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FOREWORD 
The ACS SYMPOSIUM

medium for publ ishing symposia qu ick ly in book form. The 
format of the Series parallels that of the cont inuing ADVANCES 

IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Edi tors wi th the assistance of the Series 
Adv isory Board and are selected to maintain the integrity of the 
symposia; however, verbat im reproductions o f previously pub
lished papers are not accepted. Bo th reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

THIS B O O K deals only with the chemistry of the mineral-water interface, 
and so at first glance, the book might appear to have a relatively narrow 
focus. However, the range of chemical and physical processes considered is 
actually quite broad, and the general and comprehensive nature of the 
topics makes this volume unique. The technical papers are organized into 
physical properties of the mineral-water interface; adsorption; ion ex
change; surface spectroscopy; dissolution, precipitation, and solid solution 
formation; and transformation reactions at the mineral-water interface. The 
introductory chapter presents an overview of recent research advances in 
each of these six areas an
paper. Several papers address the complex ways in which some processes 
are interrelated, for example, the effect of adsorption reactions on the 
catalysis of electron transfer reactions by mineral surfaces. 

Papers in the symposium upon which this book is based were 
contributed by a diverse group of scientists from the fields of geochemistry, 
hydrogeology, water chemistry, chemical engineering, soil chemistry, 
electrical engineering, dental science, and mathematics. This diversity was 
facilitated by joint sponsorship of the symposium by the Environmental 
Chemistry and Geochemistry Divisions of ACS. The participants shared a 
common interest in the chemistry of mineral-water interfaces; however, 
each of these scientific disciplines has a different perspective on the theories 
and experimental methods that are used to describe interfacial chemistry. 
Research publications on the topic are widely dispersed in the literature, and 
as a result, many investigators are unaware of recent advances in disciplines 
other than their own. Thus, it appeared important and timely to compile 
recent developments in these related fields in a single volume. It is hoped 
that this effort will contribute to a greater understanding of the significant 
role of interfacial reactions in geochemical processes. 

The inspiration for this symposium emerged from stimulating discus
sions with colleagues at the Gordon Conference on Environmental Sciences: 
Water held at New Hampton, N.H., in June 1984 (chaired by C. R. 
O'Melia). Several people assisted with the selection of speakers, including 
J. O. Leckie, L. N. Plummer, G. A. Parks, D. D. Eberl, A. F. White, 
A. T. Stone, and J. C. Westall. Financial support for foreign speakers was 
provided by the A C S Petroleum Research Fund and each of the sponsoring 
A C S divisions. 

The quality of this volume is due in part to the careful work of 

xi 
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numerous technical reviewers who submitted detailed comments and 
criticisms, and we are greatly indebted to these reviewers. We also thank 
Robin Giroux of the ACS Books Department for her guidance throughout 
the editorial process. 

JAMES A. DAVIS 
U.S. Geological Survey 
Menlo Park, CA 94025 

KIM F. HAYES 
Stanford University 
Stanford, CA 94305-4020 

June 1, 1986 
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1 

Geochemical Processes at Minera l Surfaces: 
An Overview 

James A. Davis1 and Kim F. Hayes2 

1Water Resources Division, U.S. Geological Survey, Menlo Park, CA 94025 
2Environmental Engineering and Science Group, Department of Civil Engineering, 
Stanford University, Stanford, CA 94305-4020 

The phase discontinuit
greatly influences th  geochemica  cycle y
composition of natural waters and the flux of material through the 
hydrosphere are largely controlled by the weathering of minerals and 
the precipitation of new phases -- processes in which the mineral -
water interface plays a fundamental role. In addition, mineral 
surfaces may act as catalysts for chemical or biological 
transformations that occur within the hydrosphere. Reactions at the 
mineral-water interface are of interest in the study of ore genesis, 
geochemical exploration, mineral separation processes such as 
flotation and sedimentation, transport of adsorbed nutrients or 
pollutants in rivers and lakes, scavenging of trace elements in the 
oceans, and the transport of nuclear or other hazardous waste 
materials in groundwaters. 

Because these processes are so complex, we rely to a great 
extent on models to understand our observations of the geochemical 
behavior of solutes in water. The models typically contain several 
components; for example, solute transport models may be composed of a 
hydrologie model coupled with a chemical or biological submodel. The 
chemical submodel can be as simple as a distribution coefficient to 
represent the partitioning of an element between solid and aqueous 
phases, or if the aqueous chemical composition is expected to be 
controlled by the dissolution of a mineral, a solubility product or 
rate constant for dissolution would be included in the model. 
Ideally, the chemical model would describe geochemical behavior in 
terms of a series or combination of elementary processes, e.g. 
adsorption, ion exchange, precipitation, dissolution, or electron 
transfer reactions. In reality, the behavior of geochemical systems 
is often so complex that the actual mechanisms of the processes 
observed are not well understood. 

In this overview we discuss recent advances in the study of 
chemical reactions at the mineral-water interface as we introduce the 
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1. D A V I S A N D H A Y E S Overview 3 

c h a p t e r s c o n t a i n e d i n t h i s v o l u m e . Our o b j e c t i v e i s t o i n d i c a t e 
i m p o r t a n t f e a t u r e s o f e a c h c h a p t e r t o t h e f i e l d o f a q u e o u s 
geochemistry and ways i n which the chapters r e l a t e to each o ther . The 
paper i s d i v i d e d i n t o s e c t i o n s on p h y s i c a l p r o p e r t i e s o f the 
i n t e r f a c e ; a d s o r p t i o n and i o n exchange ; s u r f a c e s p e c t r o s c o p y ; 
d i s s o l u t i o n , p r e c i p i t a t i o n , and s o l i d s o l u t i o n f o r m a t i o n ; and 
t r ans f o rmat i on r e a c t i o n s at the m ine ra l -wa t e r i n t e r f a c e . Each s e c t i o n 
touches on the importance o f tha t t o p i c i n geochemical processes and 
interdependent r e l a t i o n s h i p s among the t o p i c s covered . 

Physical Properties of the Mineral-Water Interface 

The chemica l r e a c t i v i t y o f the m ine ra l -wa t e r i n t e r f a c e i s i n f l u e n c e d 
by some i m p o r t a n t p r o p e r t i e s wh i ch d i s t i n g u i s h th e i n t e r f a c i a l 
environment from tha t o f b u l k water, e.g. 1) water i s more s t r u c t u r e d 
i n t h e i n t e r f a c i a l r e g i o n , 2) i o n s and w a t e r m o l e c u l e s a r e l e s s 
m o b i l e , 3) t he d i e l e c t r i c c o n s t a n t o f w a t e r i s d e c r e a s e d , and 4) 
e l e c t r i c a l charge and p o t e n t i a
to the format ion o f an e l e c t r i c a
s tud i e s o f m ine ra l -wa t e r i n t e r f a c e have been e x t e n s i v e , the e f f e c t s 
o f the per turbed l a y e r o f water and the e l e c t r i c a l doub le l a y e r on 
chemical r e a c t i o n s at the i n t e r f a c e are s t i l l u n r e s o l v e d i s sues (l-
11). M u l l a ( C h a p t e r 2) compares s i m u l a t i o n s o f i n t e r f a c i a l wa t e r 
s t r u c t u r e from v a r i o u s s t a t i s t i c a l - m e c h a n i c a l models, i n c l u d i n g Monte 
C a r l o and M o l e c u l a r Dynamics m o d e l s . The r e s u l t s p r e d i c t the 
ex i s t ence o f m o l e c u l a r l a y e r i n g w i th ordered d i p o l e o r i e n t a t i o n s at 
the i n t e r f a c e , d e n s i t y o s c i l l a t i o n s which extend many Angstroms away 
from the sur f ace , and fewer hydrogen bonds between water mo l e cu l e s i n 
the i n t e r f a c i a l r eg i on . The ex i s t ence o f d e n s i t y o s c i l l a t i o n s at the 
i n t e r f a c e has r e c e n t l y been c o n f i r m e d e x p e r i m e n t a l l y (12). Reduced 
d i p o l e r e l a x a t i o n t i m e s a re a l s o p r e d i c t e d , w h i c h s u g g e s t s t h a t 
i n t e r f a c i a l wa t e r e x p e r i e n c e s h i n d e r e d r o t a t i o n . U n f o r t u n a t e l y the 
d i e l e c t r i c p r o p e r t i e s cannot be e f f e c t i v e l y modeled, but the r e s u l t s 
do sugges t t h a t i n t e r f a c i a l wa t e r i s no t a u n i f o r m d i e l e c t r i c 
continuum. The development o f improved models i n the fu ture appears 
p r o m i s i n g , and t h e s e mode l s s h o u l d i n c r e a s e ou r u n d e r s t a n d i n g o f 
p r o p e r t i e s w h i c h a r e n o t e a s i l y q u a n t i f i e d a t p r e s e n t , e.g. 
hyd ra t i on f o r c e s , hydrophobic e f f e c t s , and double l a y e r f o r ces . 

G i e s e and Cons t anzo (Chap t e r 3) p r e s e n t the r e s u l t s o f an 
i n f r a r e d s t u d y o f the bond ing o f i n t e r c a l a t e d w a t e r i n s y n t h e t i c 
h y d r a t e d k a o l i n i t e s . Two t y p e s o f wa t e r were i d e n t i f i e d : 1) wa t e r 
mo l e cu l e s which were bonded to the d i t r i g o n a l ho l e s o f the s i l i c a t e 
l a y e r , and 2) a ssoc i a t ed water mo l ecu l e s which were hydrogen bonded 
to those o f the f i r s t group. The m o b i l i t y o f water mo l e cu l e s bound to 
the d i t r i g o n a l h o l e s was g r e a t l y r educ ed i n c o m p a r i s o n t o the 
a s s o c i a t e d w a t e r . A l t h o u g h h y d r a t e d k a o l i n i t e s a r e no t found i n 
n a t u r e , G i e s e and C o n s t a n z o s u g g e s t t h a t t h e s u r f a c e - w a t e r 
i n t e r a c t i o n s o b s e r v e d i n t h i s s t u d y a r e r e p r e s e n t a t i v e o f 
i n t e r a c t i o n s w i th the sur faces o f o ther s i l i c a t e m i n e r a l s . 

The p r o p e r t i e s o f the e l e c t r i c a l d o u b l e l a y e r (EDL) have been 
the sub jec t o f c o n s i d e r a b l e research (1,3,5,8,10). U n l i k e r e v e r s i b l e 
e l e c t r o d e s , where sur face p o t e n t i a l i s c o n t r o l l e d and charge deve lops 
i n r e s p o n s e t o changes i n e l e c t r o d e p o t e n t i a l , m i n e r a l s u r f a c e s 
deve l op p o t e n t i a l i n response to the format ion o f sur face charge (8). 
On the s u r f a c e o f hydrous o x i d e s , f o r e x a m p l e , h y d r o x y l g roups 
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( B r o n s t e d a c i d s i t e s ) o r m e t a l atoms w i t h u n s a t i s f i e d c o o r d i n a t i o n 
(Lew is a c i d s i t e s ) r e a c t w i t h w a t e r t o form s u r f a c e cha rge (1.3). 
Isomorphic s u b s t i t u t i o n i n the i n t e r l a y e r r eg ion o f l a y e r ed s i l i c a t e s 
r e s u l t s i n a n e g a t i v e s u r f a c e c h a r g e . In each case c h e m i c a l 
"exchange" o f ions between phases r e s u l t s i n the format ion o f sur face 
charge and the development o f an e l e c t r i c a l p o t e n t i a l . 

I t i s i m p o r t a n t t o e s t a b l i s h the o r i g i n and magn i tude o f the 
a c i d i t y (and hence , the charge ) o f m i n e r a l s u r f a c e s , because the 
r e a c t i v i t y o f the sur face i s d i r e c t l y r e l a t e d to i t s a c i d i t y . Seve ra l 
m i c r o s c o p i c - m e c h a n i s t i c mode l s have been p r oposed t o d e s c r i b e the 
a c i d i t y o f h y d r o x y l g roups on o x i d e s u r f a c e s ; most d e s c r i b e the 
sur face i n terms o f amphoteric weak a c i d groups (14-17), but r e c e n t l y 
a m o n o p r o t i c weak a c i d model f o r the s u r f a c e was p roposed ( !8) . The 
mode l s d i f f e r p r i m a r i l y i n t h e i r d e s c r i p t i o n o f t h e EDL and the 
a s s u m p t i o n s used t o d e s c r i b e i n t e r f a c i a l s t r u c t u r e . " I n t r i n s i c " 
a c i d i t y c o n s t a n t s t h a t a re d e r i v e d f rom t h e s e mode l s can have 
s u b s t a n t i a l l y d i f f e r e n t v a l u e s because o f the d i f f e r e n t assumptions 
emp loyed i n each model f o r the s t r u c t u r e o f t h e EDL (5). W e s t a l l 
( C h a p t e r 4) r e v i e w s s e v e r a
des c r i b e the a c i d i t y o f ox ide sur faces and compares the a p p l i c a b i l i t y 
o f these models w i th the monoprotic weak a c i d model . The assumptions 
employed by each o f the models to es t imate v a l u e s o f thermodynamic 
cons tants are c r i t i c a l l y examined. 

The d i f f i c u l t y i n c h a r a c t e r i z i n g the i n t e r f a c e a r i s e s from the 
f a c t t ha t the 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 are c l o s e l y coup led to the 
c h e m i c a l i n t e r a c t i o n s . An independen t measurement o f e l e c t r o s t a t i c 
energy would be use fu l f o r probing the s epa ra t i on o f coulombic and 
chemical components i n the EDL models. Bousse and Me ind l (Chapter 5) 
d e s c r i b e a technique f o r measuring the e l e c t r i c a l p o t e n t i a l at oxide 
s u r f a c e s u s i n g i o n - s e n s i t i v e f i e l d e f f e c t t r a n s i t o r s ( I SFETs ) . In 
t h i s method one may r e g u l a t e t o t a l e l e c t r i c a l p o t e n t i a l o f the 
i n t e r f a c e , and t h i s a l l o w s es t imates o f i n t r i n s i c a c i d i t y constants 
t h a t a r e i ndependen t o f p r o t o n a d s o r p t i o n d a t a . The measurement o f 
the t o t a l e l e c t r i c a l p o t e n t i a l i s p r e f e r a b l e t o t h a t o f z e t a 
p o t e n t i a l , s i n c e the e x a c t l o c a t i o n o f t h e l a t t e r measurement i s 
inde te rminate . Furthermore, i t has been shown tha t the dependence of 
proton adsorp t i on as a f unc t i on o f pH may depend to a great degree on 
the e x t e n t o f c omp l ex f o r m a t i o n w i t h adso rbed c o u n t e r i o n s ( 19 -21 ) , 
whereas the t o t a l p o t e n t i a l as a f u n c t i o n o f pH i s r e l a t i v e l y 
i n s e n s i t i v e to complexat ion (21). 

Chan (Chap t e r 6) p r e s e n t s a s i m p l e g r a p h i c a l method f o r 
e s t i m a t i n g the f r e e energy o f EDL f o r m a t i o n a t t h e o x i d e - w a t e r 
i n t e r f a c e w i th an amphoteric model f o r the a c i d i t y o f sur face groups. 
S u b j e c t t o the a s s u m p t i o n s o f the EDL m o d e l , t h e g r a p h i c a l method 
a l l o w s a comparison o f the magnitudes o f the chemical and coulombic 
components o f sur face r e a c t i o n s . The a n a l y s i s a l s o i l l u s t r a t e s the 
r e l a t i o n s h i p between model pa rame t e r v a l u e s and th e d e v i a t i o n o f 
sur face p o t e n t i a l from the Nernst equat ion . 

The r e l a t i v e i m p o r t a n c e o f the EDL f o r r e a c t i o n s o t h e r t h a n 
adso rp t i on i s not w e l l understood. Surface complexat ion models have 
r e c e n t l y been a p p l i e d to processes i n which adso rp t i on represents the 
f i r s t s tep i n a sequence o f r e a c t i o n s . For example, Stumm et a l . (22) 
have a p p l i e d a model w i t h an EDL component i n t h e i r s t u d i e s o f the 
r o l e o f a d s o r p t i o n i n d i s s o l u t i o n and p r e c i p i t a t i o n r e a c t i o n s . The 
e f f e c t o f s u r f a c e cha rge and p o t e n t i a l on p r e c i p i t a t i o n and the 
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1. D A V I S A N D H A Y E S Overview 5 

format ion o f metas tab le s o l i d phases i s d i s cussed by Zawacki et a l . 
(Chap t e r 32) . Wa i t e (Chap t e r 20) r e v i e w s the i m p o r t a n t r o l e o f the 
i n t e r f a c i a l environment i n c a t a l y z i n g l i g h t - i n d u c e d redox r e a c t i o n s . 
V o u d r i a s and R e i n h a r d (Chap t e r 22) d i s c u s s the e f f e c t s o f s u r f a c e 
a c i d i t y on t r a n s f o r m a t i o n s o f o r g a n i c compounds. The r a t e s o f 
c h e m i c a l r e a c t i o n s a r e a l s o i n f l u e n c e d by t h e EDL. As w i t h 
e q u i l i b r i u m m o d e l s , the r e l a t i v e c o n t r i b u t i o n o f the EDL i n 
d e t e r m i n i n g t h e o v e r a l l r e a c t i o n r a t e i s dependent on the 
i n t e r f a c i a l model chosen (see Chapters 7 and 12). 

Adsorption 

S o r p t i o n p r o c e s s e s have r e c e i v e d much s t u d y because o f t h e i r 
fundamental importance i n geochemistry, a n a l y t i c a l chemis t ry , and i n 
i n d u s t r i a l a p p l i c a t i o n s . The three p r i n c i p a l s o r p t i o n processes are 
a d s o r p t i o n , a b s o r p t i o n , and s u r f a c e p r e c i p i t a t i o n ; the d i f f e r ences 
among t h e s e p r o c e s s e s a re d i s c u s s e d by S p o s i t o ( C h a p t e r 11) . I f the 
s p e c i f i c p r o c e s s l e a d i n
s o l u t i o n i s not known, the
The abundance o f l i t e r a t u r e on exper imenta l s t u d i e s o f ion adsorp t i on 
has been r e v i e w e d by K i n n i b u r g h and J a c k s o n (23) and H i n g s t o n (24) . 
Recent l a b o r a t o r y s t u d i e s o f s o r p t i o n processes have been d i r e c t e d 
more toward a b e t t e r understanding o f the mechanisms o f r e a c t i o n s , a 
c h a r a c t e r i z a t i o n o f the bonding o f adsorbed spec i e s , and improvements 
i n a d s o r p t i o n m o d e l s . I t i s i n c r e a s i n g l y c l e a r , however , t h a t the 
macroscopic approaches tha t have been commonly used to study s o r p t i o n 
p r o c e s s e s , e.g. a d s o r p t i o n i s o t h e r m s , s o l u b i 1 i t y c a l c u l a t i o n s , and 
k i n e t i c methods, cannot unequ ivocab ly d i s t i n g u i s h between processes 
such as adsorp t i on and sur face p r e c i p i t a t i o n (see Chapter 11). I t i s 
l i k e l y t ha t fu ture developments i n t h i s f i e l d w i l l come from s tud i e s 
u t i l i z i n g m o l e c u l a r techniques such as i n - s i t u sur face spectroscopy. 

