^ dt 

Then the F e ( I I ) terms i n Equation (3.23) can be replaced 

by P O ^ thus 

[ P O ^ ] = [ P O ^ I Q exp (. t ) ... Eq. (3.24) 

I f the assumptions are c o r r e c t and the oxidation i s pseudo-

f i r s t order, values of k̂ ^ can be c a l c u l a t e d from p l o t s of 

lOQj^Q ( [^4 }/[ against time. The slopes of the 

s t r a i g h t l i n e s are used i n the modified Equation (3.20) 

v/ith P Q assumed to be 0.21 atm and ( O H"] c a l c u l a t e d from 

the pH and a value for K of 13.58 (56). For the p r o f i l e s 
w 

a t pH = 7.1 and pH = 7.3 (T = 15*^C) shown i n Figure 3.3.25 

the values obtained were k = 1.3 x 10^^ M"^ atm"^ min"^ and 

k = 3.7 X lO^^ M"̂  atm"^ min"^, r e s p e c t i v e l y . These 

estimates are i n good agreement with values of k obtained 

by other workers for the homogeneous oxidation of ferrous 

i r o n , which l i e i n the range 5 x 10^^ to 2 x lO^^ M"^ atm"^ 

min~^ ( 5 6 ) . At pH 5 7.4 s t r a i g h t l i n e s were not obtained 

fo r those experiments at 15^C and under these conditions 

heterogeneous oxidation i s occurring with a u t o c a t a l y s i s of 

the oxidation of F e ( I I ) by the i r o n oxyhydroxide s u r f a c e . 

Thus, the r a t e of phosphate uptaJce i s determined by the 

r a t e of oxidation of F e ( I I ) i n seawater; at 15*̂ C and 

a t pH < 7.4. Therefore, the homogeneous oxidation of the 

F e ( I I ) and the uptake of the phosphate are very strongly 

coupled. Before examining the adsorption at pH > 7.4, the 
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l o g / I P ^ " 

F i g u r e 3.3«25« 

70 80 
Time (mi ns) 

I s t order k i n e t i c p l o t f o r F e ( I I ) i n seawater 
d e r i v e d from Sung and Morgan ( 5 6 ) . x - pH = 
7.1, T = 1 5 ^ ; O - pH = 7.3, T = 15^C; 

• - pH = 7.9, T = 20C; A - pH = 8.1, T = 2 C 



p r o f i l e s obtained a t 2*̂ C were a n a l y s e d . These p r o f i l e s 

g i v e a s t r a i g h t l i n e when a n a l y s e d by the f i r s t order 

Equation ( 3 . 2 4 ) . The and a r e as above f o r t h i s 

approximation because the pH c o n t r o l i s not t i g h t enough 

to warrant r i g o r o u s c a l c u l a t i o n and a t pH = 7.9 and 

temperature = 2°C a v a l u e of k = 5.4 x 10^*^ M"̂  atm"^ 

min"^ was obtained. Thus t h e r e i s a c o n s i d e r a b l e r e d u c t i o n 

i n r a t e a t the lower temperature d e s p i t e the higher pH 

but more i m p o r t a n t l y the r e a c t i o n i n seawater appears to be 

reduced to a f i r s t order p r o c e s s a t t h i s lower temperature. 

The d a t a f o r an experiment c a r r i e d out a t 2°C and pH = 8.1 

ar e a l s o shown i n F i g u r e 3.3.25 and i t i s apparent t h a t 

t h e r e i s no f i t to the s t r a i g h t l i n e drawn, and the h e t e r ­

ogeneous o x i d a t i o n occurs under these c o n d i t i o n s . The 

i n t e g r a t e d r a t e equation f o r the heterogeneous o x i d a t i o n i s 
[ F e ( I I ) J o (k^ + k^ [ F e ( I I ) ] o ) 

[ F e ( I I ) j = 
k^ f F e ( I I ) j Q + k^ exp f (k^ + k^ f F e ( I I ) ] o ) t ] 

... Eq. (3.25) 

T h i s equation was used to a n a l y s e the a d s o r p t i o n d a t a a t 

higher pH as before w i t h k^ being c a l c u l a t e d from Equation 

(3.22) and a s s i g n i n g v a r i o u s v a l u e s t o kg i n an attempt to 

f i t the d a t a . No v a l u e of k^ gave a p l o t which matched the 

d a t a and the r a t e of uptake of phosphate cannot be determined 

u s i n g the equation f o r heterogeneous o x i d a t i o n . The r a t e of 

o x i d a t i o n i s i n c r e a s e d a t higher pH, consequently i t i s no 

longer the r a t e determining s t e p f o r the a d s o r p t i o n p r o c e s s . 

At low pH v a l u e s and/or low temperatures the r a t e of 
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oxidation of F e ( I I ) i s slower than p r e c i p i t a t e formation 

and/or phosphate adsorption and the r a t e of uptake of 

phosphate i s l i m i t e d by the oxidation and so can be 

analysed using the equations derived for the oxidation. 

At pH 5 7.4 at 15^C the r a t e of oxidation i s s i m i l a r to 

or greater than the r a t e of adsorption and/or p r e c i p i t a t e 

formation and the equations derived for t h i s heterogeneous 

oxidation cannot be used to analyse the r a t e of uptake 

of phosphate. 

In an attempt to model the adsorption from seawater 

for the whole pH range under examination a s i m i l a r approach 

was adopted to that used i n analysing the adsorption onto 

aged p r e c i p i t a t e s . Figure 3.3.26 shows the mechanism 

t e s t s with the l n ( f ) values shovm i n Table 3.12. Two 

mechanisms gave s t r a i g h t l i n e s f o r the data a t pH = 7.9 

[ P O ^ ] Q = 1.0 uniol l " ^ depending on the temperature. The 

f i r s t order equation for r e a c t i o n 1, Table 3.12 gave a 

s t r a i g h t l i n e f or the data at 2^C as was expected 

following the a n a l y s i s derived above and the equation for 

r e a c t i o n 4, Table 3.12 gave a s t r a i g h t l i n e f or the data 

at 15*^0. Consequently, by p l o t t i n g l n ( f ) against time a t 

pH 5 7.4 as shown i n Figure 3.3.27 values f o r log^o ^ 

be c a l c u l a t e d as shown before i n Section 3.3.4. Figure 

3.3.27 includes r e s u l t s f o r an experiment i n which the 

i n i t i a l concentration of F e ( I I ) was 0.7 mg l " ^ compared 

with 2.8 mg l " ^ as i n a l l other experiments. T h i s i l l u s t r a t e s 

the e f f e c t of reducing the concentration of F e ( I I ) ajid the 
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Time mms 
Figure 3.3.26 Mechanism t e s t f or f r e s h F e ( I I ) derived 

p r e c i p i t a t e s i n seawater using l n ( f ) a g a i n s t 
time where l n ( f ) i s derived from the i n t e g r a t e d 
r a t e O 
followingQ 

• 

2 X ^ A + B 
2 X ^ A+B 

15°C 

2°C 

equation f o r the 
mechanisms t e s t e d 

2 3 4 



Time (mins) 
Figure 3.3.27. Pl o t of l n ( f ) aga i n s t time f o r f r e s h F e ( I I ) 

p r e c i p i t a t e s i n seawater at 150C. • - pH = 
= 0.7 mg 1--̂ ; X - pH = 7.4; 
A- pH = 7.7; o - pH = 7.9; 

9, [ F e ( I I ) ] 
© - pH = 7.5; 

[ F e ( I I ) j ^ ^ = 2.8 mg T 
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adsorption p r o f i l e i s shown i n Figure 3.3.28 and the 

r e a c t i o n s t i l l follows the second order mechanism. The 

log^Q k values are pl o t t e d against pH i n Figure 3.3.29 

and t h i s gives the r e l a t i o n s h i p as IOQJ^Q ^ = -16.8 + 2.86 

pH with r = 0.99. This i s the function used as the model 

for comparison with the uptake onto n a t u r a l p r e c i p i t a t e s . 