Mechanisms of Sorption Processes. K i n e t i c s t u d i e s are v a l u a b l e 
f o r h y p o t h e s i z i n g mechanisms o f r e a c t i o n s i n homogeneous s o l u t i o n , 
but the i n t e r p r e t a t i o n o f k i n e t i c data f o r s o r p t i o n processes i s more 
d i f f i c u l t . R e c e n t l y i t has been shown t h a t the mechanisms o f v e r y 
f a s t a d s o r p t i o n r e a c t i o n s may be i n t e r p r e t e d f rom the r e s u l t s o f 
chemical r e l a x a t i o n s tud i e s (25-27). Yasunaga and Ikeda (Chapter 12) 
summarize recent s tud i e s tha t have u t i l i z e d r e l a x a t i o n techniques to 
examine the a d s o r p t i o n o f c a t i o n s and a n i o n s on hydrous o x i d e and 
a l u m i n o s i l i c a t e s u r f a c e s . Hayes and L e c k i e ( C h a p t e r 7) p r e s e n t new 
i n t e r p r e t a t i o n s f o r the mechanism of l e a d ion adso rp t i on by goe th i t e . 
In bo th pape rs i t i s c o n c l u d e d t h a t the k i n e t i c and e q u i l i b r i u m 
a d s o r p t i o n d a t a a re c o n s i s t e n t w i t h the r a t e r e l a t i o n s h i p s d e r i v e d 
from an i n t e r f a c i a l model i n which metal ions are l o c a t e d nearer to 
the sur face than adsorbed counte r i ons . 

The sur faces o f m i n e r a l s are g e n e r a l l y not homogeneous; k i n k s , 
s t e p s , edges , d i s l o c a t i o n s , o r p o i n t d e f e c t s may p r o v i d e r e a c t i v e 
zones. M i c r o c r y s t a l 1 ine p r epara t i ons o f s o l i d s , which are f r e q u e n t l y 
used i n l a b o r a t o r y s o r p t i o n exper iments, may have s e v e r a l c l eavage 
p l a n e s w i t h d i f f e r e n t s i t e e n e r g i e s . The i m p o r t a n c e o f the h i g h 
energy s i t e s tha t r e s u l t from these imper f ec t i ons i s w e l l recognized 
f o r the p r o c e s s e s o f d i s s o l u t i o n and c r y s t a l g r owth (28). S e v e r a l 
e q u i l i b r i u m s t u d i e s o f i o n a d s o r p t i o n have s u g g e s t e d t h a t hydrous 
o x i d e s u r f a c e s a re composed o f he t e r ogeneous s i t e s ( 29 -32 ) . Some 
p r e l i m i n a r y r e s u l t s from a k i n e t i c study tha t suggest the ex i s t ence 
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o f heterogeneous s i t e s on the sur face o f g o e th i t e are g i v en i n Chapter 
7. Desp i te the growing ev idence o f sur face s i t e he te rogene i t y , most 
sur face complexat ion models are based on the concept o f a homogeneous 
s u r f a c e w i t h a v e r a g e d EDL p r o p e r t i e s (5,8,18,33-38) . In a d d i t i o n to 
h e t e r o g eneous s i t e s , m i n e r a l s u r f a c e s may c o n t a i n e i t h e r p o o r l y 
c r y s t a l 1 i z e d o r wel 1 h y d r a t e d m a t e r i a l . Thus , m u l t i p l e s o r p t i o n 
mechanisms may operate at the beg inning o f many l a b o r a t o r y s tud i e s of 
s o r p t i o n k i n e t i c s . Spos i t o (Chapter 11) argues tha t t h i s m u l t i p l i c i t y 
p revents a s imp l e i n t e r p r e t a t i o n o f k i n e t i c or e q u i l i b r i u m data i n 
terms o f a s imp l e f i r s t order r a t e law or an adso rp t i on mechanism. 

R e l a x a t i o n s tud i e s have shown tha t the attachment o f an ion to a 
sur face i s very f a s t , but the e s tab l i shment o f e q u i l i b r i u m i n w e l l -
d i s p e r s e d s u s p e n s i o n s o f c o l l o i d a l p a r t i c l e s i s much s l o w e r . 
A d s o r p t i o n o f c a t i o n s by hydrous o x i d e s may a p p r o a c h e q u i l i b r i u m 
w i t h i n a m a t t e r o f m i n u t e s i n some sys tems (39 -40 ) . However , c a t i o n 
and anion s o r p t i o n processes o f ten e x h i b i t a r a p i d i n i t i a l stage of 
adso rp t i on tha t i s f o l l o w e d by a much s lower r a t e o f uptake (24,41-
43) . S e v e r a l s t u d i e s o
ions between aqueous s o l u t i o n
t h a t t h e k i n e t i c s o f phospha te d e s o r p t i o n a r e v e r y s l o w (43-45 ) . 
Numerous hypotheses have been suggested f o r t h i s s l ow at ta inment of 
e q u i l i b r i u m i n c l u d i n g 1) the format ion o f b i n u c l e a r complexes on the 
sur face (44); 2) dynamic p a r t i c l e - p a r t i c l e i n t e r a c t i o n s i n which an 
adsorb ing ion enhances contac t adhesion between p a r t i c l e s (43,45-46); 
3) d i f f u s i o n o f i o n s i n t o a d s o r b e n t s ( 4 7 ) ; and 4) s u r f a c e 
p r e c i p i t a t i o n (48-50). 

Bleam and McBride (51-52) r e c e n t l y presented ev idence tha t the 
a r rangement o f g roups o f s i t e s on m i n e r a l s u r f a c e s may i n f l u e n c e 
adso rp t i on . These authors argued t h a t , under c e r t a i n c o n d i t i o n s , the 
format ion o f a monolayer o f adsorb ing ions may be l e s s f a v o r a b l e than 
the format ion o f a m u l t i l a y e r c l u s t e r o f po lymer i zed or p r e c i p i t a t e d 
m a t e r i a l . S e v e r a l s t u d i e s have i n d i c a t e d t h a t a d s o r p t i o n may be 
desc r ibed by complexat ion r e a c t i o n s at d i s c r e t e sur face s i t e s at low 
sur face coverage, but tha t p o l y m e r i z a t i o n and hydrox ide p r e c i p i t a t i o n 
may o c c u r a t h i g h s u r f a c e c o v e r a g e (53 -55 ) . F a r l e y e t a l . (56) 
r e c e n t l y proposed a model f o r s o r p t i o n o f c a t i o n s on hydrous oxides 
t h a t a l l o w s f o r a c o n t i n u u m b e t w e e n a d s o r p t i o n and s u r f a c e 
p r e c i p i t a t i o n as t h e s o r p t i o n d e n s i t y i n c r e a s e s . S u r f a c e 
c o p r e c i p i t a t e s ( s o l i d s o l u t i o n s ) may form when an adsorb ing c a t i o n i s 
c a p a b l e o f o c c u p y i n g s t r u c t u r a l s i t e s i n t h e a d s o r b e n t l a t t i c e . 
E x p e r i m e n t a l e v i d e n c e o f t h i s t ype o f p r o c e s s has been g i v e n by 
McBride (57) f o r a lumina and by Dav i s et a l . (49) f o r c a l c i t e . 

Spec t roscop i c techniques may p r o v i d e the l e a s t ambiguous methods 
f o r v e r i f i c a t i o n o f a c t u a l s o r p t i o n mechanisms. Z e l t n e r e t a l . 
( C h a p t e r 8) h a v e a p p l i e d FT IR ( F o u r i e r T r a n s f o r m I n f r a r e d ) 
s p e c t r o s c o p y and m i c r o c a l o r i m e t r i c t i t r a t i o n s i n a s t u d y o f the 
adso rp t i on o f s a l i c y l i c a c i d by g o e t h i t e ; these techniques p rov ide 
new in f o rmat i on on the s t r u c t u r e o f o rgan ic a c i d complexes formed at 
t h e g o e t h i t e - w a t e r i n t e r f a c e . Ambe e t a l . ( C h a p t e r 19) p r e s e n t the 
r e s u l t s o f an emiss ion Mossbauer spec t r o scop i c study o f sorbed Co(II) 
and Sb(V). A l though Mossbauer spectroscopy can o n l y be used f o r a few 
chemical e lements , the technique p ro v i d e s d e t a i l e d in f o rmat i on about 
t h e m o l e c u l a r b o n d i n g o f s o r b e d s p e c i e s and may be u s e d t o 
d i f f e r e n t i a t e between adsorp t i on and sur face p r e c i p i t a t i o n . 
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Empir ica l models. N a t u r a l sys tems c o n t a i n a w ide v a r i e t y o f 
m i n e r a l s u r f a c e s t h a t may be i n v o l v e d i n s o r p t i o n p r o c e s s e s . 
A p p l i c a t i o n o f s u r f a c e c o m p l e x a t i o n mode l s r e q u i r e s a d e t a i l e d 
c h a r a c t e r i z a t i o n o f each a d s o r b e n t p r e s e n t , and the amount o f 
i n f o r m a t i o n r e q u i r e d g e n e r a l l y exceeds our knowledge o f the 
p r o p e r t i e s o f n a t u r a l m a t e r i a l s (58). W h i l e t h e mode l s have been 
m o d e r a t e l y s u c c e s s f u l i n d e s c r i b i n g the r e s u l t s f rom l a b o r a t o r y 
s t u d i e s w i t h pure m i n e r a l phases (e.g. 59 ) , t h e y have no t y e t been 
a p p l i e d i n f i e l d s t u d i e s . Some authors (58,60) have made c a l c u l a t i o n s 
f o r h y p o t h e t i c a l s e d i m e n t s f o r p r e d i c t i v e p u r p o s e s . In t h e s e 
c a l c u l a t i o n s the conven t i ona l approach has been to assume tha t the 
o v e r a l l a d s o r p t i o n o f an i o n f o r a m i x t u r e o f m i n e r a l s can be 
desc r ibed as the sum of the a d s o r p t i v e c o n t r i b u t i o n o f each m i n e r a l . 
However , Honeyman (61.) has d e m o n s t r a t e d t h a t t h i s c oncep t o f 
" a d s o r p t i v e a d d i t i v i t y " does not h o l d , even i n s imp l e experiments 
w i t h b i n a r y m i x t u r e s o f o x i d e phases . In the absence o f a u n i f i e d 
t h e o r e t i c a l m o d e l , g e o c h e m i s t s have o f t e n f o r m u l a t e d e m p i r i c a l 
app roaches t h a t u t i l i z
a d s o r p t i o n p r o c e s s ( 60 ,62 -63 )
t h a t t h e s e m a c r o s c o p i c pa rame t e r s a re the ne t r e s u l t o f numerous 
m i c r o s c o p i c s u b r e a c t i o n s o c c u r r i n g i n the s y s t em . In p a r t i c u l a r , 
Honeyman and Leck ie rev i ew the use o f macroscopic proton c o e f f i c i e n t s 
(e.g. K u r b a t o v c o e f f i c i e n t s ) i n p r a c t i c a l s o r p t i o n m o d e l s . The 
authors show tha t macroscopic proton c o e f f i c i e n t s are r a r e l y observed 
to have i n t e g r a l v a l u e s , d esp i t e the f a c t tha t proton c o e f f i c i e n t s o f 
the m i c r o s c o p i c a d s o r p t i o n r e a c t i o n s o f i n t e r e s t may have i n t e g r a l 
v a l u e s . A m a t h e m a t i c a l d e r i v a t i o n s u p p o r t i n g t h i s c o n c l u s i o n i s 
presented i n Chapter 7. 

Sorption of organic compounds. Adsorp t i on may p l a y an important 
r o l e i n the t rans fo rmat i ons o f o rgan ic compounds i n the environment. 
For example, adsorp t i on o f o rgan ic p o l l u t a n t s at the m ine ra l -wa t e r 
i n t e r f a c e may c a t a l y z e the c o n v e r s i o n o f t h e s e compounds t o l e s s 
harmful products . The chemical f a c t o r s c o n t r o l l i n g the s o r p t i o n o f 
h y d r o p h o b i c compounds i n s ed imen t s w i t h modera te t o h i g h o r g a n i c 
content have r e c e i v e d c o n s i d e r a b l e study (64), but s o r p t i o n processes 
f o r sediments c o n t a i n i n g low organ ic content are p o o r l y understood. 
C u r t i s et a l . (Chapter 10) d i s c u s s cu r r en t problems i n understanding 
the s o r p t i o n b e h a v i o r o f h y d r o p h o b i c o r g a n i c compounds, i n c l u d i n g 
r e a c t i o n k i n e t i c s , h y s t e r e s i s e f f e c t s , and the i n f l u e n c e o f d i s s o l v e d 
macromolecu lar o rgan ic m a t e r i a l . 

Ion Exchange 

The d i s t r i b u t i o n o f major e lements between s o i l s and s o i l s o l u t i o n s 
i s known t o be g o v e r n e d p r i m a r i l y by i o n exchange p r o c e s s e s (65) . 
These p r o c e s s e s a re i m p o r t a n t because t h e y g r e a t l y i n f l u e n c e the 
uptake o f n u t r i e n t s by p l a n t s and o ther l i v i n g organisms. Even though 
an ion exchange r e a c t i o n c o u l d be c l a s s i f i e d as a type o f adsorp t i on 
r e a c t i o n , i t i s u s u a l l y t r e a t ed as a separate s o r p t i o n process as a 
m a t t e r o f c o n v e n i e n c e and t r a d i t i o n . D e s c r i b i n g i o n exchange 
r e a c t i o n s as t h o s e t a k i n g p l a c e a t " c o n s t a n t c h a r g e " s u r f a c e s , e.g. 
i n the i n t e r l a y e r reg ions o f c l a y m i n e r a l s , d i s t i n g u i s h e s them from 
a d s o r p t i o n r e a c t i o n s t h a t o c c u r a t " c o n s t a n t p o t e n t i a l " s u r f a c e s , 
such as those o f hydrous ox ides (8). 
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Whi l e the theory and exper imenta l measurements o f the e q u i l i b r i a 
o f i o n exchange a re w e l l e s t a b l i s h e d (66 ,67 ) , some mode l s employ 
u n v e r i f i e d a s s u m p t i o n s c o n c e r n i n g th e s t r u c t u r e o f exchanged ions . 
For example, the extent to which c a t i o n s are dehydrated upon en t e r ing 
an i o n e x change r i s no t known unequ i v o c a b l y (68) . S p o s i t o (10) 
d i s cusse s the exper imenta l ev idence f o r format ion o f both i n n e r - and 
o u t e r - s p h e r e c o m p l e x e s f o r v a r i o u s e x c h a n g i n g i o n s . C a -
montmori 1 1 o n i t e s u s p e n s i o n s e x h i b i t a d(001) s p a c i n g t h a t i s 
c o n s i s t e n t w i t h t h e f o r m a t i o n o f an o u t e r - s p h e r e s u r f a c e comp lex 
between e x c h a n g e a b l e C a 2 + i o n s and a p a i r o f o p p o s i n g s i l o x a n e 
d i t r i g o n a l c a v i t i e s . A d d i t i o n a l ev idence f o r t h i s s t r u c t u r e i n c l u d e s 
q u a s i e l a s t i c n e u t r o n s c a t t e r i n g e x p e r i m e n t s w h i c h s u g g e s t the 
e x i s t e n c e o f a r i g i d o c t a h e d r a l s o l v a t i o n s h e l l f o r C a ^ + i n Ca -
m o n t m o r i 1 1 o n i t g ( 6 9 ) . E l e c t r o n s p i n r e s o n a n c e s p e c t r a f o r 
e x c h a n g e a b l e C u z + and M n z + i n montmori 1 1 o n i t e a l s o sugges t the 
f o r m a t i o n o f o u t e r - s p h e r e c omp l exes (70, and see M c B r i d e , C h a p t e r 
17). Goodman (Chap t e r 16) r e v i e w s the c u r r e n t s t a t e o f knowledge 
concern ing the s o r p t i o n
the v a r i o u s s p e c t r o s c o p i
c h a r a c t e r i z e the bonding environment. 

When i s o m o r p h i c s u b s t i t u t i o n o f A l 3 + f o r S i 4 + o c c u r s i n the 
t e t r a h e d r a l shee t o f a p h y l 1 o s i 1 i c a t e , t h e e x c e s s n e g a t i ve charge 
w i l l d i s t r i b u t e i t s e l f p r i m a r i l y ove r the three sur face oxygens of 
one t e t rahedron . Th i s a l l o w s f o r the format ion o f s t rong complexes 
w i t h c a t i o n s ( Π ) ) . In p a r t i c u l a r , t h e f o r m a t i o n o f i n n e r - s p h e r e 
c omp l ex e s w i t h K + i s l i k e l y , because the i o n i c d i a m e t e r o f K + i s 
a lmost equal to the s i z e o f the d i t r i g o n a l c a v i t y i n the basa l p lanes 
o f v e r m i c u l i t e and i l l i t i c micas. The i n f l u e n c e o f such s t r u c t u r e s 
and bonding fo rces on ion exchange processes i n v o l v i n g K + and C a z + 

are d i s cussed i n d e t a i l by Gou ld ing (Chapter 15) and more g e n e r a l l y 
by Maes and Cremers (Chap t e r 13). In bo th p a p e r s , e v i d e n c e f o r the 
ex i s t ence o f h i g h l y s e l e c t i v e and s p e c i f i c sur face s i t e s i n l a ye r ed 
m i n e r a l s i s rev iewed. Gou ld ing presents a c h a r a c t e r i z a t i o n o f s e v e r a l 
s e l e c t e d l a ye r ed s i l i c a t e m i n e r a l s i n terms o f s p e c i f i c s i t e types 
which can be i d e n t i f i e d by the e n t h a l p i e s o f i on exchange. The author 
a l s o d i s cusse s reasons f o r the s low exchange or " f i x a t i o n " o f K + i n 
s o i l s . In Chapter 13, Maes and Cremers present a comprehensive rev i ew 
o f t h e i n f l u e n c e i o n exchange r cha rge d e n s i t y and the r e l a t i v e 
p o l a r i z a b i 1 i t y o f e x c h a n g i n g i o n s on i o n exchange p r o c e s s e s . The 
f a c t o r s t h a t l e a d t o h i g h l y s e l e c t i v e exchange b e h a v i o r i n 
montmori 1 l o n i t e s and z e o l i t e s are emphasized. The paper by Yasunaga 
and Ikeda (Chapter 12) examines the mechanisms o f i n t e r c a l a t i o n and 
d e i n t e r c a l a t i o n i n l a y e r e d , channe led , and cag e - s t ruc tu r ed m i n e r a l s . 

Ebe r l e t a l . (Chapter 14) present ev idence f o r the dynamic r o l e 
o f w e t t i n g and d r y i n g c y c l e s on the w e a t h e r i n g o f s m e c t i t e s and K-
f e l d s p a r s . The exchange o f K + w i t h o t h e r c a t i o n s l e a d s t o the 
format ion o f i l l i t e - l i k e l a y e r s i n smec t i t e s , but t h i s r e a c t i o n i s 
c o m p l e t e l y r e v e r s i b l e when exchanged a g a i n w i t h c a t i o n s o f h i g h 
h y d r a t i o n energy such as C a z + (71.). However , E b e r l e t a l . show t h a t 
K - s m e c t i t e may f i x K + i r r e v e r s i b l y when s u b j e c t e d t o w e t t i n g and 
d r y i n g c y c l e s . The mois ture content o f s o i l s can d r a m a t i c a l l y a f f e c t 
the r e a c t i v i t y o f s o i l m i n e r a l s . Under very low mois ture c o n d i t i o n s 
bo th th e s u r f a c e and i n t e r l a y e r a c i d i t y can be g r e a t l y i n c r e a s e d , 
l e a d i n g t o an i n c r e a s e i n t h e r a t e s o f a c i d - c a t a l y z e d r e a c t i o n s . 
Thus, chemical t rans fo rmat i ons may occur at q u i t e d i f f e r e n t r a t e s i n 
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u n s a t u r a t e d v s . s a t u r a t e d s o i l z ones . In a d d i t i o n t o t h e paper by 
E b e r l e t a l . , t h i s t o p i c i s a d d r e s s e d i n t h e pape r s by V o u d r i a s and 
Reinhard (Chapter 22) and V e l b e l (Chapter 30). 

Surface Spectroscopy 

S u r f a c e s p e c t r o s c o p y o f f e r s the b e s t o p p o r t u n i t y t o e l u c i d a t e the 
s t r u c t u r e s o f c h e m i c a l s p e c i e s a t t h e m i n e r a l - w a t e r i n t e r f a c e (see 
S p o s i t o , C h a p t e r 11). The a p p l i c a t i o n o f s p e c t r o s c o p i c methods t o 
probe the m o l e c u l a r e n v i r o n m e n t o f the i n t e r f a c e i s s t i l l a 
r e l a t i v e l y new f i e l d . Chapters 16-19 present r ev i ews and some recent 
advances i n i n v e s t i g a t i o n s o f m o l e c u l a r s t r u c t u r e at the m i n e r a l -
water i n t e r f a c e . A recent r ev i ew of spec t r o s cop i c methods a p p l i e d to 
s o i l and c l a y minera l systems i s g i v en i n S t u c k i and Banwart (72). 

Spec t roscop i c techniques can be c l a s s i f i e d accord ing to the type 
o f i n t e r f a c i a l e n v i r o n m e n t b e i n g i n v e s t i g a t e d . W h i l e the terms 
" su r f a c e " and " i n t e r f a c e " are o f t en in te rchanged , each has a d i s t i n c t 
meaning: Surface r e f e r s t
gas or l i q u i d phase; an
between the sur face and a l i q u i d or gas phase. Sur face spec t r o scop i c 
techniques o f ten r equ i r e vacuum or u l t r a h igh vacuum c o n d i t i o n s and 
a re somet imes r e f e r r e d t o as e x - s i t u t e c h n i q u e s . S p e c t r o s c o p i c 
techniques a p p l i e d to minera l -aqueous systems are r e f e r r e d to as i n -
s i t u techniques i n tha t d i r e c t i n v e s t i g a t i o n o f aqueous suspensions 
i s p o s s i b l e . 

S p e c t r o s c o p i c t e c h n i q u e s wh i ch a n a l y z e t h e c o m p o s i t i o n and 
s t r u c t u r e o f m i n e r a l s u r f a c e s i n c l u d e Auger E l e c t r o n Spectroscopy 
(AES) , X - r a y P h o t o e l e c t r o n S p e c t r o s c o p y (XPS, o r t h e o l d e r name, 
ESCA), and Secondary Ion Mass S p e c t r o s c o p y (S IMS) . P e r r y (Chap t e r 
18) d i s c u s s e s the a p p l i c a t i o n o f XPS, AES, and SIMS t o s t u d i e s o f 
n a t u r a l m a t e r i a l s . Each o f t h e s e t e c h n i q u e s can y i e l d d e t a i l e d 
i n f o r m a t i o n about t h e s t r u c t u r e and bond ing o f m i n e r a l s and o f 
c h e m i c a l s p e c i e s p r e s e n t on the s u r f a c e s o f m i n e r a l s , but P e r r y 
i l l u s t r a t e s the f a c t tha t a much g r ea t e r knowledge can be gained by 
c o m b i n i n g d a t a f rom two o r more methods. The a u t h o r a l s o d i s c u s s e s 
the important s p e c t r a l parameters tha t y i e l d s t r u c t u r a l i n f o rmat i on , 
the a p p l i c a t i o n o f depth p r o f i l i n g methods, and problems c rea ted by 
the high vacuum necessary f o r a n a l y s i s . The use o f XPS and SIMS i n an 
i n v e s t i g a t i o n o f the o x i d a t i o n s t a t e o f c o b a l t sorbed by b i r n e s s i t e 
i s r epor ted i n D i l l a r d and Schenck (Chapter 24). 

A v a r i e t y o f i n - s i t u spec t r o scop i c techniques have been used to 
i n v e s t i g a t e t h e m i n e r a l - w a t e r i n t e r f a c e , i n c l u d i n g Raman (73) , 
F o u r i e r Transform In f ra red (FTIR)(74-75), Nuc l ea r Magnet ic Resonance 
(NMR)(76), E l e c t r o n P a r a m a g n e t i c Resonance (EPR)(77-80), E l e c t r o n 
Nuc l ea r Double Resonance (END0R)(81), Mossbauer (82), and Extended X-
r ay A b s o r p t i o n F i n e S t r u c t u r e (EXAFS)(83) s p e c t r o s c o p i e s . I n ^ s r t u 
s p e c t r o s c o p i c i n v e s t i g a t i o n s o f the m ine ra l -wa t e r i n t e r f a c e can be 
found i n the pape r s by Z e l t n e r e t a l . (FTIR, C h a p t e r 8 ) , M c B r i d e 
(EPR, Chapter 17) and Ambe et a l . (Mossbauer, Chapter 19). McBride 
(Chapter 17) s tud i ed the o r i e n t a t i o n and m o b i l i t y o f C u z + ions sorbed 
at exchange s i t e s o f l a y e r s i l i c a t e m i n e r a l s . The EPR s p e c t r a l data 
r e v e a l e d t h a t the r o t a t i o n a l m o t i o n o f C u z + i n t h e s e m i n e r a l s was 
h i g h l y dependent on the s i z e o f the i n t e r l a y e r r e g i on , and hence, the 
degree o f i n t e r l a y e r expansion. Ambe et a l . (Chapter 19) d i s c u s s the 
s t r u c t u r e s o f s o rbed Co ( I I ) and Sb(V) i o n s on th e s u r f a c e o f 
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hemat i te . An i n - s i t u emiss ion Mossbauer spec t r o s cop i c study o f these 
s u r f a c e s r e v e a l e d two c h e m i c a l forms o f a d s o r b e d C o ( I I ) : one 
a t t r i b u t a b l e to c o o r d i n a t i v e bonds to sur face s i t e s and the o ther to 
w e a k l y bound ( p o s s i b l y h y d r o g e n bonded ) i o n s . The r e l a t i v e 
p ropo r t i ons o f the two forms v a r i e d as a f u n c t i o n o f pH. Two forms of 
adso rbed Sb(V) were a l s o f ound i n t h i s s t u d y . Goodman ( C h a p t e r 16) 
d i s c u s s e s t h e use o f EPR and o t h e r s p e c t r o s c o p i c t e c h n i q u e s i n 
s t u d i e s o f t h e a d s o r p t i o n o f m e t a l i o n s and c o m p l e x e s by 
a l u m i n o s i l i c a t e m i n e r a l s . 

Many o t h e r methods can be used t o o b t a i n i n f o r m a t i o n about 
m i n e r a l s u r f a c e s i n c l u d i n g Low Energy E l e c t r o n D i f f r a c t i o n (LEED), 
S c a n n i n g E l e c t r o n M i c r o s c o p y (SEM) and T r a n s m i s s i o n E l e c t r o n 
Microscopy (TEM) (72). The d i f f r a c t i o n methods are w e l l e s t a b l i s h e d 
f o r s tudy ing s t r u c t u r e and the m ic roscop i c techniques can r e v e a l the 
morphology o f sur faces . Giese and Constanzo (Chapter 3) s tud i ed the 
b o n d i n g o f i n t e r c a l a t e d w a t e r m o l e c u l e s i n s y n t h e t i c h y d r a t e d 
k a o l i n i t e by i n f r a r e d (IR) abso rp t i on . Voudr ias and Reinhard (Chapter 
22) r ev i ew the a p p l i c a t i o
f o r i d e n t i f y i n g s o r b e d
organ ic r e a c t i o n s at the m ine ra l -wa t e r i n t e r f a c e . 

D i s s o l u t i o n , P r e c i p i t a t i o n , and So l i d S o l u t i o n Formation 

D i s s o l u t i o n . C h e m i c a l w e a t h e r i n g i s c e r t a i n l y among th e most 
important geochemical processes tha t occur on the ea r th ' s sur face . In 
the l a s t decade, research i n t h i s f i e l d has focused on the k i n e t i c s 
and mechanisms o f m i n e r a l d i s s o l u t i o n r e a c t i o n s , s ince a departure 
from e q u i l i b r i u m i n n a t u r a l systems i s apparent (84-85). Hypotheses 
f o r d i s s o l u t i o n mechanisms and r a t e - l i m i t i n g s t e p s d u r i n g the 
w e a t h e r i n g p r o c e s s can be g rouped i n t o two s c h o o l s o f t h o u g h t (86) · 
One school proposes tha t the d i s s o l u t i o n r a t e i s c o n t r o l l e d by the 
format ion o f a r e s i d u a l l a y e r at the sur face o f the r e a c t i n g m i n e r a l , 
through which the r eac tan t s and products o f weather ing must d i f f u s e 
(87 ,88 ) . The second group p roposes t h a t the d i s s o l u t i o n r a t e i s 
c o n t r o l l e d by the r a t e o f a sur face r e a c t i o n (89,90). The proponents 
o f t h e d i f f u s i o n - c o n t r o l mechanism base t h e i r c o n c l u s i o n s on the 
temporal e v o l u t i o n o f aqueous s o l u t i o n compos i t i on , which suggests 
tha t the k i n e t i c s o f minera l d i s s o l u t i o n u s u a l l y obeys a p a r a b o l i c 
r a t e law. Ev idence f o r the l a t t e r hypothes is i n c l u d e s the r e s u l t s of 
sur face spec t r o s cop i c s tud i e s which have f a i l e d to de tec t any leached 
l a y e r (89-91). D i b b l e and T i l l e r (28) noted tha t the cons i s t ency of 
the k i n e t i c data w i th p a r a b o l i c r a t e law may i n d i c a t e tha t the r a t e -
de te rmin ing step i n v o l v e s d i f f u s i o n o f a r e a c t i o n product or impur i t y 
i on to or from the i n t e r f a c e . Whi l e mass t r a n s f e r through the l i q u i d 
phase a t the i n t e r f a c e i s a r e l a t i v e l y f a s t s t e p , d i f f u s i o n c o u l d 
become ra t e -de t e rm in ing i f adsorp t i on r e t a rds m o l e c u l a r detachments 
a t k i n k s o r l a y e r edges (92) . V e l b e l ( C h a p t e r 30) r e v i e w s t h i s a r e a 
o f r esearch and d i s cusses cu r r en t a p p l i c a t i o n s o f the c o n c l u s i o n s to 
n a t u r a l systems. 

A common phenomenon i n the d i s s o l u t i o n o f s i l i c a t e m i n e r a l s i s 
t h e f o r m a t i o n o f e t c h p i t s a t the s u r f a c e (90-93 . ,93-94 ) . When t h i s 
o ccurs , the o v e r a l l r a t e o f minera l d i s s o l u t i o n i s non-uni form, and 
d i s s o l u t i o n o c c u r s p r e f e r e n t i a l l y a t d i s l o c a t i o n s or de f ec ts tha t 
i n t e r c e p t the c r y s t a l s u r f a c e . P r e f e r e n t i a l d i s s o l u t i o n o f the 
minera l c o u l d e x p l a i n why sur face spec t r o s cop i c s t u d i e s have f a i l e d 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



1. D A V I S A N D H A Y E S Overview 11 

t o d e t e c t a l e a c h e d l a y e r a t the s u r f a c e (93). B r a n t l e y e t a l . 
( C h a p t e r 31) examine th e f o r m a t i o n o f e t c h p i t s on q u a r t z i n 
l a b o r a t o r y e x p e r i m e n t s a t 300°C and on q u a r t z p a r t i c l e s f rom a 
n a t u r a l s o i l p r o f i l e . The i r r e s u l t s suggest t h a t the theory o f e tch 
p i t f o r m a t i o n a t d i s l o c a t i o n s may be u s e f u l i n d e s c r i b i n g m i n e r a l 
w e a t h e r i n g b e h a v i o r a t l o w t e m p e r a t u r e s as w e l l as d u r i n g 
hydrothermal a l t e r a t i o n . 

Numerous g e o c h e m i c a l s t u d i e s have a t t e m p t e d t o i n t e r p r e t the 
compos i t ion o f waters i n terms o f chemical r e a c t i o n s between parent 
m i n e r a l s and w e a t h e r i n g p r o d u c t s i n n e a r - s u r f a c e w e a t h e r i n g 
environments. The s tud i e s suggest , or i n some cases assume, tha t the 
water i s i n e q u i l i b r i u m w i th e i t h e r observed or i n f e r r e d weather ing 
p r o d u c t s o r h y p o t h e t i c a l m e t a s t a b l e phases (95). However, chemical 
e q u i l i b r i u m i s no t n e c e s s a r i l y e x p e c t e d i n an open sys t em t h r o u g h 
w h i c h w a t e r i s f l u x i n g r a p i d l y . A more r e a l i s t i c app roach i s t o 
r e l a t e t h e w a t e r c h e m i s t r y t o the k i n e t i c s o f d i s s o l u t i o n and 
p r e c i p i t a t i o n o f p r i m a r y and s e c o n d a r y phases (87 ,96 ) . W e a t h e r i n g 
r a t e s i n nature are u s u a l l
e q u a t i o n s (97) . V e l b e l ( C h a p t e
minera l weather ing r a t e s measured i n nature which can be norma l i zed 
on th e b a s i s o f s u r f a c e a r e a w i t h t h o s e measured i n t h e l a b o r a t o r y 
(28,98). The r e s u l t s i n d i c a t e tha t the r a t e s o f d i s s o l u t i o n i n nature 
are much s l ower than p r ed i c t ed from l a b o r a t o r y exper iments. V e l b e l 
o u t l i n e s p o s s i b l e reasons f o r t h i s d i sc repancy and presents areas i n 
which f u r t h e r research are needed. 

Prec ip i t a t i on . An important element o f any geochemical a n a l y s i s 
o f n a t u r a l waters i s an e v a l u a t i o n o f which m i n e r a l s are present and 
th e e x t e n t t o w h i c h the sys t em can be r e p r e s e n t e d by e q u i l i b r i u m 
m o d e l s . T y p i c a l q u e s t i o n s t h a t need t o be answered a r e : 1) Is the 
water supe rsa tura t ed , undersa tura ted , or at e q u i l i b r i u m w i th a g i v en 
m i n e r a l ? and 2) I f more t h a n one s o l i d phase can form f o r a g i v e n 
element, which phase i s more s t a b l e i n tha t p a r t i c u l a r environment? 

P r e c i p i t a t i o n can o c c u r i f a w a t e r i s s u p e r s a t u r a t e d w i t h 
r e s p e c t t o a s o l i d p h a s e ; h o w e v e r , i f t h e g r o w t h o f a 
thermodynamica l l y s t a b l e phase i s s l ow , a metas tab l e phase may form. 
D i s o r d e r e d , amorphous phases such as f e r r i c h y d r o x i d e , a luminum 
hydrox ide , and a l l o p h a n e are thermodynamical 1 y u n s t a b l e w i t h respec t 
t o c r y s t a l l i n e p h a s e s ; n o n e t h e l e s s , t h e s e d i s o r d e r e d phases a re 
f r e q u e n t l y f ound i n n a t u r e . The r a t e s o f c r y s t a l l i z a t i o n o f t h e s e 
phases are s t r o n g l y c o n t r o l l e d by the presence o f adsorbed ions on 
th e s u r f a c e s o f p r e c i p i t a t e s (99) . Zawack i e t a l . ( C h a p t e r 32) 
p r e s e n t e v i d e n c e t h a t a d s o r p t i o n o f a l k a l i n e e a r t h i o n s g r e a t l y 
i n f l u e n c e s t h e f o r m a t i o n and g rowth o f c a l c i u m p h o s p h a t e s . W h i l e 
h y d r o x y a p a t i t e was the t h e r m o d y n a m i c a l l y s t a b l e phase under the 
c o n d i t i o n s s t u d i e d by t h e s e a u t h o r s , i t i s shown t h a t s e v e r a l 
d i f f e r e n t m e t a s t a b l e phases may f o rm, d epend ing upon th e degree o f 
s u p e r s a t u r a t i o n and the i n i t i a t i n g sur face phase. 

P r e c i p i t a t i o n mus t b e g i n w i t h t h e f o r m a t i o n o f n u c l e i ; 
n u c l e a t i o n can be homogeneous (formed i n the aqueous s o l u t i o n by the 
spontaneous a s s o c i a t i o n o f ions) or heterogeneous ( o r i g i n a t i n g on the 
s u r f a c e o f an i m p u r i t y o r v i a s e e d p a r t i c l e s w h i c h a c t as 
c r y s t a l l i z a t i o n c a t a l y s t s ) . In n a t u r e , i t i s t h o u g h t t h a t 
he t e r ogeneous n u c l e a t i o n i s the p r edom inan t p r o c e s s w h i c h b e g i n s 
p r e c i p i t a t i o n (100) . The f a c t o r s de t e rm in ing growth k i n e t i c s may be 
d i v i d e d i n t o two main groups: 1) t r a n s p o r t processes the t r a n s p o r t 
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o f r e a c t a n t s up t o a c r y s t a l s u r f a c e and th e t r a n s p o r t o f r e a c t i o n 
p r o d u c t s away f rom the s u r f a c e , and 2) s u r f a c e p r o c e s s e s , w h i c h may 
i n c l u d e a d s o r p t i o n o f m o l e c u l e s and i o n s on a c r y s t a l s u r f a c e , 
m i g r a t i o n o f i o n s a l o n g the s u r f a c e , a change o f t h e degree o f 
hyd ra t i on o f i ons , format ion o f two d imens iona l sur face n u c l e i , and 
the f i t t i n g o f ions i n t o the c r y s t a l l a t t i c e (101). N e i l sen (Chapter 
29) rev iews some o f the important aspects o f c r y s t a l growth processes 
and the f a c t o r s w h i c h i n f l u e n c e t h e r a t e -d e t e rm in ing mechanism fo r 
c r y s t a l growth. 