Figure 3.3.30 shows the v a r i a t i o n i n IOQJ^Q k when tempera­

ture and i n i t i a l concentrations of F e ( I I ) and phosphate 

were a l t e r e d . The r a t e constants a t pH = 7.9 and at the 

two temperatures can be used to c a l c u l a t e an a c t i v a t i o n 

energy as before with l o g ^ ^ k = 4.75 at 2^C and loQj^O ^ ~ 

5.73 at 15^C. The value of the apparent a c t i v a t i o n energy 

i s 115 kJ mol~^ which i s considerably higher than that 

c a l c u l a t e d f or the adsorption onto aged F e ( I I I ) derived 

oxyhydroxide probably showing the i n f l u e n c e of oxidation 

on the adsorption process. T h i s i s thought to be the 

f i r s t time an a c t i v a t i o n energy has been reported f or the 

adsorption of phosphate onto f r e s h l y forming F e ( I I ) 

derived i r o n oxyhydroxide. 

These trends i n log^^ k may be h e l p f u l when examining 

the natural samples as l e v e l s of phosphate and F e ( I I ) may 

not be i d e n t i c a l to those used i n the model. The n a t u r a l 

samples did not always give clean adsorption curves which 

reduced the amount of analysable data while others produced 

very good f i t s to the l n ( f ) v time p l o t s as shown i n Figure 

3.3.31 for the p r e c i p i t a t e s derived from i n t e r s t i t i a l water. 

The r e s u l t s are p l o t t e d i n Figure 3.3.32 and t h i s i n c l u d e s 
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Figure 3.3.28. Adsorption p r o f i l e s f o r uptake onto f r e s h F e ( I I ) derived p r e c i p i t a t e s i n 
seawater at pH = 7.9 with varying [ F e ( I I ) ] ^ Q ^ X - [ F e ( I I ) ] ^ ^ = 0.7 mg 1"^; 
O - [ Fe(II)J^Q^ = 2.8 mg l ' ^ 
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F i g u r e 3.3.29. P l o t of log-LQ k a g a i n s t pH f o r uptake onto 
f r e s h F e ( I I ) d e r i v e d oxyhydroxides [ PO^]^ = 
1.0 vimoL]r^;S = 3 4 ? GO 
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6.0 &5 7.0 7.5 8.0 pH 8.5 
Figure 3.3.30. Plot of l o g ^ ^ k against pH showing v a r i a t i o n 

of log^^Q k with temperature, f P O ^ J Q and 
[ F e ( I I ) ] ^ ^ . o - T = 2°C,[PO^]^ = I.O ymol 1"^ 

T = 2°C , rP0jQ = 2 .0;uinol l " ^ ; 
P'e(II) ~ 0.7 mg 1"^. r PO.i- = i n ,.,r>^^ i-l 

X - i = ^ i c . r p o i = 2-n .. moi 1 A - T = 15°C, 
TOT = '-'•/ n»g A f r ̂ 4)0 = 1 . 0 umol 1 

Lin e i s f o r model conditions shown i n Figure 
3.3.29. 239. 



10 20 . . .30 Time (mms) 
Figure 3.3.31 The l n ( f ) against time p l o t s f or uptaJce of 

phosphate from seawater by i r o n p r e c i p i t a t e s 
derived from i n t e r s t i t i a l waters. A - P̂ ^ = 
7.5 [ F e ( I I ) ] = 1.8 mg l " ^ ; Q- pH = 7.9 
[ F e ( I I ) ] = 1.3 mg l " " ^ ; O - pH = 8.1 [ F e ( I I ) ] 
= 2.4 mg l " " ^ 
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6.0 
F i g u r e 3.3.32 

6.5 7.0 7.5 8.0 pH 8.5 
P l o t of log.Q k a g a i n s t pH f o r n a t u r a l F e ( I I ) . 
d e r i v e d oxynydroxides compared to models f o r S= 
• - I n t e r s t i t i a l samples i n seawater; 34%o 
A - I n t e r s t i t i a l sample i n d i s t i l l e d water; 
• - I n t e r s t i t i a l sample i n seawater a t 2°C; 
O - Mine stream saonples i n d i s t i l l e d water; 
© - Mine stream samples a t S = 15r 

Mine stream sample i n seawate: 
.ine i s f o r 
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experiments c a r r i e d out i n n a t u r a l f r e s h w aters as w e l l a s 

s a l i n e media. The uptake onto p r e c i p i t a t e s forming from 

i r o n r i c h i n t e r s t i t i a l w a ters produces ^og^^ k v a l u e s 

t h a t f o l l o w the model l i n e throughout the pH range. The 

i r o n r i c h mine stream r e s u l t s a t S = ^^^o ^ " ^*^?o 

a r e a l s o i n good agreement making t h i s the best analogue 

out of those systems examined* From these r e s u l t s i t 

should be p o s s i b l e to p r e d i c t the r e l a t i v e r a t e s of removal 

of phosphate from s o l u t i o n i f a source of F e ( I I ) e n t e r s a 

phosphate c o n t a i n i n g s a l i n e water. These r e s u l t s o nly 

apply to the c o n d i t i o n s of temperature, [ P O ^ ] ^ and 

[ F e ( I I ) j Q given and changes i n any of t h e s e parameters w i l l 

a l t e r the r a t e as shown i n F i g u r e 3.3.31. I t i s i n t e r e s t i n g 

t o note the IOQ^Q ^ v a l u e s f o r the uptake onto n a t u r a l 

p r e c i p i t a t e s i n f r e s h water as these a r e the only r e s u l t s 

a n a l y s e d f o r t h i s system. T h i s was p o s s i b l e due to the low 

pH of the s o l u t i o n , and the absence of d e s o r p t i o n r e s u l t i n g 

from s m a l l pH changes and the formation of aim-FeOOH r a t h e r 

than y-FeOOH. I n f r e s h water the r a t e of uptake i s f a s t e r 

than i n seawater as i s expected from the uptake c u r v e s 

although the model f r e s h waters could not be a n a l y s e d . I t 

i s o n l y because the pH f o r t h e s e n a t u r a l w aters was low 

t h a t enabled a n a l y s i s to be done and a t pH > 7.2r. the 

a d s o r p t i o n c u r v e s were s i m i l a r to those obtained from 

f r e s h l y p r e c i p i t a t i n g F e ( I I I ) d e r i v e d model systems, i n c l u d i n g 