Adsorp t i on may i n f l u e n c e p r e c i p i t a t i o n by means o ther than the 
processes mentioned above. Dav ies (Chapter 23) d i s c u s s e s the r o l e o f 
t h e s u r f a c e as a c a t a l y s t f o r o x i d a t i o n o f a d s o r b e d Mn . Redox 
r e a c t i o n s may c o n t r i b u t e s u b s t a n t i a l l y to the format ion o f manganese 
ox ide coa t ings on minera l sur faces i n s o i l s and sediments. 

Sol i d Sol utions. The aqueous concen t ra t i ons o f t r a c e e lements i n 
n a t u r a l waters are f r e q u e n t l y much lower than would be expected on 
the bas i s o f e q u i l i b r i u m s o l u b i l i t y c a l c u l a t i o n s or o f supp l y to the 
w a t e r f rom v a r i o u s s o u r c e s
the element on minera l sur face
c o n c e n t r a t i o n o f the t r a c e e l emen t (97) . However , S p o s i t o (Chap t e r 
11) shows t h a t the methods commonly used t o d i s t i n g u i s h between 
s o l u b i l i t y or adsorp t i on c o n t r o l s are c o n c e p t u a l l y f lawed. One o f the 
important problems i l l u s t r a t e d i n Chapter 11 i s the e v a l u a t i o n o f the 
s t a t e o f s a t u r a t i o n o f n a t u r a l waters w i th r espec t to s o l i d phases. 
G e n e r a l l y , the c o n c l u s i o n tha t a t r a c e element i s undersaturated i s 
based on a comparison o f ion a c t i v i t y products w i th known pure s o l i d 
phases tha t c on ta in the t r a c e element. I f a s o l i d phase i s pure , then 
i t s a c t i v i t y i s equal to one by thermodynamic conven t i on . However, 
when a t r a c e c a t i o n i s c o p r e c i p i t a t e d w i t h a n o t h e r c a t i o n , the 
a c t i v i t y o f the s o l i d phase end member c o n t a i n i n g the t r a c e c a t i o n i n 
t h e c o p r e c i p i t a t e w i l l be l e s s t h a n one. I f t h e aqueous phase i s a t 
equ i 1 i b r i u r n w i t h the c o p r e c i p i t a t e , t h e n the i o n a c t i v i t y p r o d u c t 
wi 1 1 be 1 ess t h a n the s o l ub i 1 i t y c o n s t a n t o f t h e pure s o l i d phase 
c o n t a i n i n g the t r a c e element. Th is c o n d i t i o n c o u l d then l e a d to the 
c o n c l u s i o n tha t a n a t u r a l water was undersaturated w i th respec t to 
the pure s o l i d phase and tha t the aqueous c oncen t r a t i on o f the t r ace 
c a t i o n was c o n t r o l l e d by adsorp t i on on minera l sur faces . Whi l e t h i s 
m igh t be t r u e , S p o s i t o p o i n t s out t h a t the i o n a c t i v i t y p r o d u c t 
c o m p a r i s o n w i t h the s o l u b i l i t y p r o d u c t does no t p r o v i d e any 
c o n c l u s i v e ev idence as to whether an adso rp t i on or c o p r e c i p i t a t i o n 
process c o n t r o l s the aqueous c oncen t r a t i on . 

There i s c o n s i d e r a b l e e v i d e n c e t h a t c o p r e c i p i t a t i o n and the 
format ion o f s o l i d s o l u t i o n s i s s i g n i f i c a n t i n s o i l s and sediments 
(10) . W h i l e i d e a l s o l u t i o n mode l s have been w i d e l y p roposed f o r 
v a r i o u s m i n e r a l s o l i d s o l u t i o n s , e x p e r i m e n t a l i n v e s t i g a t i o n s and 
s t u d i e s o f n a t u r a l minera l assemblages have shown tha t m i s c i b i l i t y 
gaps a r e common i n a l m o s t e v e r y major m i n e r a l g roup (102) . The 
ex i s t ence o f such gaps r equ i r e s non idea l s o l u t i o n models to desc r ibe 
t h e d i s t r i b u t i o n o f components i n t h e s o l i d and aqueous phases . 
D r i e s s e n s ( C h a p t e r 25) r e v i e w s the impor tant l i t e r a t u r e concerning 
l a b o r a t o r y i n v e s t i g a t i o n s o f s o l i d s o l u t i o n s and presents the theory 
o f i d e a l s o l i d s o l u t i o n s and nonidea l s o l i d s o l u t i o n s , i n c l u d i n g the 
more g e n e r a l mode l s o f r e g u l a r s o l i d s o l u t i o n s w i t h and w i t h o u t 
o rd e r i ng . Many o f the c a l c u l a t e d a c t i v i t y c o e f f i c i e n t s f o r end-member 
s o l i d phases i n s o l i d s o l u t i o n s a r e based on an a s s u m p t i o n t h a t a 
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system has reached e q u i l i b r i u m when the s o l i d phase compos i t ion i s 
measured . Plummer (Chap t e r 26) examines the c r i t e r i a f o r d e c i d i n g 
when a sys t em has r eached e q u i l i b r i u m ; h i s a n a l y s i s shows t h a t 
p r e v i ous c a l c u l a t i o n s f o r the K C l - K B r system at 25°C may be i n e r r o r 
because the system ana lyzed was o n l y near e q u i l i b r i u m . 

N o n - l a t t i c e s i t e s may p l a y an important r o l e i n the i n c o r p o r a t i o n 
o f l a r g e f o r e i gn ions i n c r y s t a l s t r u c t u r e s dur ing c o p r e c i p i t a t i o n ; 
P i n g i t o r e (Chapter 27) d i s cusses the importance o f these s i t e s i n the 
format ion o f c o p r e c i p i t a t e s o f c a l c i u m carbonate c o n t a i n i n g S r z + or 
Ba . Wh i t e and Yee (Chap t e r 28) d i s c u s s t h e d i f f u s i o n o f a l k a l i 
i o n s i n t o d e f e c t s t r u c t u r e s i n t h e s u r f a c e s o f g l a s s e s and 
c r y s t a l l i n e f e l d s p a r s . 

Transformation Reactions at the Mineral/Water Interface 

C e r t a i n p r o p e r t i e s o f the m i n e r a l - w a t e r i n t e r f a c e o r o f r e a c t i v e 
s i t e s on minera l sur faces may lower the a c t i v a t i o n energy o f v a r i ous 
t r a n s f o r m a t i o n r e a c t i o n s
h y d r o l y s i s r e a c t i o n s o f
o r Lew is a c i d s i t e s on m i n e r a l s u r f a c e s i s a p r i m a r y f a c t o r i n 
c a t a l y z i n g such r e a c t i o n s a t the s u r f a c e . O t h e r f a c t o r s a re the 
s t r u c t u r e and charge o f the minera l sur face ( i n c l u d i n g any i n t e r l a y e r 
spacing) and the s i z e and charge o f r e a c t i n g s o l u t e s . I t i s g e n e r a l l y 
b e l i e v e d t h a t the mechanisms o f these t r ans f o rma t i on r e a c t i o n s are 
s i m i l a r to those tha t occur i n homogeneous aqueous s o l u t i o n s , but the 
c o n d i t i o n s at the m ine ra l -wa t e r i n t e r f a c e may a c c e l e r a t e the r a t e s o f 
c e r t a i n r e a c t i o n s . A l t h o u g h many i m p o r t a n t r e a c t i o n s o f o r g a n i c 
compounds a re c a t a l y z e d by m i n e r a l s u r f a c e s under d e s s i c a t e d 
c o n d i t i o n s a t e l e v a t e d t e m p e r a t u r e s (103) , l i t t l e i n f o r m a t i o n i s 
a v a i l a b l e on c a t a l y s i s by sur faces i n aqueous environments. 

Electron Transfer Reactions. Important redox r e a c t i o n s i n v o l v i n g 
aqueous s o l u t e s and minera l sur faces i n c l u d e o x i d a t i v e or r e d u c t i v e 
d i s s o l u t i o n , o x i d a t i o n o r r e d u c t i o n o f s o l u t e s by r e a c t i o n w i t h 
sur face s i t e s , and p o l y m e r i z a t i o n r e a c t i o n s o f o rgan ic compounds. The 
t h e o r y o f e l e c t r o n t r a n s f e r r e a c t i o n s i s w e l l e s t a b l i s h e d i n 
homogeneous s o l u t i o n ; however, the mechanisms o f e l e c t r o n t r a n s f e r 
r e a c t i o n s w h i c h o c c u r a t the m i n e r a l - w a t e r i n t e r f a c e a re more 
d i f f i c u l t to e s t a b l i s h because o f the d i f f i c u l t y i n i d e n t i f y i n g the 
r e a c t i n g s p e c i e s . Two t y p e s o f e l e c t r o n t r a n s f e r mechanisms have 
been f ound f rom k i n e t i c s t u d i e s i n homogeneous s o l u t i o n : 1) i n n e r -
sphere and 2) o u t e r - s p h e r e . S tone ( C h a p t e r 21) d i s c u s s e s the 
a n a l o g y between e l e c t r o n t r a n s f e r r e a c t i o n s i n homogeneous and 
heterogeneous systems. Waite (Chapter 20) rev iews the l i t e r a t u r e on 
the a b i l i t y o f l i g h t t o i n i t i a t e o r enhance t h e r a t e s o f r edox 
r e a c t i o n s w h i c h o c c u r on m i n e r a l s u r f a c e s . A s t u d y o f a c c e l e r a t e d 
o x i d a t i o n o f M n z + i n the presence o f hydrous i r o n ox ide i s presented 
by D a v i e s ( C h a p t e r 23) . D i l l a r d and Schenck ( C h a p t e r 24) r e p o r t on 
redox r e a c t i o n s o f Co ( I I ) and C o ( I I I ) - c o m p l exes on th e s u r f a c e o f 
b i r n e s s i t e . 

The sur faces o f c l a y m i n e r a l s can c a t a l y z e the p o l y m e r i z a t i o n of 
o rgan ic compounds through a f ree r a d i c a l - c a t i o n i c i n i t i a t i o n process . 
Th is type o f r e a c t i o n i s b e l i e v e d to be i n i t i a t e d by the a b s t r a c t i o n 
o f an e l e c t r o n by Lewis a c i d s i t e s on m i n e r a l s u r f a c e s ; however , 
Bronsted a c i d i t y has a l s o been shown to be important i n c e r t a i n cases 
(see C h a p t e r 22) . 
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A d d i t i o n a l Trans format ion React ions . Other r e a c t i o n s tha t can 
be c a t a l y z e d by minera l sur faces are s u b s t i t u t i o n , e l i m i n a t i o n , and 
a d d i t i o n r e a c t i o n s o f o rgan ic mo l e cu l e s . S u b s t i t u t i o n and e l i m i n a t i o n 
a r e two g e n e r a l t y p e s o f r e a c t i o n s t h a t o c c u r a t s a t u r a t e d ca rbon 
atoms o f o rgan ic mo l e cu l e s . Both types are i n i t i a t e d by n u c l e o p h i l i c 
a t t a c k ; however, i n e l i m i n a t i o n r e a c t i o n s i t i s the b a s i c i t y o f the 
n u c l e o p h i l e t h a t d e t e r m i n e i t s r e a c t i v i t y r a t h e r t h a n i t s 
n u c l e o p h i l i c i t y . S ince minera l sur faces are expected to have both 
n u c l e o p h i l i c and bas i c p r o p e r t i e s , these types o f r e a c t i o n s shou ld 
a l s o occur at m ine ra l -wa t e r i n t e r f a c e s (see Chapter 22). I t remains 
t o be shown whe the r o r no t t h e s e r e a c t i o n s a r e c a t a l y z e d under 
env i ronmenta l c o n d i t i o n s . 

H y d r o l y s i s r e a c t i o n s occur by n u c l e o p h i l i c a t t a c k at a carbon 
s i n g l e bond, i n v o l v i n g e i t h e r t he w a t e r m o l e c u l e d i r e c t l y o r the 
hyd ron ium o r h y d r o x y l i o n . The most f a v o r a b l e c o n d i t i o n s f o r 
h y d r o l y s i s , e.g. a c i d i c or a l k a l i n e s o l u t i o n s , depend on the nature 
o f t h e bond w h i c h i s t o be c l e a v e d . M i n e r a l s u r f a c e s t h a t have 
Bronsted a c i d i t y have bee
Examples o f h y d r o l y s i
sur faces o f m i n e r a l s i n s o i l s i n c l u d e pept ide bond format ion by amino 
ac ids which are adsorbed on c l a y minera l sur faces and the degradat ion 
o f p e s t i c i d e s (see Chapter 22). 

Conc lud ing Remarks 

Our knowledge o f the p h y s i c a l and c h e m i c a l n a t u r e o f t h e m i n e r a l -
water i n t e r f a c e i s s t i l l advancing. The s i g n i f i c a n c e o f the i n t e r f a c e 
i n p r o c e s s e s such as s o r p t i o n , i o n exchange , p r e c i p i t a t i o n , and 
d i s s o l u t i o n has been r e c o g n i z e d f o r some t i m e , but new s t u d i e s are 
d e m o n s t r a t i n g t h a t t h e s e p r o c e s s e s are i n t e r r e l a t e d i n complex and 
i n t e r e s t i n g ways. A f u l l a p p r e c i a t i o n o f the fundamental importance 
o f i n t e r f a c i a l r e a c t i o n s i n geochemical processes i s s t i l l emerging, 
and i t i s i n c r e a s i n g l y c l e a r tha t the i n t e r f a c e may p l a y a c r i t i c a l 
r o l e i n a c c e l e r a t i n g the r a t e s o f redox r e a c t i o n s , p o l y m e r i z a t i o n , 
h y d r o l y s i s , and o t h e r t r a n s f o r m a t i o n s . T h i s v o lume p r e s e n t s a 
c o m p i l a t i o n o f s t a t e - o f - t h e - a r t t h e o r e t i c a l and e x p e r i m e n t a l 
approaches which are being a p p l i e d i n s tud i e s o f the m ine ra l -wa t e r 
i n t e r f a c e . These new c o n c e p t s must be i n t e g r a t e d i n t o g e o c h e m i c a l 
models i f a comprehensive chemical d e s c r i p t i o n o f n a t u r a l systems i s 
to be ach ieved . 
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Simulating L i q u i d Water near Minera l Surfaces: 
Current Methods and Limitations 

David J. Mulla 

Department of Agronomy and Soils, Washington State University, Pullman, 
WA 99164-6420 

It is important to propose molecular and theoretical 
models to describ  th  forces  structur d 
dynamics of water
understanding of experimenta g 
hydration forces, the hydrophobic effect, swelling, 
reaction kinetics and adsorption mechanisms in aqueous 
colloidal systems is rapidly advancing as a result of 
recent Monte Carlo (MC) and molecular dynamics (MD) 
models for water properties near model surfaces. This 
paper reviews the basic MC and MD simulation techniques, 
compares and contrasts the merits and limitations of 
various models for water-water interactions and surface-
water interactions, and proposes an interaction 
potential model which would be useful in simulating 
water near hydrophilic surfaces. In addition, results 
from selected MC and MD simulations of water near 
hydrophobic surfaces are discussed in relation to 
experimental results, to theories of the double layer, 
and to structural forces in interfacial systems. 

Recent evidence (1) suggests that reactions at the mineral/liquid 
interface were involved in the beginnings of life on Earth. Not 
surprisingly, the nature and properties of mineral/water interfaces 
are of interest to physicists, chemists, physical chemists, applied 
mathematicians, colloid scientists, geochemists, soil scientists and 
civil engineers. Of particular interest is an increased understanding 
of the role of water in colloidal swelling, solute hydration, reaction 
kinetics, adsorption mechanisms, and ion exchange. 

The theoretical study (2,3) of this interface is made inherently 
difficult by virtue of the complex, many-body nature of the 
interaction potentials and forces involving surfaces, counterions, and 
water. Hence, many models of the interfacial region explicitly 
specify the forces between colloidal particles or between solutes, but 
few account for the many-body interaction forces of the solvent. 
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Experimental s tud i e s of the thermodynamic, spec t r oscop i c and 
t r a n s p o r t p r o p e r t i e s of minera l/water i n t e r f a c e s have been e x t ens i v e , 
a l b e i t c o n f l i c t i n g at t imes (4 -10 ) . Ambiguous terms such as 
"hyd ra t i on f o r c e s " , "hydrophobic i n t e r a c t i o n s " , and " s t r u c t u r e d water" 
have a r i s e n to desc r ibe i n t e r f a c i a l p r o p e r t i e s which have been 
d i f f i c u l t to quant i f y and e x p l a i n . A d e t a i l e d s t a t i s t i c a l - m e c h a n i c a l 
d e s c r i p t i o n of the f o r c e s , energ ies and p r o p e r t i e s of water a t minera l 
sur faces i s c l e a r l y d e s i r a b l e . 

Mo lecu la r p r e d i c t i o n s of the p r o p e r t i e s of i n t e r f a c i a l systems 
are now becoming p o s s i b l e as a r e s u l t of r a p i d advances i n l i q u i d 
s t a t e chemical phys i cs and computer technology . The o b j e c t i v e s of 
t h i s paper are 1) to review the general approaches and models used i n 
Monte Car l o (MC) and molecular dynamics (MD) s i m u l a t i o n s of 
i n t e r f a c i a l systems, 2) to desc r ibe and d i s cuss r e s u l t s from s e l e c t ed 
s i m u l a t i o n s tud i e s of i n t e r f a c i a l water , and 3) to d i s c u s s the major 
l i m i t a t i o n s of these techniques and to o f f e r suggest ions f o r 
overcoming them. 

General S imu la t i on Approaches 

In most MC (11,12) and MD (12,13) s t u d i e s , a small number (N) of 
p a r t i c l e s are p laced i n a c e l l of f i x e d volume (V) and the t o t a l 
i n t e r a c t i o n p o t e n t i a l energy (U N ) from a l l pa i rw i s e i n t e r a c t i o n 
p o t e n t i a l s (U-jj) between p a r t i c l e s i and j i s c a l c u l a t e d : 

u N = S I Ï J U i j ( l ) 

P a r t i c l e i n t e r a c t i o n s are not computed beyond a c u t o f f r ad ius of 
from four to e i gh t Angstroms to improve computat ional e f f i c i e n c y by 
neg l e c t i ng long-range i n t e r a c t i o n s which c o n t r i b u t e l i t t l e to the 
o v e r a l l s t r u c t u r e of the f l u i d . P e r i o d i c boundary c o n d i t i o n s are 
imposed by f i l l i n g the space around the bas i c c e l l w i th image c e l l s 
t r a n s l a t e d by m u l t i p l e s of the u n i t l ength of the bas i c c e l l . Thus, 
p a r t i c l e s near the c e l l boundaries of the bas i c c e l l i n t e r a c t w i th 
image p a r t i c l e s , not w i th empty c a v i t i e s . Th is technique prevents 
spur ious edge e f f e c t s from a f f e c t i n g the r e s u l t s o f the s i m u l a t i o n . 
P e r i o d i c c e l l boundaries a l s o a l l ow a smal l sample of p a r t i c l e s to 
e x h i b i t p r o p e r t i e s c h a r a c t e r i s t i c of a much l a r g e r sample s i z e . 

Although the method of moving p a r t i c l e s to new l o c a t i o n s and of 
ob t a in ing e q u i l i b r i u m c o n f i g u r a t i o n s f o r the p a r t i c l e s d i f f e r s f o r the 
MC and MD methods, i n both techniques the p o s i t i o n s and o r i e n t a t i o n s 
of thousands of c o n f i g u r a t i o n s are generated and used to c a l c u l a t e 
average p r o p e r t i e s of the system. In the MC method, ensemble average 
p r ope r t i e s can be computed. These may inc lude s t r u c t u r a l and 
thermodynamic p r o p e r t i e s such as d e n s i t y , d i po l e d i r e c t i o n c o s i n e , 
hydrogen bond energ ies and number, r a d i a l d i s t r i b u t i o n f u n c t i o n s , 
i n t e r n a l energy, heat c apac i t y and i n t e r n a l p r essure . In the MD 
method, time average p r o p e r t i e s which are e i t h e r s t r u c t u r a l or dynamic 
can be computed. For i n s t a n c e , these p r o p e r t i e s may inc lude d e n s i t y , 
d i po l e d i r e c t i o n c o s i n e , hydrogen bond energ ies and number, r a d i a l 
d i s t r i b u t i o n f u n c t i o n s , d i p o l e r e l a x a t i o n t ime , and s e l f - d i f f u s i o n 
c o e f f i c i e n t s . Thus, the key d i f f e r ence between the two techniques i s 
tha t the MC method g e n e r a l l y a l l ows on ly s t a t i c p r o p e r t i e s to be 
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eva lua t ed , wh i l e the MD method g e n e r a l l y a l l ows both s t a t i c and time 
dependent phenomena to be s t u d i e d . 

Monte Car l o Methods. Although severa l s t a t i s t i c a l mechanical 
ensembles may be s tud i ed us ing MC methods (2 ,12 ,14 ) , the canon ica l 
ensemble has been the most f r equen t l y used ensemble f o r s tud i e s of 
i n t e r f a c i a l systems. In the canon ica l ensemble, the number of 
molecules (N), c e l l volume (V) and temperature (T) are f i x e d . Hence, 
the canon ica l ensemble i s denoted by the symbols NVT. The choice of 
ensemble determines which thermodynamic p r ope r t i e s can be computed. 
In the NVT ensemble one cannot compute the chemical p o t e n t i a l or 
entropy of the system; two p r o p e r t i e s which are of c r i t i c a l importance 
f o r i n t e r f a c i a l systems. The choice of an ensemble a l s o determines the 
sampling a l g o r i thm used to generate molecular c o n f i g u r a t i o n s from 
random moves of the mo lecu les . 

In MC methods the u l t ima t e ob j e c t i v e i s to eva luate macroscopic 
p r o p e r t i e s from in fo rmat io
phase space. To eva luat
canon ica l ensemble from s t a t i s t i c a l mechanics, the f o l l o w i n g 
express ion i s used: 

where p q i s the va lue of the macroscopic proper ty ρ i n the qth 
c o n f i g u r a t i o n , k i s Bol tzmann's cons tan t , Q(N,V,T) i s the canon ica l 
ensemble p a r t i t i o n f u n c t i o n , and the summation runs over a l l q 
e q u i l i b r i u m molecu lar c o n f i g u r a t i o n s . Thus, Equat ion 2 suggests tha t 
to eva luate p r o p e r t i e s i n the canon ica l ensemble MC method, the 
p r o b a b i l i t y w i th which any molecu lar c o n f i g u r a t i o n occurs should be 
p r opo r t i ona l to exp ( -U N ( q )/kT ) . The s p e c i f i c a l g o r i thm fo r generat ing 
new c o n f i g u r a t i o n s tha t s a t i s f y t h i s requirement i nvo l v e s i ) s e l e c t i n g 
a molecule a t random, i i ) s e l e c t i n g Ca r t e s i an center-o f -mass 
d isp lacement coord ina tes randomly over an i n t e r v a l which i s not 
g rea te r than h a l f the c e l l l eng th , i i i ) s e l e c t i n g a r o t a t i o n angle at 
random, and i v ) c a l c u l a t i n g the new energy, U N ( q+ l ) , o f the new 
c o n f i g u r a t i o n generated by moves i ) - i i i ) . The f i n a l step invo l v es 
dec id ing whether to accept or r e j e c t the new, but random, 
c o n f i g u r a t i o n . Th i s i s done by generat ing a random number between 
zero and u n i t y and comparing the random number to the q u a n t i t y : 

I f the random number i s l e s s than or equal to the q u a n t i t y i n Equat ion 
3, then the new move i s accepted ; o therwise the move i s r e j e c t e d . 
Th is acceptance c r i t e r i a i s o f ten made even more s t r i n g e n t by 
r e q u i r i n g tha t as few as 50% of the moves s a t i s f y i n g Equat ion 3 are 
a c t u a l l y s e l e c t e d . Note tha t these procedures always favor moves 
which lead to reduced t o t a l i n t e r a c t i o n energ i es . 

Mo l ecu la r Dynamics Methods. In c o n t r a s t to the MC method, both 
k i n e t i c and s t r u c t u r a l p r o p e r t i e s of a molecular system can be 
eva luated from MD s t u d i e s . These p r o p e r t i e s are eva luated as averages 
over c o n f i g u r a t i o n s generated dur ing t ime . In mic rocanon ica l ensemble 
s t u d i e s w i th the MD method, the p r ope r t i e s which are c o n t r o l l e d 

ρ = Σ ρ [ P q exp( -U N (q )/kT) ]/Q(N,V,T ) (2) 

exp[ - (U N (q+ l ) - U N (q ) )/kT] (3) 
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inc lude Ν, V and t o t a l energy, E. Tota l energy i s computed from the 
sum of t o t a l k i n e t i c energy and t o t a l p o t e n t i a l energy. The p o t e n t i a l 
energy i s eva luated from an express ion i n v o l v i n g a summation over the 
i n t e r a c t i o n p o t e n t i a l s between i n d i v i d u a l p a r t i c l e s i and j , U-jj, as 
g iven i n Equat ion 1. Temperature i s not f i x e d in the mic rocanon ica l 
MD method, s ince i t v a r i e s w i th f l u c t u a t i o n s in t o t a l k i n e t i c energy. 

To determine the movement of mo lecu les , the f o l l o w i n g a l go r i thm 
(15) i s o f ten used. The fo rce a c t i n g on the i t h atom i n a molecule 
(F^) i s determined from the s p a t i a l d e r i v a t i v e of the t o t a l 
i n t e r a c t i o n p o t e n t i a l energy of tha t p a r t i c l e : 

Pi = -V Ej U i j (4) 

A centered f i n i t e d i f f e r ence scheme i s used to c a l c u l a t e the 
p o s i t i o n of the i t h atom

X j ( t + At) = - x ^ t - At) + 2x-j(t) + ( A t 2 / ^ ) ^ (5) 

where a l l tha t i s r equ i r ed to determine t h i s new p o s i t i o n are the 
present and past l o c a t i o n s , and the fo rce from Equat ion 4. T y p i c a l l y , 
to ensure numerical s t a b i l i t y of the a l g o r i t h m , the magnitude of At i s 
on the order of 1 0 " 1 5 seconds or l e s s . The v e l o c i t y of the atom, v-j, 
i s determined by the e xp r e s s i on : 

V i ( t ) = [ l / U A t O H x ^ t + At) - X i ( t - A t ) ] (6) 

Hence, the MD method invo l v es numerical i n t e g r a t i o n of the equat ions 
of motion fo r a l l p a r t i c l e s each time a new c o n f i g u r a t i o n i s 
generated, wh i l e the MC method on ly i nvo l v e s movement of one random 
p a r t i c l e f o r each new c o n f i g u r a t i o n . I t should be noted tha t many 
other numerical a l gor i thms are a v a i l a b l e f o r the MD method (13) , and 
tha t maximum accuracy r e s u l t s from the use of a l go r i thms tha t i nc lude 
h igher powers of At than are g iven i n Equat ion 5. 

I n t e r a c t i o n P o t e n t i a l s 

Equat ions 3-4 show tha t the form of the i n t e r a c t i o n p o t e n t i a l s used i n 
s i m u l a t i n g i n t e r f a c i a l water i s c r i t i c a l . Of i n t e r e s t f o r i n t e r f a c i a l 
systems are both the i n t e r a c t i o n p o t e n t i a l between water molecules and 
tha t between the sur face and a water mo lecu le . 

The f i r s t MC (16) and MD (Γ7) s t u d i e s were used to s imula te the 
p r o p e r t i e s of s i n g l e p a r t i c l e f l u i d s . Although the bas i c MC (11,12) 
and MD (12,13) methods have changed l i t t l e s ince the e a r l i e s t 
s i m u l a t i o n s , the systems s imula ted have c o n t i n u a l l y increased i n 
complex i t y . The a b i l i t y to s imula te complex i n t e r f a c i a l systems has 
r e s u l t e d p a r t l y from improvements i n s i m u l a t i o n a l go r i thms (15,18) or 
i n the i n t e r a c t i o n p o t e n t i a l s used to model s o l i d sur faces (19) . The 
major reason, however, fo r t h i s a b i l i t y has r e s u l t e d from the 
i n c r e a s i n g s o p h i s t i c a t i o n of the i n t e r a c t i o n p o t e n t i a l s used to model 
l i q u i d - l i q u i d i n t e r a c t i o n s . These advances have invo l v ed the use of 
the f o l l o w i n g p o t e n t i a l s : Lennard-Jones 12-6 (20) , Rowlinson (21) , BNS 
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(22) , ST2 (23) , MCY (24) , CF (25) , PE (26) , TIP4P (27 ) , and MCY+CC+DC 
(28) . 

Water P o t e n t i a l s . The ST2 (23) , MCY (24) , and CF (25) p o t e n t i a l s are 
computa t i ona l l y t r a c t a b l e and accurate models f o r two-body water-water 
i n t e r a c t i o n p o t e n t i a l s . The ST2, MCY and CF models have f i v e , f ou r , 
and three i n t e r a c t i o n s i t e s and have f o u r , three and three charge 
c e n t e r s , r e s p e c t i v e l y . Ne i ther the ST2 nor the MCY p o t e n t i a l s a l l ow 
OH or HH d i s t ances to va ry , whereas bond lengths are f l e x i b l e w i th the 
CF model. While both the ST2 and CF p o t e n t i a l s are e m p i r i c a l models, 
the MCY p o t e n t i a l i s de r i v ed from ab i n i t i o c o n f i g u r a t i o n i n t e r a c t i o n 
molecu lar o r b i t a l methods (24) us ing many geometr ica l arrangements of 
water d imers . The MCY+CC+DC water-water p o t e n t i a l (28) i s a recent 
m o d i f i c a t i o n of the MCY p o t e n t i a l which a l l ows four body i n t e r a c t i o n s 
to be e va lua t ed . In comparison to the two-body p o t e n t i a l s desc r ibed 
above, the MCY+CC+DC p o t e n t i a l r equ i r e s a supercomputer or a r ray 
processor i n order to be computa t i ona l l y f e a s i b l e . There fore , the 
ST2, MCY and CF p o t e n t i a l
the MCY+CC+DC p o t e n t i a l . 

A comparison of the bulk water p r o p e r t i e s p r ed i c t ed by the ST2, 
MCY, and CF models i n s i m u l a t i o n s i s g iven i n Table I . These data 
were obta ined from (2 ) , un less otherwise noted. 

Table I . Comparison of water p r o p e r t i e s f o r the ST2, MCY and CF 
s i m u l a t i o n models and bulk water a t approx imate ly 298 K. 

Proper ty ST2 MCY CF bulk water 

-U (kJ/mol) 34 28.5 33 34 
C v (J/K/mol) 71 79 -- 75 
μ (Debye u n i t s ) 2.35 2.26 1.86 1.86 
PV/NkT (V/N=l) 0.09 8.5 (29) 0.1 0.05 
D ( 1 0 " 9 m 2/sec) 3.1 (30) 2.3 (29) 1.10 (31) 2.85 (32) 

Resu l t s i n Table I i l l u s t r a t e some of the s t r eng ths and 
weaknesses of the ST2, MCY and CF models. A l l models, except the MCY 
model, a c c u r a t e l y p r e d i c t the i n t e r n a l energy, - U . Constant volume 
heat c a p a c i t y , C v , i s a c c u r a t e l y p r ed i c t ed by each model f o r which 
data i s a v a i l a b l e . The ST2 and MCY models o v e rp r ed i c t the d i p o l e 
moment, μ, wh i l e the CF model p r e d i c t i o n i s i d e n t i c a l w i th the va lue 
f o r bulk water . The r a t i o PV/NkT at a l i q u i d d ens i t y of u n i t y i s 
tremendously i n e r r o r f o r the MCY model, wh i l e both the ST2 and CF 
models p r e d i c t i o n s are reasonab le . Th i s la rge e r r o r us ing the MCY 
model suggests tha t i t w i l l no t , i n g e n e r a l , s imu la t e thermodynamic 
p r o p e r t i e s of water a c c u r a t e l y (29) . Values of the s e l f - d i f f u s i o n 
c o e f f i c i e n t , D, f o r each of the water models except the CF model agree 
f a i r l y we l l w i th the va lue f o r bulk water . 

In s i m u l a t i n g i n t e r f a c i a l water , i t i s important to use a model 
f o r water-water i n t e r a c t i o n s which y i e l d s accurate r e s u l t s i n 
s i m u l a t i o n s o f bulk water . Each of the models d i s cussed here have 
obvious advantages and d isadvantages . The CF model i s g e n e r a l l y more 
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accurate i n p r e d i c t i n g bulk water p r o p e r t i e s than the other models i n 
Table I. Two drawbacks of the ST2 model are i t s r i g i d n e s s and o v e r l y 
t e t r a h e d r a l geometry. The MCY p o t e n t i a l may lead to spur i ous r e s u l t s 
f o r i n t e r f a c i a l water , s ince i t generates excess ive i n t e r n a l 
p r e ssures . 

Surface P o t e n t i a l s . Consider the form of the sur face-water 
i n t e r a c t i o n p o t e n t i a l f o r an i n t e r f a c i a l system w i th a hydrophobic 
su r f a ce . The oxygen atom of any water molecule i s acted upon by an 
e x p l i c i t l y uncharged sur face d i r e c t l y below i t v i a the Lennard-Jones 
p o t e n t i a l (U|_j): 

U L J ( R i j ) = A [ ( a / R i : j ) a - ( a / R i : j ) b ] (7) 

where R^j i s the d i s t ance between the j t h sur face atom and the oxygen 
atom on the i t h water mo lecu le , and A and σ are parameters which 
spec i f y the depth of the p o t e n t i a l energy we l l and the d i s t ance at 
which i t s va lue f i r s t equal
b spec i f y the power law f o
the Lennard-Jones p o t e n t i a l , r e s p e c t i v e l y . Three commonly used p a i r s 
of va lues for a and b are 12 and 6, 9 and 3, or 4 and 2, which produce 
the Lennard-Jones 12-6 (33 ,34 ) , 9-3 (35) , and 4-2 (36) p o t e n t i a l s , 
r e s p e c t i v e l y . Typ i ca l va lues f o r parameters of the l a t t e r Lennard-
Jones p o t e n t i a l s are repor ted i n Table I I . In g ene ra l , the depth of 
the p o t e n t i a l we l l f o r these p o t e n t i a l s (about - 0 . 5 kcal/mole) i s 
t y p i c a l of the energy between hydrophobic sur faces and phys isorbed 
noble gases. 

Table I I . Typ i ca l va lues f o r parameters of the 
Lennard-Jones 12-6, 9 -3 , and 4-2 p o t e n t i a l s . 

Lennard-Jones 
p o t e n t i a l 

A 
(kcal/mole 

a 
) 

b σ 
(Angstroms) 

12-6 0.303 12 6 3.1 
9-3 1.202 9 3 2.5 
4-2 1.728 4 2 2.0 

The above forms fo r the Lennard-Jones sur face -water i n t e r a c t i o n 
p o t e n t i a l have been used as models of hydrophobic sur faces such as 
p y r o p h y l l i t e , g r a p h i t e , or p a r a f f i n . I f the i n t e n t i o n of the s tudy , 
however, i s to understand i n t e r f a c i a l processes at minera l sur faces 
r ep r e sen ta t i v e of smect i t es or mica , e x p l i c i t 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 betweeen water molecules and l o c a l i z e d charges at the 
sur face become impor tant . 

Two methods f o r i n c l u d i n g e x p l i c i t 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 are 
proposed. In the f i r s t , and more d i f f i c u l t approach, one would need 
to conduct ex tens i ve quantum mechanical c a l c u l a t i o n s of the p o t e n t i a l 
energy v a r i a t i o n between a model sur face and one adjacent water 
molecule us ing thousands of d i f f e r e n t geometr ica l o r i e n t a t i o n s . Th is 
approach has been used i n a l i m i t e d f ash ion to study the i n t e r a c t i o n 
p o t e n t i a l between water and sur face Si-OH groups on a l u m i n o s i 1 i c a t e s , 
s i l i c a t e s and z e o l i t e s (37-39) . 
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A s imp le r approach i s to use an e m p i r i c a l model c o n s i s t i n g of a 
Lennard-Jones p o t e n t i a l p lus a Coulombic term to e x p l i c i t l y account 
f o r charges on the sur f a ce . To c a l c u l a t e the magnitude of t h i s 
Coulombic charge, cons ider the phys i c a l p r ope r t i e s o f smect i t e and 
mica a l u m i n o s i 1 i c a t e s . I t i s known tha t the u n i t c e l l of smect i t e and 
mica sur faces has dimensions of about 46 square Angstroms (34 ) . Using 
t h i s va lue f o r the area of a u n i t c e l l and the data i n Table I I I , the 
charge per u n i t c e l l and d e l o c a l i z e d charge on sur face oxygens of 
t y p i c a l smect i t e and mica m ine ra l s can be computed. 

Table I I I . C a l c u l a t i o n of the number of charges per u n i t c e l l on 
t y p i c a l smect i t e and mica su r f a c e s . 