the absence of desorption,emphasising the f a c t t h a t a 

d i f f e r e n t i r o n oxyhydroxide i s formed. F i n a l l y , experiments 
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i n v o l v i n g uptake from i n t e r s t i t i a l saimples a t 2^C axe 

a l s o r e p o r t e d i n F i g u r e 3.3.32, The r a t e c o n s t a n t i n 

seawater a t pH = 7»6 f o r an i n t e r s t i t i a l water c o n t a i n i n g 

63% of t o t a l i r o n a s F e ( I I ) was log^^^ k = 3,75 a t 2^C and 

log^Q k = 4,38 a t 15°C ( t h e l a t t e r v a l u e e s t i m a t e d from 

F i g u r e 3.3.32). The apparent a c t i v a t i o n energy was found 

to be 74.2 k J mol"^ which i s lower than t h a t f o r the model 

r e a c t i o n of ^(app,^ = ^ mol"^ a t pH = 7.9. T h i s 

r e d u c t i o n i n E may a r i s e from the presence of F e ( I I I ) i n 

the n a t u r a l water. T h i s w i l l be p r e c i p i t a t e d almost 

immediately when added to the seawater thus c r e a t i n g a 

f r e s h oxyhydroxide s u r f a c e on which both a d s o r p t i o n of 

phosphate and a l s o a u t o c a t a l y s i s of the o x i d a t i o n can o c c u r . 

The r a t e c o n s t a n t i n f r e s h water f o r a s i m i l a r i n t e r s t i t i a l 

sample a t pH = 7.1 and 2^C i s log^^Q k = 3.18 and t h i s v a l u e 

i s too low to be p l o t t e d on F i g u r e 3.3.32. The r a t e constaint 

a t 15°C i s p l o t t e d and u s i n g t h i s v a l u e of IOQ^Q ^ = 4.38 

and the IOQJ^Q ^ v a l u e a t 2^C an a c t i v a t i o n energy of 141.2 

k J mol"^ was c a l c u l a t e d . T h i s i s the h i g h e s t v a l u e f o r E 

found and t h i s i s due to the slow o x i d a t i o n of F e ( I I ) a t 

the low pH aind temperature used. Although t h i s s o l u t i o n 

a l s o c o n t a i n s F e ( I I I ) t h i s may be s t a b i l i s e d by d i s s o l v e d 

o r g a n i c matter and would not p r e c i p i t a t e i n the absence of 

d e s t a b i l i s i n g i o n s such as C l " and SO^". Consequently 

n e i t h e r the r a t e of a d s o r p t i o n or r a t e of o x i d a t i o n a r e 

enhanced and a high apparent a c t i v a t i o n energy ensues. 
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3*3*6 Summary of Phosphate Adsorption 

For t h i s part of the study chemical models were 

produced to examine the removal of phosphate from s o l u t i o n 

under the extremes of es t u a r i n e conditions. The relevance 

and p o s s i b l e improvements to these models w i l l be di s c u s s e d 

i n Chapter 4 but even i n the comparatively simple systems 

chosen considerable d i f f e r e n c e s i n behaviour were found. 

P o s s i b l e reasons f o r these d i f f e r e n c e s and the k i n e t i c 

a n a l y s i s f or each system can be summarised as follows 

(a^ The adsorption of phosphate onto aged F e ( I I I ) derived 

p r e c i p i t a t e s appears to be a chemisorption process i n 

d i s t i l l e d water with a strong pH dependence for both r a t e 

of uptake and equ i l i b r i u m concentration. 

(b) The adsorption onto aged F e ( I I I ^ derived p r e c i p i t a t e 

i n seawater appears to be a p h y s i c a l adsorption with the 

adsorption a t eq u i l i b r i u m enhanced when compared with 

adsorption i n d i s t i l l e d water by a mechanism thought to 

involve the seawater c a t i o n s Câ "*" and Mĝ**". 

(c) The r e a c t i o n s were found not to have simple k i n e t i c 

orders. 

(d) Apparent r a t e constants have been c a l c u l a t e d f o r the 

adsorption phenomena i n (a) and (b) using the mechanism 

2X A+B. These are not true r a t e constants as a dependence 

on i n i t i a l phosphate concentration was found such that 

log^^Q k = 5.58 + 0.88 JQ,» The dependence of log^^Q k on pH 

for both media was a l s o determined. 

(e) Experiments were c a r r i e d out at 2°C and 15^C to examine 
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the e f f e c t of temperature on the uptake. The apparent 

a c t i v a t i o n energy i n seawater was found to be zero and i n 

d i s t i l l e d water was found to be 31.9 kJ mol"^. 

( f ) Natural aged p r e c i p i t a t e s showed good agreement with 

models for d i s t i l l e d water system, but considerable 

v a r i a t i o n was found for the n a t u r a l p r e c i p i t a t e s i n s a l i n e 

media p o s s i b l y suggesting an i n h i b i t i o n of the r o l e of the 

seawater ions. 

(g) Adsorption onto aged F e ( I I ) derived p r e c i p i t a t e s did 

not occur i n the n a t u r a l pH range i n seawater or d i s t i l l e d 

water and t h i s may i n d i c a t e a p h y s i c a l adsorption process 

i n h i b i t e d by the nature of the y-FeOOH surface formed. 

(h) Adsorption by f r e s h l y forming F e ( I I I ) p r e c i p i t a t e i s 

extremely e f f i c i e n t and rapid under the conditions used. 

I t i s thought that the r a t e of removal i s determined by the 

r a t e of p a r t i c l e formation. No information on the mechanism 

of adsorption could be extracted from the data. 

( i ) The adsorption onto f r e s h l y forming F e ( I I ) derived 

p r e c i p i t a t e i s a l s o dependent on the r a t e of p a r t i c l e forma­

t i o n . In d i s t i l l e d water the adsorption appears to be 

p h y s i c a l with the phosphate exchanging with hydroxyl ions 

during small changes i n pH. The r a t e of t h i s r e a c t i o n and 

the desorption due to pH and morphological changes prevent 

k i n e t i c a n a l y s i s being c a r r i e d out. The adsorption i n 

seawater can be analysed to give IOQJ^Q ^ values with two 

p o s s i b l e mechanisms depending on pH and temperature. At 

low pH and/or temperature the r a t e of phosphate uptaJce i s 
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described by f i r s t order process dependent on the homogeneous 

oxidation of F e ( I I ) . At higher pH and temperature the 

oxidation i s heterogeneous and i s no longer the r a t e d e ter­

mining step. The uptake a t pH > 7.4 can be defined by the 

second order mechanism as obtained i n (d) above and 

logjj^Q k = -16.8 + 2.86 pH with an apparent a c t i v a t i o n energy 

of 115 k J mol"-'-. 

( j ) The uptake onto i r o n oxyhydroxides forming from F e ( I I ) 

r i c h n a t u r a l waters i n s a l i n e media has r a t e constants 

i n good agreement with those of the model system. The 

a c t i v a t i o n energies for these i r o n oxyhydroxides are 74.2 k J 

mol*^ i n seawater and 141.2 kK mol"^ i n d i s t i l l e d water. 

T h i s may i n d i c a t e that the n a t u r a l i r o n r i c h waters containing 

both F e ( I I ) , F e ( I I I ) and other d i s s o l v e d c o n s t i t u e n t s have 

d i f f e r e n t mechanisms for t h e i r adsorption processes i n 

d i s t i l l e d water and seawater. 

(k) By c a l c u l a t i n g the r a t e constants using the a r b i t r a r i l y 

chosen standard mechanism the v a r i a t i o n i n r a t e of adsorption 

f o r changes i n pH, i o n i c s trength and temperature can be 

compared for both model and n a t u r a l systems. 
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4. SUMMARY AND CONCLUSIONS 

In t h i s f i n a l chapter the three areas of the study 

w i l l be drawn together to present the o v e r a l l p i c t u r e 

obtained smd show the i n t e r - r e l a t i o n s h i p s found between 

the separate i n v e s t i g a t i o n s . The methods used w i l l be d i s ­

cussed and the suggestions f o r f u r t h e r work l i s t e d . The 

f i n d i n g s of the work w i l l be put i n t o perspective with 

respect to n a t u r a l water chemistry and water q u a l i t y 

c o n t r o l and the p o s s i b l e use of the r e s u l t s i n fieldwork 

presented. 

4,1. Surface C h a r a c t e r i s t i c s and Phosphate Uptake 

The s t u d i e s on the s y n t h e t i c i r o n oxyhydroxides have 

shown s i g n i f i c a n t d i f f e r e n c e s i n adsorption behaviour 

a r i s i n g from p r e c i p i t a t e age and p r e c i p i t a t e s derived from 

F e ( I I ) or F e ( I I I ) sources. These d i f f e r e n c e s can be l i n k e d 

to the changes i n surface character found and examined 

using various techniques i n t h i s study. T h i s suggests that 

c a r e f u l c o n t r o l of experimental conditions i s required when 

modelling adsorption processes i n n a t u r a l waters p a r t i c u l a r l y 

p r e c i p i t a t e age which i s of considerable importance for the 

surface area and the p o r o s i t y of the oxyhydroxides. Con­

s i d e r a t i o n of the s p e c i f i c type of n a t u r a l i r o n p r e c i p i t a t e 

that i s being modelled i s important and i t appears that 

the f r e s h l y p r e c i p i t a t e d and those p r e c i p i t a t i n g chemically 

i n the presence of other d i s s o l v e d phases are the more 

re l e v a n t systems,rather than weathered c r y s t a l l i n e forms, 

when considering the chemical and p h y s i c a l timescales 
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i n v o l v e d i n n a t u r a l w a t e r s . Thus when modelling n a t u r a l 

a d s o r p t i o n p r o c e s s e s the use of aged i r o n oxyhydroxides 

should be l i m i t e d to those aged f o r no more than a few 

hours. Furthermore, the use of i r o n oxyhydroxides p r e c i p ­

i t a t e d d i r e c t l y from i r o n - r i c h n a t u r a l waters i n a d s o r p t i o n 

s t u d i e s should be t r e a t e d w i t h extreme c a u t i o n as the 

nature of the s o l i d i s ve r y v a r i a b l e . I n t h i s study i t 

has been shovm t h a t p r e c i p i t a t e s obtained from a c i d mine 

streajn waters have a v a r i e t y of c h a r a c t e r i s t i c s which appear 

to depend on the composition of the o r i g i n a l media. T h i s 

probably h i g h l i g h t s the omission of d i s s o l v e d o r g a n i c 

matter from the models used f o r a d s o r p t i o n s t u d i e s so t h a t 

attempted c o r r e l a t i o n s between a d s o r p t i o n p r o c e s s e s 

i n v o l v i n g s y n t h e t i c and n a t u r a l i r o n oxyhydroxides may 

bear l i t t l e comparison. I n v e s t i g a t i o n s on the e f f e c t of 

humic a c i d s upon the s u r f a c e of a-FeOOH have been made ( 9 1 ) , 

but whether s i m i l a r i n t e r a c t i o n s c o u l d occur i n an e s t u a r i n e 

environment where D.O.C. and d i s s o l v e d i r o n a r e p r e c i p i t a t e d 

under s i m i l a r c o n d i t i o n s (112, 116) i s not known. When 

stud y i n g the i n t e r a c t i o n between phosphate and i r o n oxy­

hydroxide w i t h r e f e r e n c e to n u t r i e n t a v a i l a b i l i t y i n s o i l s 

a d s o r p t i o n p r o c e s s e s l a s t i n g f o r days and weeks may be 

r e l e v a n t but f o r the more dynamic n a t u r a l water systems the 

s h o r t term p r o c e s s e s l a s t i n g only a few hours a r e more 

s i g n i f i c a n t . 

The s u r f a c e a r e a i n v e s t i g a t i o n r e v e a l e d that the adsorp­

t i o n of i n v o l v e d a narrow-necked, wide-bodied pore 

s t r u c t u r e , commonly c a l l e d " i n k b o t t l e pores", f o r the 
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F e ( I I I ) derived p r e c i p i t a t e s . The desorption of from 

the body of these pores was delayed by the slower evaporation 

from the c o n s t r i c t e d necks (217). The adsorption/desorption 

of phosphate from am-FeOOH has been shown to e x h i b i t 

h y s t e r e s i s when su b j e c t to pH changes (131). This pheno­

menon could be explained by the "ink b o t t l e " shape of the 

pores, assuming that the am-FeOOH has a s i m i l a r s t r u c t u r e 

when i n s o l u t i o n as when dr i e d for surface area measurements, 

which may contain a gel of water molecules which r e s t r i c t 

the d i f f u s i o n of phosphate through the narrow necked pores. 

T h i s may apply to other d i s s o l v e d c o n s t i t u e n t s and has 

important i m p l i c a t i o n s for buffering mechanisms as adsorp­

ti o n responds to pH changes comparatively r a p i d l y v/hereas 

desorption i s retarded and may not occur a t a l l . 

The uptake onto i r o n oxyhydroxides forming i n the 

presence of phosphate i s extremely rapid as the p r e c i p i t a t e s 

formed are very a c t i v e and have large surface areas which 

could not be measured using the techniques described here. 

Although i r o n and phosphate concentrations were maintained 

at t y p i c a l environmental l e v e l s , the competition between 

phosphate and other d i s s o l v e d c o n s t i t u e n t s may reduce the 

a c t i v i t y of the ir o n phases with respect to phosphate 

adsorption. The uptake onto f r e s h l y p r e c i p i t a t e d F e ( I I ) 

derived oxyhydroxides i n d i s t i l l e d water appears to be 

co n t r o l l e d by changes i n the sur f a c e charge of the p r e c i ­

p i t a t e although why i t adsorbs when f r e s h l y formed and 

not when aged for 20 h i s not known. The absence of uptake 
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onto the aged F e ( I I ) derived oxyhydroxide i s thought to 

a r i s e from an e l e c t r o s t a t i c r e p u l s i o n r e l a t e d to s u r f a c e 

charge with pH^ p ^ " phosphate s p e c i a t i o n . I n 

the case of other t r a c e c o n s t i t u e n t s which have a more 

favourable e l e c t r o s t a t i c i n t e r a c t i o n through t h e i r s p e c i a t i o n 