Phys i ca l Proper ty Smect i te Mica 

sur face area (m2/g) 750 100 
charge d ens i t y ( e . s .u ./m
c a t i o n exchange capac i t y (meq/g
charge d ens i t y (number/unit c e l l ) 0.38 0.96 
d e l o c a l i z e d charge per sur face oxygen 0.06 0.16 

To s imula te smect i t e or mica m i n e r a l s , a t o t a l of about 0.4 and 1 
e x p l i c i t negat ive charges, r e s p e c t i v e l y , need to be ass igned to each 
u n i t c e l l on the su r f a c e . Th i s charge should be d e l o c a l i z e d over 
about s i x oxygen atoms surrounding the d i t r i g o n a l c a v i t i e s of the 
smect i t e and mica su r f a c e s , s ince these charges o r i g i n a t e from 
octahedra l or t e t r a h e d r a l s i t e s w i t h i n the c r y s t a l and not from the 
sur face atoms. A proposed form fo r the wate r -sur face i n t e r a c t i o n 
p o t e n t i a l , U ^ , s u i t a b l e f o r s i m u l a t i o n s of smect i te or mica sur faces 
i n t e r a c t i n g w i th the ST2 model of water i s : 

4 
U W S ( R i j A j ) = A [ ( a / R i ; j ) a - ( o / R i : j ) b ] + S(RT j ) Σ ( q a q j ) / d a j (8) 

a=l 

where R^ j , A, a , b and σ are as de f ined i n Equation 7 and Table I I , 
d a j i s tne d i s t ance between the j t h sur face atom and the ath charge 
(having charge q a ) on the water mo lecu le , qj i s the d e l o c a l i z e d 
charge on the j t h sur face atom from Table I I I , and S(R^j ) i s the 
sw i t ch ing f unc t i on of the ST2 water p o t e n t i a l (23) . The magnitude of 
charge on each of the four po in t charges f o r ST2 water i n Equat ion 8 
i s 0.2357. 

A p l o t of the Lennard-Jones 9-3 form of Equat ions 7 and 8 f o r 
ST2 water i n t e r a c t i n g w i th smect i t e and mica sur faces i s shown i n 
F igure 1. Values f o r the parameters used i n F igure 1 are g iven i n 
Tables II and I I I , and i n re ference (23) . The water molecule i s 
o r i en t ed so tha t i t s protons face the sur face and i t s lone p a i r 
e l e c t r o n s face away from the su r f a c e , and the protons are e q u i d i s t a n t 
from the s u r f a c e . Note tha t the depth of the p o t e n t i a l we l l i n F igure 
1 f o r i n t e r a c t i o n s w i th the smect i t e sur face and mica sur face are 
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Figure 1. Comparison o f ST2 water -sur face i n t e r a c t i o n s computed 
from Equat ions 7 or 8 us ing parameters f o r the Lennard-Jones 9-3 
p o t e n t i a l i n Table II and the d e l o c a l i z e d charge magnitude f o r 
smect i t e and mica sur faces i n Table I I I . 
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about - 1 . 5 and - 3 . 5 kca l/mole , r e s p e c t i v e l y . These i n t e r a c t i o n 
energ ies are s i m i l a r i n magnitude to weak hydrogen bond ene rg i e s . 

An i n t e r a c t i o n p o t e n t i a l between the sur face and ions may a l s o be 
needed i n s i m u l a t i n g counte r i on d i f f u s i o n f o r the smect i t e and mica 
sur face models. The form of such an i n t e r a c t i o n p o t e n t i a l remains to 
be determined. Th is may not pose a s i g n i f i c a n t problem, s ince recent 
evidence (40) suggests tha t over 98% of the ca t i ons near smect i t e 
sur faces l i e w i t h i n the shear p lane . For s p e c i f i c a l l y adsorbed 
ca t i ons such as potassium or c a l c i u m , the s u r f a c e - i o n i n t e r a c t i o n s can 
a l so be neg lec ted i f i t i s assumed tha t c a t i o n d i f f u s i o n c o n t r i b u t e s 
l i t t l e to the water s t r u c t u r e . In s i m u l a t i n g the i n t e r a c t i o n 
p o t e n t i a l between counter ions and i n t e r f a c i a l water , a wa te r - i on 
i n t e r a c t i o n p o t e n t i a l s i m i l a r to those a l r eady developed f o r MD 
s i m u l a t i o n s (41-43) cou ld be s p e c i f i e d . 

S imu la t i ons of I n t e r f a c i a l Water 

Several MC and MD s tud i e
sur faces have been repor ted (33-36 ,44-48 ) . Both of the MC s t u d i e s 
(35 ,45 ) , as we l l as the four MD s tud i e s (33,34,36,47) r e p o r t i n g 
d e t a i l e d observa t i ons of i n t e r f a c i a l water are d i s cussed here . Th is 
comparison w i l l show tha t cho ice of the water-water p o t e n t i a l i s 
c r i t i c a l f o r such s t u d i e s . I t w i l l a l s o i l l u s t r a t e the wide range of 
i n t e r f a c i a l p r o p e r t i e s which can be s tud i ed us ing computer 
s i m u l a t i o n s . Resu l t s from the e a r l y p i onee r ing MC s t u d i e s f o r 
i n t e r f a c i a l water are summarized i n Table IV. 

Table IV. Resu l t s from Monte Car l o S imu la t i ons of Water Near 
Hydrophobic Sur faces . 

Reference 35 Reference 45 

# molecules 216 150 
c e l l dimensions (nm^) 7.127 4.5 
c e l l d ens i t y (g/cc) 0.906 0.997 
temperature (K) 298 300 
# c o n f i g u r a t i o n s 2.5 χ 1 0 6 1 χ 1 0 4 

water p o t e n t i a l Row!inson MCY 
sur face p o t e n t i a l L - J 9-3 hard wa l l 
range of d ens i t y o s c i l l a t i o n s (g/cc) 1.1 to 1.5 0.5 to 2.3 
dens i t y t r end towards sur faces decreases increases 
hydrogen bonding t rend towards sur faces decreases increases 
i n t e r n a l energy t r end towards sur faces decreases increases 
p re f e r r ed d i p o l e o r i e n t a t i o n 

near sur faces yes yes 

These r e s u l t s i n d i c a t e t h a t , compared to bulk water , i n t e r f a c i a l 
water e x h i b i t s unique o s c i l l a t i o n s i n dens i t y w i th d i s t ance from the 
sur face and p r e f e r e n t i a l d i p o l a r o r i e n t a t i o n s . Both s i m u l a t i o n s 
r epor t d e n s i t y va lues which are unreasonable . Par t o f t h i s problem 
a r i s e s from at tempt ing to f i x the water d ens i t y based on the average 
c e l l volume and the number of water mo lecu les ; an approach which 
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over looks the f a c t tha t the c e l l volume near the sur faces i s g e n e r a l l y 
f ree of water molecules due to r e p u l s i v e f o rces a r i s i n g from the 
su r f a c e s . For the study us ing the MCY p o t e n t i a l (45 ) , a more s e r i ous 
problem invo l v es the excess i ve i n t e r n a l pressures generated by the MCY 
p o t e n t i a l , which lead to excess i ve d ens i t y o s c i l l a t i o n s and i n c r e a s i n g 
dens i t y near the su r f a c e s . Cons is tency between the two s i m u l a t i o n s i s 
poor; whereas the f i r s t (35) p r e d i c t s decreased d e n s i t y , hydrogen 
bonding and i n t e r n a l energy near the su r f a c e s , the second (45) r epor t s 
e x a c t l y the oppos i te t r ends . These d i f f e r ences are a l l probably 
r e l a t e d to the use of d i f f e r e n t water-water p o t e n t i a l s . 

Resu l t s of s e l e c t ed MD s tud i e s of i n t e r f a c i a l water are repor ted 
in Table V. 

Table V. Resu l t s from Se l ec ted Mo lecu la r Dynamics S tud i es of Water 
Near Hydrophobic Sur faces . 

(47) (33) (36) (34) 

# molecules 150 216 150 256 
c e l l volume (ntrr*) 4.5 8.787 5.198 9.156 
c e l l d ens i t y (g/cc) 1.0 0.74 0.87 0.84 
temperature (K) 301 287 304 286 
t r a j e c t o r y time (ps) 25 20 14 0.75 
water p o t e n t i a l ST2 ST2 MCY ST2 
sur face p o t e n t i a l hard wa l l L - J 12-6 L - J 4-2 L - J 12-6 
range of d ens i t y 
o s c i l l a t i o n s (g/cc) 0.9 to 1.0 0.9 to 1.0 0.5 to 3.2 0.8 to 1.1 

dens i t y t r end 
towards sur faces decreases decreases inc reases decreases 

hydrogen bonding t rend 
towards sur faces — — — decreases 

p re f e r r ed d i p o l a r 
o r i e n t a t i o n s yes yes yes yes 

s e l f - d i f f u s i o n coe f f . 
near sur faces (m 2/s) 3.3 χ 1 0 " 9 4.8 χ 1 0 " 9 3.1 χ 1 0 " 9 2.1 χ 1 0 " 9 

near midplane (m 2/s) 4.2 χ 1 0 " 9 3.3 χ 1 0 " 9 3.7 χ 1 0 " 9 2.7 χ 1 0 " 9 

d ipo l e r e l a x a t i o n time 
near sur faces (ps) 3.1 — 2.3 — 

near midplane (ps) 2.1 — 2.0 — 

The r e s u l t s in Table V i l l u s t r a t e t ha t MD s t u d i e s , compared to 
the MC r e s u l t s i n Table IV, f a c i l i t a t e the i n v e s t i g a t i o n of t r a n s p o r t 
and time-dependent p r o p e r t i e s . A l s o , they show tha t use of the MCY 
p o t e n t i a l leads to very l a rge d ens i t y o s c i l l a t i o n s and i n c r e a s i n g 
water dens i t y near the s u r f a c e s . Th is appears to be a s e r i ous 
drawback to the use of the MCY p o t e n t i a l i n s i m u l a t i o n s of i n t e r f a c i a l 
water . Resu l t s from the i n v e s t i g a t i o n s us ing the ST2 p o t e n t i a l show 
tha t i n t e r f a c i a l water d ens i t y i s approx imate ly 1.0 g/cc, w i th a 
tendency fo r decreased dens i t y and hydrogen bonding near the su r f a c e s . 
As i n the MC s i m u l a t i o n s , o r i e n t a t i o n s of the water d i p o l e moment are 
a f f e c t ed by the presence of a s o l i d / l i q u i d i n t e r f a c e , and an 
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apprec i ab l e decrease i n d i p o l e r e l a x a t i o n and the water s e l f - d i f f u s i o n 
c o e f f i c i e n t are u s u a l l y observed near the su r f a c e s . 

Comparison w i th Experiment. How do the r e s u l t s of these s i m u l a t i o n s 
compare w i th exper imental r e s u l t s on corresponding systems, and what 
do they i n f e r about i n t e r p r e t i n g the "hydrophobic e f f e c t " , " h y d r a t i o n 
f o r c e s " , and the " s t r u c t u r e " of i n t e r f a c i a l water? S t r u c t u r a l l y , the 
i n t e r f a c i a l water e x h i b i t s c l e a r d ens i t y o s c i l l a t i o n s which extend to 
at l e a s t 15 Angstroms from the sur faces (34) . S ince t h i s s i m u l a t i o n 
invo l v ed a hydrophobic , neu t ra l su r f a c e , these e f f e c t s are d i r e c t l y 
a t t r i b u t a b l e to the presence of the s u r f a c e s , and not to an e f f e c t of 
charged c oun t e r i ons . Furthermore, s ince no long-range changes i n 
hydrogen bonding pa t t e rns were observed due to t h i s s t r u c t u r a l 
r eo rde r ing (34 ) , the MD r e s u l t s suggest tha t the hydrophobic e f f e c t i s 
due to entropy changes i n the i n t e r f a c i a l l i q u i d ra the r than to l ong -
range bonding e f f e c t s . 

The presence of d ens i t
i n t e r f a c i a l water has s t imu la t e
e x p l i c i t l y designed to de tec t t h e i r presence. S t r u c t u r a l f o rces 
a s soc i a t ed w i th dens i t y o s c i l l a t i o n s i n water next to mica sur faces 
have r e c e n t l y been measured expe r imen ta l l y (49) . A l though , mica i s 
not a hydrophobic s u r f a c e , i t should be po inted out t ha t there i s 
t h e o r e t i c a l bas i s f o r suggest ing tha t molecular l a y e r i n g near sur faces 
and the accompanying o s c i l l a t o r y f o rces are r e spons ib l e f o r both the 
" h y d r a t i o n " and "hydrophob ic " e f f e c t s (2 ) . Whether t h i s force i s 
a t t r a c t i v e (hydrophobic e f f e c t ) or r e p u l s i v e (hydra t i on e f f e c t ) 
depends upon how the dens i t y o s c i l l a t i o n s f i t i n t o the reg ion between 
the su r f a c e s . Much MC work i s needed w i th both hydrophobic and 
h y d r o p h i l i c sur faces us ing the grand canon ica l ensemble to determine 
the chemical p o t e n t i a l and entropy of the i n t e r f a c i a l water a t va r i ous 
sur face s epara t i ons i n order to be t t e r understand the magnitude of 
these e f f e c t s . 

Theo r e t i c a l exp lana t i ons f o r the "hyd ra t i on f o r c e " (50) and the 
"hydrophobic e f f e c t " (51) o f ten invo l ve an a n a l y s i s of the f o rces 
emanating from o r i en t ed molecu lar d i po l e or quadrupole moments. A l l 
o f the computer s i m u l a t i o n s f o r i n t e r f a c i a l water d i scussed above 
found s i g n i f i c a n t evidence f o r p re f e r r ed d i p o l a r o r i e n t a t i o n s near the 
su r f a c e s . In most of the s t u d i e s , a l l o f which used n o n - p o l a r i z a b l e , 
pa i rw i s e i n t e r a c t i n g water models, the tendency f o r p r e f e r r ed d i p o l a r 
o r i e n t a t i o n s d im in i shes i n a cont inuous fash ion w i th i n c r e a s i n g 
d i s t ance from the sur faces and was n e g l i g i b l e at a d i s t ance of from 
ten to f i f t e e n Angstroms from the su r f a c e s . When r e a l i s t i c water 
p o t e n t i a l s i n c o r p o r a t i n g coopera t i ve e f f e c t s become a v a i l a b l e , t h i s 
e f f e c t can be expected to become even more s i g n i f i c a n t . 

Accord ing to the Kirkwood theory of po l a r d i e l e c t r i c s , s imple 
r e l a t i o n s (23) between molecular d i p o l e moment vec to rs and the mean-
square t o t a l d i p o l e moment of water c l u s t e r s can be used to compute 
the s t a t i c d i e l e c t r i c constant of water . As the normal i zed mean-
square t o t a l d i p o l e moment inc reases towards u n i t y , theory p r e d i c t s 
decreases i n the s t a t i c d i e l e c t r i c cons tan t . Since MD r e s u l t s 
i n d i c a t e tha t the mean-square t o t a l d i p o l e moment of i n t e r f a c i a l water 
i s g rea te r than tha t f o r bulk water (48) , the s t a t i c d i e l e c t r i c 
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constant of i n t e r f a c i a l water should be lower than tha t i n bulk water . 
This c onc lus i on i s meant to be on ly q u a l i t a t i v e , s ince c a l c u l a t i o n s of 
the s t a t i c d i e l e c t r i c constant us ing the Kirkwood theory may be i n 
cons ide rab l e e r r o r i f the e f f e c t s of the r e a c t i o n f i e l d are not 
accounted fo r (52) . The r e a c t i o n f i e l d i s an e l e c t r i c a l f i e l d w i t h i n 
the c u t o f f r ad ius which c o n t r i b u t e s to the d i e l e c t r i c cons tan t . I t 
r e s u l t s from the p o l a r i z i n g e f f e c t s of the d i p o l e moments ou ts ide the 
c u t o f f r a d i u s , and i t s e f f e c t can be inc luded (wi th cons ide rab l e 
e f f o r t ) i f accurate computations of the d i e l e c t r i c constant are 
d es i r ed (53) . 

The heterogeneous d i e l e c t r i c p r o p e r t i e s i n the l i q u i d medium near 
sur faces have important i m p l i c a t i o n s for t h eo r i e s of the s t r u c t u r e of 
the i n t e r f a c i a l r e g i on . A recent t h e o r e t i c a l study of the e f f e c t of 
decreased medium d i e l e c t r i c constant near sur faces (54) shows tha t i t 
i s a s soc i a t ed w i th s i g n i f i c a n t r educ t i ons i n sur face p o t e n t i a l 
computed from double l aye r theory . A note of cau t i on to t h e o r e t i c i a n s 
i s i n o rde r . The molecula
d i e l e c t r i c p r o p e r t i e s of
i n c r e a s i n g d i s t ance from the s u r f a c e . Hence, the use of d i s c r e t e 
mixture models (54,55) i n which water near the sur faces i s d i v i d e d 
i n t o two zones; one having p r o p e r t i e s c h a r a c t e r i s t i c of water i n the 
f i r s t adsorbed l aye r and the second having bulk p r o p e r t i e s are not 
l i k e l y to represent ac tua l s u r f a c i a l c o n d i t i o n s . S i m i l a r cau t i on 
should be used i n adsorp t i on models tha t assume d i s c r e t e mo lecu lar 
l aye r s of sur face complexes i n the i n t e r f a c i a l r e g i o n . 

React ion k i n e t i c s and many t r a n s p o r t p r o p e r t i e s i n l i q u i d s are 
c o n t r o l l e d by ra t es of d i f f u s i o n . Processes tha t may be c o n t r o l l e d by 
d i f f u s i o n i n c l u d e , f o r example, r a t es of l i g a n d exchange from 
t r a n s i t i o n metal ions (56) , r e a c t i o n s i n v o l v i n g proton t r a n s f e r (57) , 
and exchange r e a c t i o n s near minera l sur faces (58) . Resu l t s i n Table V 
(from s tud i e s 34,36,47) i n d i c a t e tha t the va lue f o r the s e l f - d i f f u s i o n 
c o e f f i c i e n t of water near minera l sur faces i s c o n s i s t e n t l y about 80% 
lower than the va lue near the midplane. Q u a n t i t a t i v e l y , the va lues 
for D near the midplane are h igher than va lues repor ted fo r bulk water 
at comparable temperatures (55) . For i n s t a n c e , the va lues of D i n 
bulk water a t 285 and 300 Κ are about 1.8 and 2.9 χ 10~ 9 m 2 /s , 
r e s p e c t i v e l y . The r e s u l t s from one study (33) , appear to be 
e x c e s s i v e l y h i g h , c ons i d e r ing the temperature of the s i m u l a t i o n , and 
are a l s o i n c o n s i s t e n t w i th exper imental r e s u l t s i n tha t they p r e d i c t 
d i f f u s i o n ra t es which are g rea ter near the sur faces than near the 
midplane. Exc lud ing the l a t t e r r e s u l t s , va lues f o r D from the MD 
s i m u l a t i o n s appear to q u a l i t a t i v e l y obey the expected t rend f o r 
i n c r e a s i n g va lues of D w i th i n c r e a s i n g temperature. Furthermore, the 
decreases in va lues f o r s e l f - d i f f u s i o n c o e f f i c i e n t near the sur faces 
are q u a l i t a t i v e l y c o n s i s t e n t w i th exper imental measurements of 
decreased water m o b i l i t y near neu t ra l s i l i c a t e sur faces (59-62) . 