uptake may take p l a c e . 
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4.2 A Method for P r e d i c t i n g the Behaviour of Phosohate 

i n the Presence of Iron i n E s t u a r i n e Media 

As s t a t e d above, the ra t e of uptake of phosphate onto 

f r e s h l y forming p r e c i p i t a t e s appears to be dependent upon 

the r a t e of p a r t i c l e formation. A simple guide i s required 

to enable estimates f or the time s c a l e s of the removal of 

phosphate from s o l u t i o n to be made. Figure 4.2.1 demonstrates 

the simple method chosen. The y - a x i s i s the time taken f or 

maximum adsorption and t h i s was s e l e c t e d s i n c e i t removes 

the problem a r i s i n g from the desorption that occurs for 

F e ( I I ) derived p r e c i p i t a t e s i n d i s t i l l e d water. I t i s the 

short term (2 h) uptake data that are examined here as these 

represent the time s c a l e s that are important for e s t u a r i n e 

processes and a l s o , i n most cases, the adsorption was almost 

complete. The purpose of such a diagrajn i s that i t can be 

used i n an applied way for the p r e d i c t i o n of phosphate 

behaviour i n the presence of p r e c i p i t a t i n g i r o n , bearing i n 

mind that the concentration of phosphate i s 1.0 pmol l " ^ 

and i r o n i s 0.05 m mol l " ^ . I t should a l s o be noted that 

the curve f o r uptadce onto F e ( I I ) derived p r e c i p i t a t e s i n 

d i s t i l l e d water conceals the form of the adsorption p r o f i l e s 

a t low pH*s. There tends to be a delay of a few minutes 

without any removal of phosphate followed by ra p i d removal 

so that the time f or maximum adsorption i s =̂ 10 minutes at 

pH = 6.5. There i s no explanation f o r t h i s behaviour as no 

delay i n the onset of p r e c i p i t a t i o n was found i n the 

nephelometric study although the pH range used only went as 

251 



120^ 
Time 
for 
max. 
uptake 
(mins) 

IOOL 

5.5 
Figure 4.2.1. 

252. 

6.0 6.5 7.0 75 b.0 8.5 
Summary of phosphate adsorption data onto f r e s h l y 
forming i r o n oxyhydroxides. A - F e ( I I I ) derived 
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X - F e ( I I ) derived p r e c i p i t a t e s i n d i s t i l l e d water; 
O- F e ( I I ) derived p r e c i p i t a t e s i n seawater 



low as pH = 7.0. However, from t h i s nomograph the 

approximate time f o r phosphate to be removed from s o l u t i o n 

by an input of iron can be estimated. For example i n 

seawater at pH = 8.0 removal w i l l teike -15 minutes i f the 

source of i r o n i s predominantly F e { I I ) or 1 minute i f 

the source contains predominantly F e ( I I I ) . Figure 4.2.2 

shows the r e s u l t s of the uptake onto p r e c i p i t a t e derived 

from na t u r a l sources of d i s s o l v e d i r o n , and the agreement 

i s very good. For each n a t u r a l water the points l i e c l o s e 

to the model p r e d i c t i o n s . The i r o n p r e c i p i t a t i n g from 

Carnon River water adsorbs phosphate at an equivalent r a t e 

to that for the F e ( I I I ) model system, again i n d i c a t i n g the 

strange behaviour of t h i s i r o n - r i c h a c i d i c stream. The 

a n a l y s i s revealed predominantly F e ( I I ) while p r e c i p i t a t e 

behaviour and c h a r a c t e r i n d i c a t e high F e ( I I I ) content. 

These are i n t e r e s t i n g r e s u l t s and warrant f u r t h e r i n v e s t i ­

gation although t h i s source of i r o n r i c h n a t u r a l water was 

abandoned a f t e r 2 sampling t r i p s because of i t s complexity 

and confusing behaviour which perturbed the experiments 

which were done to i n v e s t i g a t e c e r t a i n p a r t s of the adsorp­

t i o n . The time taken for p r e c i p i t a t e s forming from other 

mine stream waters to adsorb the phosphate were u s u a l l y 

slower than the model at the same pH although at higher pH 

values(pH = 7.5 - 8.0) good agreement was found. The 

presence of d i s s o l v e d organic matter could be the cause of 

t h i s behaviour as i t has been shown to r e t a r d the r a t e of 

oxidation of F e ( I I ) i n some cases ( 5 3 ) . I t may a l s o a f f e c t 
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Figure 4.2.2 Adsorption onto f r e s h l y forming na t u r a l i r o n oxy­

hydroxides compared with data from model. A - inter­
s t i t i a l p r e c i p i t a t e s . A- i n seawater, A - i n d i s ­
t i l l e d water; O- mine streaon p r e c i p i t a t e s , O - i n 
seawater, © - i n b r a c k i s h water S = 15JQ. O.-
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the surface charge; previous i n v e s t i g a t i o n s on Goethite 

have shown that adsorption of humic a c i d s produce a 

negatively charged p a r t i c l e even at high pH values ( 9 1 ) . 

In seawater and b r a c k i s h waters (S = 15^^) the p o s s i b l e 

e f f e c t of organic matter would not be as great,as t h i s 

would be f l o c c u l a t e d i n the high i o n i c strength media,so 

that i t may have l e s s e f f e c t on the oxidation and a l s o 

upon the surface character.Consequently,natural p r e c i p i t a t e s 

forming i n s a l i n e media g e n e r a l l y follow the model p r o f i l e . 

The consequences of an a c i d i c F e ( I I ) r i c h water or F e ( I I ) 

inputs from sediment pore waters entering the seawater end 

of an estuary could be the e x i s t e n c e of d i s s o l v e d F e ( I I ) i n 

the water column for up to 2 h r e s u l t i n g i n the very slow 

removal of phosphate and other d i s s o l v e d c o n s t i t u e n t s from 

s o l u t i o n . 

F i n a l l y , the two p r e d i c t i v e diagrauns should be compared 

to the r e s u l t s of the nephelometric study. (Figure'4.2,3) 

which i s a repeat of Figure 3.2.9. In Figure 4.2.3 the 

r e l a t i v e r a t e s of p a r t i c l e formation of f r e s h p r e c i p i t a t e s 

are shown for the two sources of i r o n examined. Comparison 

of Figure 4.2.3 with Figure 4.2.1 shows a d i r e c t c o r r e l a t i o n 

between the removal of phosphate from s o l u t i o n and the 

appearance of the c o l l o i d . Thus the adsorption i s strongly 

li n k e d to processes a f f e c t i n g the h y d r o l y s i s and oxidation 

of F e ( I I ) and the h y d r o l y s i s of F e ( I I I ) i n s o l u t i o n . To a 

large extent then, phosphate chemistry i n e s t u a r i n e media 

w i l l follow the behaviour of i r o n . 

256. 



4.3 Conclusions from Complete Study 

The examination of three d i f f e r e n t aspects of the 

behaviour of two i r o n oxyhydroxides has y i e l d e d the 

following information. 

(a) Amorphous FeOOH i s formed by the a d d i t i o n of F e ( I I I ) to 

d i s t i l l e d or seawater and y-FeOOH i s formed by the a d d i t i o n 

of F e ( I I ) . Both these oxyhydroxides have large surface 
2 _ i 

areas ( i n the range 97-234 m g ) but t h e i r porous s t r u c ­

ture and surface c h a r a c t e r i s t i c s are very d i f f e r e n t . The 

r a t e of p r e c i p i t a t e formation from F e ( I I I ) i s extremely 

r a p i d at n a t u r a l pH's i n both d i s t i l l e d and s a l i n e waters, 

whereas the r a t e of p r e c i p i t a t e formation from F e ( I I ) i s 

c o n t r o l l e d by the r a t e of oxidation of F e ( I I ) which i s com­

p a r a t i v e l y slow at the lower end of the n a t u r a l pH range 

and i n high i o n i c strength media. 

(b) The adsorption of phosphate onto aged F e ( I I I ) derived 

oxyhydroxides appears to be dominated by a p h y s i c a l 

mechanism i n seawater and i s a chemisorption process i n 

d i s t i l l e d water. This i s proposed from the adsorption at 

equilibrium and the c a l c u l a t i o n s of a c t i v a t i o n energies. 

The adsorption processes studied are the r e l a t i v e l y short 

term r e a c t i o n s with equilibrium reached w i t h i n 20 h i n 

seawater, and 2-3 h i n d i s t i l l e d water. The r a t e and extent 

of adsorption i s enhanced i n seawater p o s s i b l y v i a a 

mechanism i n v o l v i n g the seawater c a t i o n s , e s p e c i a l l y Mĝ"*" 

and Câ **". There i s no adsorption onto the aged y-FeOOH 

derived from F e ( I I ) i n seawater or d i s t i l l e d water i n the 
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range 6.0 ^ pH *» 8.5. T h i s i s because the y-FeOOH sur f a c e 
may have a strong negative charge i n t h i s pH range and 
consequently r e p e l s the negative phosphate species. 
(c ) The adsorption onto f r e s h l y forming i r o n oxyhydroxides 
i s c o n t r o l l e d by the r a t e of p a r t i c l e formation. For F e ( I I I ) 
t h i s adsorption i s extremely rapid and no mechanistic or 
k i n e t i c information can be ext r a c t e d . For F e ( I I ) the 
process d i f f e r s between seawater and d i s t i l l e d water although 
i n both cases the r a t e of oxidation p l a y s an important part 
i n the adsorption process. In seawater uptaike i s r e l a t i v e l y 
slow and dependent on pH and temperature, but there i s no 
desorption. In d i s t i l l e d water the adsorption i s ra p i d , 
and complicated by a desorption r e s u l t i n g i n i t i a l l y from pH 
changes over a period of minutes and subsequently from 
morphological changes over a p>eriod of hours. The desorption 
i s r e v e r s i b l e and a t l e a s t some part of the adsorbed phos­
phate i s l a b i l e and capable of responding to changes i n pH 
wi t h i n a few minutes. 

(d) The adsorption reactions onto aged F e ( I I I ) p r e c i p i t a t e s 
i n seawater and d i s t i l l e d v/ater and f r e s h F e ( I I ) p r e c i p i ­
t a t e s i n seawater have been q u a n t i t a t i v e l y analysed using 
a second order r e v e r s i b l e r e a c t i o n to give the following 
r e l a t i o n s h i p s f or the r a t e constants: 

For F e ( I I I ) log^Q k = 5.49 - 0.85 Jo i n seawater 

^^^10 k = 5.67 - 0,92 7c i n d i s t i l l e d water 

^^^10 k = 7.52 - 0.33 pH i n seawater 

log^o k = 9.19 - 0.64 pH i n d i s t i l l e d water 
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For F e ( I I ) ^^^lO ^ ~ + 2.86 pH i n seawater 

Numerous attempts to c a l c u l a t e true r a t e constants that 

were independent of the concentration of phosphate were 

made but the equations and mechanisms used did not produce 

the d e s i r e d r e s u l t s . However the equations above c l e a r l y 

i n d i c a t e the r e l a t i v e dependence of each r e a c t i o n upon pH, 

and t h i s could be imix)rtant when examining r a t e s of 

adsorption both i n e s t u a r i n e systems and for water q u a l i t y 

c o n t r o l . 

(e) A c t i v a t i o n energies were c a l c u l a t e d from experiments 

c a r r i e d out at 2*^C and 15^C for both s y n t h e t i c and n a t u r a l 

systems. For aged F e ( I I I ) derived oxyhydroxides the 

a c t i v a t i o n energy for uptaike from seawater was zero but 

was 31.9 k J mol*^ i n d i s t i l l e d water. 

For f r e s h F e ( I I ) derived oxyhydroxides the a c t i v a t i o n 

energy f o r uptake from seawater was 115 kJ mol"^. 

For f r e s h p r e c i p i t a t e s derived from i n t e r s t i t i a l water 

a c t i v a t i o n energy was 74.2 kJ mol"^ i n seawater and 141.2 

k J mol"^ i n d i s t i l l e d waters. 

These values i n d i c a t e p o s s i b l e changes i n mechanism for 

the model systems and show to what extent the uptake onto 

n a t u r a l p r e c i p i t a t e s compares with that of s y n t h e t i c oxy­

hydroxides. 

( f ) I t was p o s s i b l e to analyse the adsorption of phosphate 

onto f r e s h F e ( I I ) derived p r e c i p i t a t e s i n seawater using 

k i n e t i c equations s e t up to examine the oxidation of F e ( I I ) . 

The equations were only found to f i t a t pH < 7.4 at 15°C 

and pH < 7.9 a t 2^C i n seawater and t h i s was a r e s u l t of the 
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oxidation being a comparatively slow f i r s t order r e a c t i o n 

which l i m i t e d the r a t e of uptake. Rate constants were 

c a l c u l a t e d from t h i s data such that at pH = 7.1 and 15°C 

log^Q k = 1.3 X lO-*-̂  M"̂  atm"""- min"-*-, at pH = 7.3 and 15*̂ C 

log^Q k = 3.7 X 10-^^ M"̂  atm"^ min"^ and at pH = 7.9 

and 2°C log^^Q k = 5.4 x 10^^ M"̂  atm""*- min"''-. 

(g) The nephelometric study i n d i c a t e d the r e l a t i v e r a t e s 

of p r e c i p i t a t e formation f o r the various systems examined. 

In the case of F e ( l l ) the p r e c i p i t a t i o n follows a two stage 

r e a c t i o n at pH > 7.6 i n d i s t i l l e d water and at pH > 8.3 i n 

seawater. T h i s appears to be the case when the r a t e of 

h y d r o l y s i s and c o l l o i d formation i s approximately twice the 

r a t e of oxidation and t h i s can only be so under conditions 

favouring f a s t e r r a t e s of oxidation. Apart from t h i s 

l i m i t e d a n a l y s i s the complexity of the p a r t i c l e formation 

from F e ( I I ) and F e ( I I I ) sources meant that comparative 

s t u d i e s only could be done. 
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4,4 Recommendations f o r Future Work 

( a ) The chemical model developed was kept as simple and as 

r e p r o d u c i b l e as p o s s i b l e , the most important omission was 

e x c l u d i n g o r g a n i c matter from the f r e s h water analogue. 