Another t r a n s p o r t proper ty of i n t e r f a c i a l water which can be 
s tud i ed by MD techniques i s the d i po l e r e l a x a t i o n t ime . Th i s proper ty 
i s computed from the d i p o l e moment c o r r e l a t i o n f u n c t i o n , which 
measures the ra t e a t which d i p o l e moment a u t o c o r r e l a t i o n i s l o s t due 
to r o t a t i o n a l motions i n time (63) . Larger va lues f o r the d i p o l e 
r e l a x a t i o n time i n d i c a t e slower r o t a t i o n a l motions of the d i p o l e 
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moment. Both of the MD s tud i e s r e p o r t i n g va lues f o r the d i p o l e 
r e l a x a t i o n time i n Table V i n d i c a t e tha t r e l a x a t i o n t imes are l a r g e r 
f o r water near the sur faces than fo r water near the midplane. The MCY 
p o t e n t i a l , however, i s not as s e n s i t i v e to changes in r e l a x a t i o n time 
as i s the ST2 p o t e n t i a l . These r e s u l t s can be i n t e r p r e t e d to mean 
tha t molecules near the sur faces exper ience hindered r o t a t i o n a l 
movement as compared to water near the midplane. Experimental 
evidence from near i n f r a r e d (6 ) , e l e c t r o n sp in resonance (59) , and 
nuc l ear magnetic resonance (60) s tud i e s support the MD s i m u l a t i o n 
r e s u l t s , i n tha t they i n d i c a t e h indered r o t a t i o n a l motion of water 
near uncharged s i l i c a t e su r f a c e s . 

Summary 

Monte Car l o and Mo lecu la r Dynamics s i m u l a t i o n s of water near 
hydrophobic sur faces have y i e l d e d a weal th of in fo rmat ion about the 
s t r u c t u r e , thermodynamics and t r a n s p o r t p r o p e r t i e s of i n t e r f a c i a l 
water . In p a r t i c u l a r , the
molecu lar l a y e r i n g and dens i t
Angstroms away from the su r f a c e s . These o s c i l l a t i o n s have r e c e n t l y 
been v e r i f i e d e xpe r imen ta l l y . Ordered d i p o l a r o r i e n t a t i o n s and 
reduced d i p o l e r e l a x a t i o n t imes are observed i n most of the 
s i m u l a t i o n s , i n d i c a t i n g tha t i n t e r f a c i a l water i s not a uni form 
d i e l e c t r i c continuum. Reduced d i po l e r e l a x a t i o n t imes near the 
sur faces i n d i c a t e tha t i n t e r f a c i a l water exper iences hindered 
r o t a t i o n . The ma jo r i t y of s i m u l a t i o n r e s u l t s i n d i c a t e tha t water near 
hydrophobic sur faces e x h i b i t s fewer hydrogen bonds than water near the 
midplane . 

Several me r i t s and s t r eng ths of molecular s i m u l a t i o n s of 
i n t e r f a c i a l water are apparent . S ince these methods y i e l d s t r u c t u r a l , 
thermodynamic and t r a n s p o r t p r o p e r t i e s f o r bulk water which are i n 
good agreement w i th many expe r imen ta l l y measured p r o p e r t i e s of bulk 
water over a wide temperature range, they seem to o f f e r a promis ing 
approach for s tudy ing i n t e r f a c i a l water . I n t e r f a c i a l systems are 
g e n e r a l l y composed of severa l components and are d i f f i c u l t to 
c h a r a c t e r i z e . The nature of molecu lar s i m u l a t i o n s a l l ows the system 
being analyzed to be e x a c t l y s p e c i f i e d i n terms of the types of 
components, t h e i r i n t e r a c t i o n p o t e n t i a l s , the i n i t i a l atomic or 
mo lecu lar l o c a t i o n s and the types of boundary c o n d i t i o n s imposed. 
Thus, e f f e c t s of the sur faces can be s tud i ed in d e t a i l , s epa ra t e l y 
from e f f e c t s of counter ions or s o l u t e s . In a d d i t i o n , i n d i v i d u a l 
l a ye r s of i n t e r f a c i a l water can be analyzed as a f unc t i on of d i s t ance 
from the sur face and d i r e c t i o n a l an i so t r opy in va r i ous p r o p e r t i e s can 
be s t u d i e d . F i n a l l y , one computer experiment can o f ten y i e l d 
in fo rmat i on on severa l water p r o p e r t i e s , some of which would be t ime-
consuming or even imposs ib l e to ob ta in by exper imenta t i on . Examples 
of i n t e r f a c i a l water p r o p e r t i e s which can be computed v i a the MD 
s i m u l a t i o n s but not v i a experiment inc lude the number of hydrogen 
bonds per molecu le , v e l o c i t y a u t o c o r r e l a t i o n f u n c t i o n s , and r a d i a l 
d i s t r i b u t i o n f u n c t i o n s . 

Several weaknesses and disadvantages of the computer s i m u l a t i o n 
methods can a l s o be mentioned. Foremost among these l i m i t a t i o n s i s 
the f a c t tha t none of the commonly used models f o r water i n t e r a c t i o n s 
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account f o r t h r e e - or four-body i n t e r a c t i o n s . Ye t , the complex 
behaviour of i n t e r f a c i a l water i s apparent l y d i c t a t e d by these 
coopera t i ve e f f e c t s (26) . S i g n i f i c a n t d i f f e r ences e x i s t i n the 
i n t e r n a l energy, hydrogen bonding and d i f f u s i o n ra t es of i n t e r f a c i a l 
water as p r ed i c t ed by the ST2 and MCY p o t e n t i a l s , w i th r e s u l t s f o r the 
former model being more c o n s i s t e n t w i th exper imental r e s u l t s than 
those f o r the l a t t e r . These d i f f e r ences probably r e l a t e to excess 
i n t e r n a l pressures generated by the MCY p o t e n t i a l . A second problem 
invo l v es u n c e r t a i n t y about what d i s tance of s epara t i on should be 
imposed between sur faces f o r a p a r t i c u l a r choice of the number of 
water mo lecu les . I f excluded volume near the sur faces i s not 
accounted f o r , the r e s u l t i n g average water d ens i t y and i t s 
o s c i l l a t i o n s w i l l be e x c e s s i v e . F i n a l l y , d i e l e c t r i c p r o p e r t i e s of 
i n t e r f a c i a l water are not e a s i l y q u a n t i f i e d when r i g i d , pa i rw i s e 
i n t e r a c t i n g water p o t e n t i a l s are used. Th is l i m i t a t i o n can be 
p a r t i a l l y overcome by account ing f o r r e a c t i o n f i e l d e f f e c t s , but even 
then , water i n t e r a c t i o n p o t e n t i a l s i n cur r en t use are not e f f e c t i v e i n 
modeling the d i e l e c t r i c p r o p e r t i e

On the whole, the advantages and s t r eng ths of MC and MD 
s i m u l a t i o n s of i n t e r f a c i a l water outweigh t h e i r d isadvantages and 
weaknesses. Even i f q u a n t i t a t i v e p r e d i c t i o n of i n t e r f a c i a l water 
p r o p e r t i e s i s not p o s s i b l e i n some cases , a knowledge of q u a l i t a t i v e 
t rends as a f unc t i on of d i s t ance from the sur faces or r e l a t i v e to 
r e s u l t s from s i m u l a t i o n s of bulk water are o f ten extremely 
i l l u m i n a t i n g . 

What i s the l i k e l y fu ture use of MC and MD techniques f o r 
s tudy ing i n t e r f a c i a l systems? Several promis ing approaches are 
p o s s i b l e . Continued i n v e s t i g a t i o n of double l aye r p r o p e r t i e s , 
" h yd ra t i on f o r c e s " , "hydrophobic e f f e c t s " , and " s t r u c t u r e d water " are 
c l e a r l y awa i t ing the development of improved models f o r water -water , 
s o lu t e -wa t e r , sur face -wa te r , and s u r f a c e - s o l u t e p o t e n t i a l s . 
S imu la t i ons of o rgan ics near sur faces are c l e a r l y p o s s i b l e s ince 
p o t e n t i a l s d e s c r i b i n g wate r -o rgan ic i n t e r a c t i o n s are p r e s en t l y 
a v a i l a b l e (64 ,65 ) . S tud ies of r e a c t i o n k i n e t i c s and l i g a n d exchange 
processes near sur faces are c l e a r l y p o s s i b l e us ing the molecu lar t ime-
sca l e g ene ra l i z ed Langevin equat ion approach (66) . Gaseous adsorp t i on 
on metal (67) , hydrophobic (68) and other s imple sur faces have been 
e x t e n s i v e l y s tud i ed (2 ) , but s i m i l a r approaches us ing models f o r c l a y 
and z e o l i t e sur faces are a l s o p o s s i b l e . Mechanisms of c r y s t a l growth 
and de fect s t r u c t u r e s in v i t r e o u s s i l i c a (69) and g l a s s (70) have been 
s t u d i e d , and s i m i l a r s tud i e s on a l u m i n o s i l i c a t e m ine ra l s (even under 
c o n d i t i o n s of high temperature and pressure ) are p o s s i b l e . F i n a l l y , 
new t h e o r e t i c a l developments are a l l ow ing thermodynamic p r o p e r t i e s 
(71,72) and n o n - e q u i l i b r i u m c o n d i t i o n s (73) to be s tud i ed w i th MD 
methods. In s h o r t , MC and MD s t u d i e s of i n t e r f a c i a l systems are s t i l l 
i n t h e i r i n f ancy . 
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L i s t of Symbols 

a parameter f o r the Lennard-Jones p o t e n t i a l 
A parameter f o r the Lennard-Jones p o t e n t i a l 
b parameter f o r the Lennard-Jones p o t e n t i a l 
C v constant volume heat c apac i t y 
d a j d i s tance between sur face and ath charge on water molecule 
D s e l f - d i f f u s i o n c o e f f i c i e n t 
Ε t o t a l energy 

force a c t i n g on i t h atom 
k Bol tzmann's constant 
m-j mass of i t h atom 
Ν number of molecules 
Pq va lue of pth proper ty of qth c o n f i g u r a t i o n 
ρ ensemble average va lue of proper ty ρ 
Ρ i n t e r n a l pressure 
qj charge on j t h sur face atom 
q a charge on ath
Q canon ica l ensembl
R-jj d i s t ance between i t h and j t h atoms 
S(R.jj) sw i t ch ing func t i on of ST2 water p o t e n t i a l 
Τ abso lute temperature 
U i n t e r n a l energy 
U-jj pa i rw i s e i n t e r a c t i o n p o t e n t i a l 
U|_j Lennard-Jones i n t e r a c t i o n p o t e n t i a l 
U|\j t o t a l i n t e r a c t i o n p o t e n t i a l energy 
UW5 p o t e n t i a l energy f o r water i n t e r a c t i n g w i th a charged sur face 
v.j v e l o c i t y of i t h atom 
V volume 
x-j p o s i t i o n of i t h atom 
μ d i p o l e moment 
σ parameter f o r the Lennard-Jones p o t e n t i a l 
At time step f o r MD a l go r i thm 
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Behavior of Water on the Surface of Kaol in Minerals 

R. F. Giese, Jr., and P. M. Costanzo 
Department of Geological Sciences, State University of New York at Buffalo, 4240 Ridge 
Lea Road, Amherst, NY 14226 

Study of hydrated kaolinites shows that water molecules 
adsorbed on a phyllosilicate surface occupy two differ
ent structural sites  One type of water  "hole" water
is keyed into th
er, while the othe  typ
is situated between and is hydrogen bonded to the hole 
water molecules. In contrast, hole water is hydrogen 
bonded to the silicate layer and is less mobile than 
associated water. At low temperatures, all water mole
cules form an ordered structure reminiscent of ice; as 
the temperature increases, the associated water disor
ders progressively, culminating in a rapid change in 
heat capacity near 270 K. To the extent that the kao-
linite surfaces resemble other silicate surfaces, hydra
ted kaolinites are useful models for water adsorbed on 
silicate minerals. 

To a large extent, the study of terrestrial geology is the study of 
the interaction of water and rock materials. Much of the modifica
tion of the earth1s surface, involving chemical weathering, trans
port, and deposition of sediment, results from the contact of water, 
often containing reactive chemical species, with the surfaces of 
mineral grains. The majority of the chemical activity, as far as we 
presently know, takes place on a microscopic scale; at the interface 
between a mineral and the first, or perhaps the first few, layers of 
adsorbed water molecules. Such interfacial regions have complex 
physical chemical properties, often very different from the phases 
which they separate. This is compounded, in the case of the water-
silicate interface, by the fact that the structure of bulk water is 
very complex itself, and, while we know in general terms the crystal 
structures of the major silicate minerals, we often do not have a 
clear picture of the structure of the mineral surface, nor do we 
know in detail the structure of disordered minerals, at least not on 
an atomic scale. 

The amount of water in the interfacial region is very small 
compared to the bulk water in the system. For many experimental 
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techniques , t h i s means that the s i g n a l from the sur face water i s too 
weak to be e a s i l y separated from that o f the bulk water. One s o l u 
t i o n to t h i s problem i s to study mate r i a l s with l a rge s p e c i f i c s u r 
face areas . T r a d i t i o n a l l y , these have been c l a y minera l s , z e o l i t e s , 
and g e l s . Of these, c l a y minera ls are conceptua l l y the s imples t 
because they present two dimensional p lanar sur faces to the ex te rna l 
environment. Th is paper i s d i v i ded i n t o two pa r t s ; an i n t r o d u c t i o n 
to the p rope r t i e s o f water at the minera l -water i n t e r f a c e , fo l lowed 
by a d e s c r i p t i o n o f the work done i n our l abo ra to ry on the s t r u c t u r e 
of water i n the i n t e r l a y e r r eg ion of k a o l i n i t e with p a r t i c u l a r r e f 
erence to the s t r uc tu r e and p rope r t i e s of water at the i n t e r f a c e . 

C lay Minera l S t ruc tu res 

The bas i c s t ruc tu r e s o f the c l a y minera ls were descr ibed by Pau l ing 
(J_, 2) and i l l u s t r a t i o n s o f each type can be found i n the text of 
Grim Q ) . These s t ruc tu r e models are based on r egu l a r t e t rahedra 
and octahedra formed by oxygen or hydroxyl groups, symmetr ica l ly 
disposed i n p lanar l a y e r s
ac tua l minera ls are f a r more complex (see (4.) f o r a recent summary). 

The two types of c l ay minera l s t r u c t u r e s which are of i n t e r e s t 
i n the present d i s c u s s i o n are the expanding 2:1 s t r uc tu r e s (the 
smect i tes and v e r m i c u l i t e s ) and the 1:1 s t r u c t u r e s (the k a o l i n s ) . 
The smect i tes and v e r m i c u l i t e s have a fundamental l a y e r made up of 
two sheets o f t e t rahedra which incorpora te sma l l , h i g h l y charged 
c a t i o n s and one sheet o f octahedra coo rd ina t ing l a r g e r c a t i o n s . The 
octahedra share edges, the te t rahedra share co rne r s , and the three 
sheets share oxygens i n common planes to form the 2:1 l a y e r (F igure 
1A). A s i m i l a r scheme, but i n v o l v i n g on ly one sheet o f t e t rahedra 
and one o f octahedra , produces the 1:1 l a y e r s i l i c a t e s (F igure 1B) 
o f which k a o l i n i t e i s perhaps the most important m ine r a l . 

In the smect i tes and v e r m i c u l i t e s , s u b s t i t u t i o n of d i f f e r e n t l y 
charged ions i s common. These may invo l ve aluminum fo r s i l i c o n i n 
the t e t r ahed ra l s i t e s , and, i n the octahedra l s i t e s , f e r rous or 
f e r r i c i r o n f o r aluminum, magnesium fo r aluminum, or l i t h i u m f o r 
magnesium; i n a d d i t i o n , vacant s i t e s are commonly found. The sub
s t i t u t i o n s c reate a charge imbalance which i s n e u t r a l i z e d by the 
adsorp t ion o f c a t i on s on the ex te rna l and i n t e r n a l sur faces o f the 
c r y s t a l s . These compensating ca t i ons are not f i r m l y attached to the 
c l a y sur faces and they can be exchanged by treatment with d i l u t e 
s o l u t i o n s of appropr iate s a l t s . When exposed to water and many 
organic molecules , the l a y e r s of these minera ls separate a l l owing 
the guest molecules to enter between the l a y e r s . Thus, both s u r 
faces o f every l a y e r o f the c l a y c r y s t a l become equ iva lent to e x t e r 
na l sur faces and the t o t a l sur face area inc reases to as much as 800 
m /g i n the case o f the smect i t e s . 

The 1:1 k a o l i n s t ruc tu r e s are chemica l l y s imple r ; the t e t r a 
hedra l s i t e s are occupied by s i l i c o n and the octahedra l s i t e s by 
aluminum. There i s a minor amount o f s u b s t i t u t i o n , l a r g e l y o f 
f e r r i c i r o n fo r aluminum, but the amounts are g ene r a l l y on ly a few 
tenths o f a percent by weight o f ox ide . The k a o l i n minera ls do not 
expand i n the presence o f water and t h e i r sur face a rea , approximate
l y 10 to 15 m /g, represents the ex te rna l area o f the c r y s t a l s . 

Because o f the d i f f e r ence between the 2:1 and 1:1 s t r u c t u r e s , 
t h e i r ex te rna l and i n t e r n a l sur faces are fundamental ly d i f f e r e n t . 
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A Β 

F i gu re 1. Po lyhedra l r ep resenta t i ons o f the l aye r s i n 2:1 smec
t i t e s (A) and 1:1 k a o l i n i t e s (B) . Only a s i n g l e l a ye r i s shown i n 
each. The view i s down the [041] ax i s of the u n i t c e l l . 
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A l l sur faces o f the 2:1 c l a y s ( exc lud ing adsorbed spec ies ) c o n s i s t 
o f oxygen, whi le the 1:1 minera l s have one sur face o f each l a y e r 
formed by oxygen and the other sur face formed by hydroxyl groups. 