F u r t h e r model s t u d i e s w i t h a w e l l d e f i n e d o r g a n i c m a t e r i a l 

such as humic or f u l v i c a c i d should be done as a comparison 

to the r e s u l t s of t h i s work and perhaps as a b e t t e r model 

of the n a t u r a l system. 

(b) The c h a r a c t e r i s a t i o n s t u d i e s c o n c e n t r a t e d on p r e c i p i t a t e s 

formed i n d i s t i l l e d water and a s i m i l a r s u i t e of experiments 

co u l d be done i n seawater f o r both model and n a t u r a l p r e c i ­

p i t a t e s . 

( c ) The c h a r a c t e r i s a t i o n of p r e c i p i t a t e s d e r i v e d from i n t e r ­

s t i t i a l waters was l i m i t e d by the v e r y s m a l l q u a n t i t i e s of 

s o l i d a v a i l a b l e . I t may be p o s s i b l e to e x t r a c t l a r g e r volumes 

of i n t e r s t i t i a l waters by u s i n g box c o r e s and e x t r a c t i o n by 

c e n t r i f u g a t i o n or compression, and thus have s u f f i c i e n t 

p r e c i p i t a t e f o r s u r f a c e a r e a d e t e r m i n a t i o n to be c a r r i e d 

out as w e l l as the other c h a r a c t e r i s a t i o n t e c h n i q u e s . 

(d) The Carnon R i v e r samples gave c o n t r a d i c t o r y d a t a between 

t h e i r measured a d s o r p t i o n behaviour and t h a t expected from 

a n a l y s i s of i r o n content. The phosphate a n a l y s i s was a l s o 

found to be d i f f i c u l t and t h i s n a t u r a l water probably 

w a r r a n t s a s e p a r a t e i n v e s t i g a t i o n i n i t s own r i g h t . The 

measurement of F e ( I I ) may have to be done u s i n g a p o l a r o -

g r a p h i c technique as w e l l as the c o l o r i m e t r i c as t h i s has 

been found to be the d e f i n i t i v e method f o r measuring F e ( I I ) 
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i n the presence of F e ( I I I ) (190). 

(e ) The o r i g i n a l stimulus for t h i s work arose from the 

buf f e r i n g mechanism hypothesised f o r r e s u l t s of a survey 

of the Tamar Estuary (160). No desorption processes were 

i n v e s t i g a t e d i n t h i s study and the occurrence of t h i s 

phenomenon could be i n v e s t i g a t e d for changes i n phosphate 

concentration, s a l i n i t y and pH. 
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ABSTRACT 
The adsorption of phosphate onto iron oxyhydroxide precipi tates 

derived from f e r r i c and ferrous iron is reported using conditions very 
s imi lar to those encountered in natural waters. The freshly prec ip i ­
tated material derived from f e r r i c iron is very active and the 
adsorption is independent of pH, temperature and ionic strength, 
whereas for precipitated ferrous iron the adsorption is strongly 
dependent on a l l three fac tors . The aged (20 h) precipi tates derived 
from f e r r i c iron show an adsorption behaviour which is independent of 
temperature but which i s dependent on pH and ionic strength. In 
contrast the aged precipi tates derived from ferrous iron showed no 
phosphate uptake. 
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INTRODUCTION 
The re la t ive importance of f reshly precipitated or aged iron 

oxyhydroxides in control l ing the composition of ratural v/aters is not 
fu l ly understood despite extensive laboratory studies of the sorption 
of both anions^'^ and cat ions^'^^. Iron-phosphate interact ions in 
various media have been investigated in some detai l^^"^^. Most workers, 
however, have used synthetic precipi tates prepared from f e r r i c s a l t s 
and experimental conditions more representative of the high P and/or 
Fe levels encountered in sewage and water treatment plants^^ than of 
the natural environment. Furthermore, most studies involve the 
precipi tat ion of iron oxyhydroxide by the hydrolysis of f e r r i c s a l t s 
whereas under natural conditions i t i s more commonly precipitated 
chemically by the hydrolysis and oxidation of ferrous compounds. In 
the environment ferrous compounds are present at the oxic/anoxic 
boundary in s t a b i l i s e d lakes and f j o r d s , at the surface of anoxic 
sediments and in acid mine streams. Consideration of the s o l u b i l i t y 
products of ferrous and f e r r i c hydrox'ides^^ indicates that the rate 
of nucleation of ferrous hydroxide i s much slower than f e r r i c hydroxide. 
This suggests that the precipi tates derived from these two sources 
w i l l have di f ferent morphologies and possibly d i f ferent surface 
c h a r a c t e r i s t i c s . 

EXPERIMENTAL 

The iron oxyhydroxides were formed by the addition of 0.05M 
F e C l j . o r FeCl2 to e i ther f i l t e red seawater or d i s t i l l e d water. The 
la t te r contained a carbonate buffer of approximately 2m equivalents 
to s t a b i l i s e the pH at values within the range 6.5 to 8 .3 . The pH 
was adjusted by the addition of O.IM NaOH or HCl and the maximum 
variat ion of pH during the course of an adsorption experiment was 
+0.2 pH unit in seawater and ±0.4 in d i s t i l l e d v/ater. The experiments 
were carr ied out in temperature control led .rooms set at 15°C and 2°C. 
The iron concentration was 5 x lO'^M. 1 l i t r e batches of solution 
were used to reduce losses of iron to the wal ls of the vessel to <1035. 
The precipi tates were e i ther freshly prepared j n s i t u or aged for 20 h 
in s i t u and in the case of Fe^^ derived precip i tates the samples were 
s t i r red open to the a i r . The phosphate was then added in the form of 
NaH^PO ,̂ to give a total phosphate concentration of 1 yM, which is 
typical of leve ls in natural waters. The uptake of phosphate was 
monitored over 2 h by removing 25 ml al iquots in a syringe and f i l t e r i n g 
the sample through 0.45 umHi l l ipore f i l t e r s . The dissolved phosphate 

18 
was measured using the molybdenum blue complex, single reagent method , 
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using 10 cm c e l l s at 885 nm on a Pye Unicam SP500 spectrophotometer. 
A coef f ic ien t of variat ion of ±b% was obtained during ca l ibrat ion runs 
at a phosphate concentration of 1 yM. FAA analyses of the f i l t r a t e s 
for iron showed that , except for ferrous iron in seawater, a l l the 
iron was retained by the f i l t e r . The surface areas of the two aged 
iron oxyhydroxides prepared in d i s t i l l e d water were measured using 
the B . E . T . nitrogen adsorption technique a f ter washing the precipi tate 
with acetone and outgassing for 24 h at room temperature. The powder 
X-ray d i f f rac t ion patterns of the precipi tates were obtained from a 
Hilger-Watts Y90 X-ray diffractometer using a molybdenum source. 

RESULTS AND DISCUSSION 
The f e r r i c derived precipi tate had a surface area of 232 m g 

which i s in agreement with values found for amorphous iron oxyhydroxides 
19 20 2 - 1 ' , but which i s re la t i ve ly large compared to the value of 48 m g 
reported for synthetic goethite (a-FeOOH)^. The form of the B . E . T . 

isotherm and hysteresis was consistent with narrow-necked pores of 
s i z e 2 to 20 nm. The X-ray d i f f rac t ion patterns suggested a mixture 
of poorly c r y s t a l l i s e d goethite and amorphous f e r r i c ge l . The ferrous 

2 -1 
derived precipi tates had a surface area of 121 m g with a more open 
pore structure and pore s i zes in the range 5 to 50 nm. The surface 
area obtained for the ferrous derived material i s consistent with that 

21 
of lepidocrocite (y-FeOOH) formed under s imi la r conditions and the 

precipi tates formed in the present study had an X-ray d i f f rac t ion pattern 

compatible with lepidocroci te . 

The adsorption studies were mainly car r ied out at 15*̂ 0 with some 
experiments at 2*̂ C and the pH range studied was 6.5 to 8 .3 . However, 
only a proportion of the resu l ts are shown here. Figure 1 shows the 
adsorption of phosphate onto fresh f e r r i c and ferrous derived precipi tates 
in seawater (pHs 7.4 and 7.9) and d i s t i l l e d water (pHs 7.9 and 8.0) at 
15°C. The f e r r i c derived material i s very act ive and the equilibrium 
concentration which is reached within 5 minutes, i s independent of pH, 
temperature and ionic strength. In contrast the adsorption onto the 
ferrous derived material i s apparently linked to the rate of hydrolysis 

2+ 
and oxidation of Fe . The resul ts reported here show that the rate of 
phosphate removal from solution decreases with increasing pH and 
increasing ionic strength. Additional experiments at 2°C showed that 
the removal i s temperature dependent. The behaviour of the phosphate 

2+ 22 
removal i s s imi lar to the known oxidation k inet ics of Fe in solution 

and the adsorption follows the appearance of the so l id phase. The uptake 

of phosphate in d i s t i l l e d water at pH = 8.0 was i n i t i a l l y rapid and 
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Figure 1: Phosphate adsorption onto f reshly precipitated iron 
oxyhydroxides at 15*^C. The graph shows the concentration of dissolved 
phosphate in the f i l t r a t e as a function of time. A - f e r r i c iron in 
d i s t i l l e d water and seawater; O - ferrous iron in seawater; • -
ferrous iron in d i s t i l l e d water. 

comparable with adsorption onto f reshly precipitated f e r r i c derived 
mater ia l . However, this uptake was followed by desorption with an 
equilibrium value of 0.42 ymole n'^ being achieved a f ter about 20 h. 
I n i t i a l l y the desorption is due to the pH changes as equilibrium i s 
regained ( i . e : 10 minutes) a f ter the addition of the ac id ic FeCl2 but 
in the longer term (20 h) i t i s thought to be physica l ly induced by a 
reduction in surface area accompanying the re la t i ve ly rapid formation 
of a more c r y s t a l l i n e mater ia l . Simi lar trends were observed at other 
pHs. In seawater the rate of removal by the ferrous derived precipi tate 
was strongly pH dependent and was generally much slower than that 
observed for the f e r r i c derived mater ia l . 

Figure 2 shows the adsorption of phosphate onto aged fe r r i c 
and ferrous derived precipi tates in seav/ater and d i s t i l l e d water over 
the pH range 6.9 to 8 .3 , at 15^C. For the fe r r i c derived precipi tates 
the approach to equilibrium did not follow 1st or 2nd order k i n e t i c s . 
Equilibrium was achieved in about 60 minutes and the approach to 
equil ibrium was temperature independent. The equil ibrium value i s 
inversely dependent on pH which suggests that the adsorption may be 
linked to the speciation of the anion and the charge on the surface. 
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Figure 2: Phosphate adsorption onto aged iron oxyhydroxides a t 15"C. 

The graph shows the concentration of dissolved phosphate in the 

f i l t r a t e as a function of time. A - ferrous iron in d i s t i l l e d v/ater 

and seawater; @ - f e r r i c iron in seawater; 0- f e r r i c iron in 

d i s t i l l e d water. 

In seawater at pH = 7.5 the major form i s HPO.^" while at pH = 8.2 

there is 70% of HPO^^" species and 30% of PO^^* species^"^. A 
pĤ pQ = 7.9 has been obtained for iron oxyhydroxides in 0,1/1 NaNO^̂  
but in seawater the surface charge charac te r is t i cs may be conditioned 
by the co-adsorption of Hĝ "̂  and/or Câ "*" ions^^. I f e l ec t ros ta t i c 

interact ions are important then increases in the proportion of PO^^" 
species would lead to an increase in e l e c t r o s t a t i c repulsion and a 
decrease in adsorption. A s imi lar hypothesis can be invoked for the 
resul ts in d i s t i l l e d water where below pH = 7 .3 . H^PO-" i s the major 

2- 23 
form whi ls t above this value HPO^ species become important . Again 
the adsorption could be explained by a change in phosphate speciat ion. 

In contrast the agea ferrous derived precipi tate i s inactive in 

both seawater and d i s t i l l e d water. Phosphate v/as not adsorbed at any 
pH in the range 7.3 to 8 .2 , even when the experiments were extended 

for a period of 60 h. The product of the hydrolysis and oxidation of 
2+ 22 Fe has been ident i f i ed , in this work and elsev/here , as lepidocrocite 

which has a pĤ pQ = 6 . 2 ^ \ Thus, these experiments are carr ied out over 

a pH range where the surface was probably negatively chargea so that 

e lec t ros ta t i c repulsion could be an important control l ing factor on 
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phosphate uptake. This hypothesis may also be extended to explain 
the adsorption of phosphate onto synthetic goethite (a-FeOOH)\ 

21 
which has a pH^p^ = 8.5 . 

F ie ld studies of phosphate behaviour in natural waters tend to 
suggest that a buffer mechanism maintains a constant inorganic phosphate 

25 
concentration . However, phosphate removal has been observed in 
the low s a l i n i t y region of estuaries^^ and in laboratory simulation 

27 28 
experiments in which iron has been implicated in the removal mechanism ' 
The resul ts reported here suggest that there are important differences in 
the behaviour of f e r r i c oxyhydroxide obtained from ferrous and f e r r i c 
sources that must also be taken into consideration. This applies 
par t icu lar ly to those iron compounds which are f reshly precipitated and 
are highly ac t ive . The precipi tat ion of Fe^^ removes about 90% of the 
phosphate independently of pH, temperature and ionic strength. Ferrous 
i ron, remobilised from anoxic environments, also produces an act ive 
fresh precip i tate but in this case the adsorption, par t i cu la r ly in 
sal ine waters, i s less rapid and is dependent on pH, temperature and 
ionic strength. Furthermore, the i n i t i a l rapid uptake onto fresh 
ferrous derived precipi tates is followed by a slow desorption. The 
uptake of phosphate by the aged f e r r i c derived precipi tates i s dependent 
on pH and ionic strength, whi ls t the aged ferrous derived precipi tates 
are inact ive . This indicates that caution should be exercised in 
making general isat ions about the role of iron oxyhydroxides in control l ing 
the concentration of phosphate (and other trace components) in natural 
waters. In par t icu lar much more attention should be focussed on the 
behaviour of material derived from the hydrolysis and oxidation of 
ferrous i ron. 
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