Hydrat ion o f C l a v s . There i s genera l agreement, and ample exper 
imenta l and t h e o r e t i c a l evidence to support the po in t of view, that 
water molecules i n contact wi th or i n the c l o s e v i c i n i t y o f c l a y 
sur faces are perturbed . The d i s tance over which these pe r tu rba t ions 
produce measurable changes i n the p r ope r t i e s o f the adsorbed water 
molecules i s much more c o n t r o v e r s i a l . Two c o n f l i c t i n g models f o r 
water adsorbed on c l a y minera l sur faces have been proposed; one 
s t a t e s that the pe r tu rba t i on by the sur face i s l i m i t e d to between 3 
and 4 water l a y e r s ( roughly 10A) (5.), whi le the other holds that the 
in f l uence o f the c l a y sur faces extends much f u r t h e r , up to 30 or 
more water l a y e r s ( roughly 100A) (6,). Eva lua t ing the evidence f o r 
each model i s compl icated because they are based on d i f f e r e n t exper 
imenta l approaches which probe the c l ay -wate r i n t e r a c t i o n s a t d i f 
f e r en t time s c a l e s ( £ ) .
the in f l uence o f the c l a
o f the exchangeable c a t i o n s adsorbed on or near the sur face . The 
f o l l ow ing d i s c u s s i o n i s not meant to be an exhaust ive e va l ua t i on o f 
the two models, but r a the r a s e l e c t i v e d i s c u s s i o n o f what i s known 
about the s t r u c t u r e o f water i n c l o s e contact wi th a c l a y minera l 
sur face and what the genera l arguments are i n favor o f or aga inst 
the short - range and long-range i n t e r a c t i o n models. More d e t a i l e d 
d i s c u s s i o n o f the problem can be found i n (2.) and (8.). 

Water on H a l l o v s i t e . Cen t r a l to the controversy i s the obse rva t ion 
that c l a y c r y s t a l s present a p lanar a r ray o f oxygens (and hydroxy ls 
i n the case o f k a o l i n i t e ) which have hexagonal (or near ly ) symmetry 
w i th a p e r i o d i c i t y s i m i l a r to that found i n the c r y s t a l s t r u c t u r e o f 
i c e . Because o f t h i s geometric s i m i l a r i t y , i t has f r equent l y been 
assumed that water adsorbed on a c l a y sur face w i l l p r e f e r e n t i a l l y 
adopt an i c e - l i k e c o n f i g u r a t i o n . When looked at i n d e t a i l , i t i s 
d i f f i c u l t to f i n d unequivoca l evidence to support t h i s . 

Ha l l o y s i t e - 10 A i s f r equent l y re ferenced as an example o f water 
molecules w i th an i c e - l i k e s t r u c t u r e , e p i t a x i a l l y adsorbed on a c l a y 
sur face (2_). In f a c t , t h i s model has been so appea l ing that the 
o r i g i n a l f i g u r e i l l u s t r a t i n g the s t r u c t u r a l model o f Hendricks and 
J e f f e r s o n (5.) has been reproduced innumerable times by others (see 
( £ ) and (10.) f o r example). I t i s o f t en s tated i n the l i t e r a t u r e 
that the Hendricks and Je f f e r s on model i s based on X - r ay d i f f r a c t i o n 
data , imp ly ing that a s t r u c t u r e was proposed and tested by compar i 
son o f observed and c a l c u l a t e d i n t e n s i t i e s . What seems to have 
been over looked i s the f a c t that the o r i g i n a l paper o f Hendricks and 
J e f f e r s o n presented no s u b s t a n t i a l experimental evidence to support 
t h e i r model o ther than the observed inc rease i n the th ickness o f the 
c l a y s t r u c t u r e r e s u l t i n g from hyd ra t i on . That d i s t a n c e , roughly 2.9 
A, does impose some geometric r e s t r i c t i o n on the pos s i b l e a r range 
ment o f the i n t e r l a y e r water molecules , but ha rd ly a d e f i n i t i v e one. 
Much subsequent work has shown that i t i s very d i f f i c u l t to ob t a in 
good agreement between observed and c a l c u l a t e d i n t e n s i t i e s even f o r 
the simple case o f the one-dimensional s t r u c t u r e along the £ - a x i s 
which i nvo l ve s on ly the & coord inate o f the atoms (see (11) f o r 
d i s c u s s i o n ) . 
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Ha l l oy s i t e - 10A represents a s t r u c t u r e with few i f any i n t e r 
l a y e r c a t i o n s , a l l owing one to i n v e s t i g a t e the r e l a t i v e l y simple 
case o f water i n t e r a c t i n g with a c l a y sur f ace . S i m i l a r l y , i c e - l i k e 
models have been proposed fo r water adsorbed on smect i te and ve rmic -
u l i t e sur faces (£ , J_2, 12.). These represent cases o f charged c l a y 
l a y e r s wi th adsorbed exchangeable c a t i o n s . 

Water on V e r m i c u l i t e . For low water contents ( that i s , one or two 
water l a y e r s ) , the evidence f o r h i g h l y s t ruc tu r ed water i n the 
i n t e r l a y e r spaces o f smect i tes and v e r m i c u l i t e s i s most e a s i l y seen 
i n X - r ay d i f f r a c t i o n s t r u c t u r e determinat ions o f ordered hydrate 
s t r u c t u r e s such as the two-water l a y e r hydrate o f C a - v e r m i c u l i t e 
(11. 15.) and Na - ve rmicu l i t e (15., 16). 

In the C a - v e r m i c u l i t e , the i n t e r l a y e r ca lc ium ions are o f two 
types ; one with s i x water molecules i n an octahedra l arrangement, 
the other wi th e i ght water molecules arranged i n a d i s t o r t e d cube. 
The v e r m i c u l i t e l a y e r s are stacked so that the d i t r i g o n a l ho les i n 
the t e t r a h e d r a l sur face
hedra l s i t e s . The s i x - c oo rd ina t e
te t rahedra where they can most e f f e c t i v e l y compensate the charge 
d e f i c i e n c y r e s u l t i n g from the aluminum f o r s i l i c o n s u b s t i t u t i o n . In 
c o n t r a s t , the e i gh t coord inated ca lc ium ions are po s i t i oned between 
the d i t r i g o n a l ho l e s , a p o s i t i o n where they are a l so very c l o s e to 
the t e t r ahed r a l charge d e f i c i t s , the c a t i ons i n the Na - ve rmicu l i t e 
are a l l o c t ahed r a l l y coord inated by water molecules and l i e e x c l u 
s i v e l y between t e t r ahed r a l oxygens o f the adjacent l a y e r s . 

Water on Smect i tes . Compared to v e r m i c u l i t e s , smect i tes present a 
more d i f f i c u l t experimental system because o f the l ack o f s t a ck ing 
order o f the l a y e r s . For these m a t e r i a l s , the t r a d i t i o n a l technique 
o f X - r ay d i f f r a c t i o n , e i t h e r u s ing the Bragg or non-Bragg i n t e n s i 
t i e s , i s o f l i t t l e use . Spect roscop ic techniques , e s p e c i a l l y n u c l e 
ar magnetic resonance and i n f r a r e d , as we l l as neutron and X - r ay 
s c a t t e r i n g have provided d e t a i l e d in fo rmat ion about the p o s i t i o n o f 
the water molecules , the dynamics o f the water molecule motions, and 
the c o o r d i n a t i o n about the i n t e r l a y e r c a t i o n s . 

As an example, i n f r a r e d spectroscopy has shown that the lowest 
s t ab l e hydra t i on s t a t e f o r a L i - h e c t o r i t e has a s t r u c t u r e i n which 
the l i t h i u m c a t i o n i s p a r t i a l l y keyed i n to the d i t r i g o n a l hole of 
the h e c t o r i t e and has 3 water molecules coo rd ina t ing the exposed 
part o f the c a t i o n i n a t r i a n g u l a r arrangement (17 ), as proposed i n 
the model o f Mamy (13). The water molecules e x h i b i t two k inds o f 
motion; a slow r o t a t i o n o f the whole hyd ra t i on sphere about an ax i s 
through the t r i a n g l e o f the water molecules , and a f a s t e r r o t a t i o n 
o f each water molecule about i t s own Cp ax i s (18). A s i m i l a r 
s t r u c t u r e f o r adsorbed water at low water contents has been observed 
fo r C u - h e c t o r i t e , Ca - benton i t e , and C a - v e r m i c u l i t e (17). 

M u l t i l a y e r Adsorpt ion o f Water. As the amount o f water i n the c l a y 
inc reases over that needed f o r a one - or two- layer hydrate , the 
study o f the p rope r t i e s o f the water becomes exper imenta l ly more 
d i f f i c u l t . Th i s i s important because i t i s on ly a t water contents 
i n excess o f the two- layer hydrate that a c o n f l i c t a r i s e s between 
the short - range and long-range i n t e r a c t i o n models. In support o f 
the short - range model, two s tud i e s are noteworthy. A smal l angle 
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X- ray d i f f r a c t i o n study o f c l ay -wate r g e l s (19) has shown that there 
are s t rong i n t e r a c t i o n s between the c l a y sur faces and t h e i r adsorbed 
ions and water molecules , but these i n t e r a c t i o n s e x i s t on ly over 
short d i s t a n c e s . An e n t i r e l y d i f f e r e n t approach has been taken by 
F r i p i a t et a l . (5.). They examined c l ay -wate r mixtures over a wide 
range o f c l a y concent ra t ions u s ing k a o l i n i t e and smect i t e s . For 
microscop ic water p r o p e r t i e s , the nuc lear magnetic resonance r e l a x 
a t i o n time fo r hydrogen and deuterium were measured. The macroscop
i c p r ope r t i e s were determined by measuring the heats o f wett ing o f 
p r ev i ous l y e q u i l i b r a t e d c lay -water mixtures . Both experimental 
techniques , opera t ing on very d i f f e r e n t time s c a l e s , showed that the 
number o f water l a y e r s in f luenced by the c l a y was l e s s than 5, with 
an average f o r a l l samples o f 3.4 l a y e r s . Th is g i ve s an average 
th ickness o f about 10 A f o r the perturbed water. 

The view that the c l a y sur face perturbs water molecules at 
d i s t ances we l l i n excess o f 10 A has been l a r g e l y based on measure
ments o f thermodynamic p rope r t i e s o f the adsorbed water as a f unc 
t i o n o f the water conten
extens ive l i t e r a t u r e on
Low (6_). The p rope r t i e s examined are , among o the r s , the apparent 
s p e c i f i c heat c a p a c i t y , the p a r t i a l s p e c i f i c volume, and the appar
ent s p e c i f i c e x p a n s i b i l i t y (6_). These measurements were made on 
samples prepared by mixing predetermined amounts o f water and smec
t i t e to achieve the des i r ed number o f adsorbed water l a y e r s . The 
number o f water l a ye r s adsorbed on the c l a y i s der ived from the 
amount o f water added to the c l a y and the sur face area o f the c l a y . 

The va lue o f the thermodynamic property i n quest ion i s the d i f 
ference i n va lues f o r the c l ay -wate r sample and the same measurement 
on an equ iva lent amount o f pure, anhydrous c l a y (6.). Th is procedure 
i nvo l ve s two assumptions: 1) the added water i s un i fo rmly adsorbed 
on a l l c l a y l a y e r s , and 2) the thermodynamic p r ope r t i e s of the c l a y 
i t s e l f do not change when the c l a y expands and i s i n t e r c a l a t e d by 
water molecules . 

The assumption that the water i s adsorbed i n uniform l a y e r s on 
a l l the c l a y sur faces f o r a wide range o f mixtures has been c r i t i 
c i z e d (5., 20 ). The argument i s that the i n d i v i d u a l c l a y p a r t i c l e s 
i n the c l ay -water mixture do not expand beyond a c e r t a i n d i s tance 
rega rd l e s s o f the quant i ty o f water which i s added. The c l a y l a y e r s 
group themselves i n t o t a c t o i d s r e s u l t i n g i n two popu lat ions o f 
water; those molecules which are found between the t a c t o i d s and 
those d i r e c t l y perturbed by the c l a y l a y e r s . I f t r u e , t h i s would 
i n v a l i d a t e the procedure used to c a l c u l a t e the thermodynamic p roper 
t i e s o f the adsorbed water. However, other workers have repor ted 
complete de laminat ion o f c e r t a i n smect i tes (21, 22) . I t i s not 
c l e a r under what cond i t i ons t a c t o i d s w i l l form, or not , and t h i s 
unce r t a in ty i s under l ined i n (21) (see remarks by Nadeau and 
F r i p i a t , pages 146-147). 

The v a l i d i t y o f the assumption that the va r i ous thermodynamic 
p rope r t i e s o f the smect i te remain i n v a r i a n t , r ega rd l e s s o f the s t a t e 
o f hyd ra t i on , has been addressed i n d e t a i l by Spos i to and Prost (JJ · 
They po in t out that one would, f o r example, expect h y d r o l y s i s o f the 
c l a y to occur at h igh water contents , and a l s o , i t i s l i k e l y that 
the exchangeable c a t i ons w i l l change t h e i r s p a t i a l r e l a t i o n s h i p wi th 
the c l a y l a y e r s . Thus, the der ived thermodynamic p rope r t i e s o f the 
adsorbed water would not represent c o r r e c t va lues . 
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F i n a l l y , the whole concept o f us ing macroscopic ( i . e . thermody
namic) p rope r t i e s to de r i ve a microscop ic p i c t u r e o f the adsorbed 
water i s open to ques t ion (£ , 8.). 

I t i s d i f f i c u l t to r e c o n c i l e these very d i f f e r e n t views o f the 
i n t e r a c t i o n o f water and c l a y sur faces . Spos i to (8.) has attempted 
t h i s . He po in t s out that the thermodynamic p rope r t i e s have an 
e s s e n t i a l l y i n f i n i t e time s c a l e , whereas the spec t roscop ic measure
ments look a t some v a r i a n t o f the v i b r a t i o n a l o r a predecessor o f 
the d i f f u s i o n a l s t r u c t u r e o f water. I t i s po s s i b l e that the thermo
dynamic p rope r t i e s r e f l e c t a number o f cooperat ive i n t e r a c t i o n s 
which can be seen on ly on a very long time s c a l e . S t i l l , the X - r ay 
d i f f r a c t i o n s tud i e s seemingly a l so operate on as long a time sca l e 
as the thermodynamic p r o p e r t i e s . There i s s t i l l not a c l e a r cho ice 
between the short - range and long-range i n t e r a c t i o n models. 

Experimental Stud ies o f Water on K a o l i n Minera l s 

In gene ra l , the 2:1 c l ay
study the i n t e r a c t i o n o
v a r i a b l e composit ions and t h e i r s t ruc tu r e s are poor ly understood. 
Water occurs i n s eve ra l d i f f e r e n t environments: z e o l i t i c water i n 
the i n t e r l a y e r r eg ions , water adsorbed on the ex te rna l sur faces o f 
the c r y s t a l l i t e s , water coo rd ina t ing the exchangeable c a t i o n s , and, 
o f t en , as pore water f i l l i n g vo ids between the c r y s t a l l i t e s . Thus, 
there are many v a r i a b l e s and the e f f e c t s o f each on the p rope r t i e s 
o f water are d i f f i c u l t to separate . 

In view o f the problems assoc ia ted with the expanding 2:1 c l a y s , 
the smect i tes and v e r m i c u l i t e s , i t seemed de s i r a b l e to use a d i f f e r 
ent c l a y minera l system, one i n which the i n t e r a c t i o n s o f sur face 
adsorbed water are more e a s i l y s tud i ed . An obvious candidate i s the 
hydrated form of h a l l o y s i t e , but s tud i e s of t h i s minera l have shown 
that h a l l o y s i t e s a l so su f f e r from an equa l l y i n t r a c t a b l e set o f 
d i f f i c u l t i e s (J_0). These are p r i n c i p a l l y the poor c r y s t a l l i n i t y , 
the nece s s i t y to mainta in the c l a y i n l i q u i d water i n order to 
prevent l o s s o f the sur face adsorbed ( i n t e r ca l a t ed ) water, and the 
h i g h l y v a r i a b l e morphology o f the c r y s t a l l i t e s . I t seemed to us 
p re fe rab le to s t a r t with a chemica l l y pure, w e l l - c r y s t a l l i z e d , and 
well-known c l a y minera l ( k a o l i n i t e ) and to increase the normal ly 
smal l sur face area by i n s e r t i n g water molecules between the l a y e r s 
through chemical treatment. Thus, the water would be i n contact 
with both sur faces o f every c l a y l a y e r i n the c r y s t a l l i t e s r e s u l t i n g 
i n an e f f e c t i v e sur face area fo r water adsorpt ion o f approximately 
1000 m g . The syn the t i c k a o l i n i t e hydrates that r e su l t ed from 
t h i s work are nea r l y i d e a l mate r i a l s fo r s tud i e s o f water adsorbed 
on s i l i c a t e su r f aces . 

K a o l i n M ine ra l s . The 1:1 s t r uc tu r e s inc lude a group o f a lumino
s i l i c a t e minera l s which are termed c o l l e c t i v e l y the k a o l i n mine ra l s ; 
s p e c i f i c a l l y these are k a o l i n i t e , d i c k i t e , n a c r i t e , and h a l l o y s i t e . 
The bas i c 1:1 l aye r f o r a l l o f these minera ls has the composit ion 
A l 2 S i 2 0 5 ( 0 H ) ] . ; there i s a smal l amount o f s u b s t i t u t i o n o f i r o n f o r 
aluminum, ana f l u o r i d e fo r hydroxyl i o n . A l l , except h a l l o y s i t e , 
are normal ly anhydrous and do not expand (as do the smect i tes ) upon 
exposure to water and most organic molecules . As a r e s u l t , they^ 
g ene r a l l y have a r a the r smal l sur face area , on the order o f 10 m 
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g . In s p i t e o f t h e i r r e l a t i v e l y simple composit ion and the 
abundance o f we l l cha r ac t e r i z ed samples, the smal l sur face area o f 
k a o l i n i t e and d i c k i t e has, u n t i l r e c e n t l y , e f f e c t i v e l y e l iminated 
them as candidates f o r sur face chemistry s t u d i e s . Assuming l i t t l e 
or no isomorphic s u b s t i t u t i o n , the bonding between l a y e r s i s l a r g e l y 
due to hydrogen bonds from the hydroxy ls o f one sur face to adjacent 
oxygens o f the next sur face (22, 24) . Hydrogen bonds are not 
normal ly thought o f as be ing very s t rong r e l a t i v e to i o n i c and cova -
l e n t bonds, and one might, the re fo re , expect that the l a y e r s o f the 
k a o l i n minera ls would be e a s i l y separated, at l e a s t by smal l mole
cu l e s and water. Such i s not the case f o r water, and i n t e r c a l a 
t i o n i s found to be po s s i b l e on ly f o r a r e l a t i v e l y smal l number o f 
organic molecules and s a l t s . 

The types o f organic molecules that are able to i n t e r c a l a t e the 
k a o l i n minera l s are g ene r a l l y smal l w i th l a rge d i p o l e moments. 
These inc lude hydraz ine , d imethy l su l f ox ide (DMSO), formamide and 
some d e r i v a t i v e s (N-methylformamide and dimethylformamide) , a c e t -
amide and some d e r i v a t i v e s
as potassium acetate a l s
by one o f these smal l molecules or s a l t s , other molecules which 
normal ly do not d i r e c t l y i n t e r c a l a t e k a o l i n s can be introduced by 
replacement. F u r t h e r , the exposure o f the inner sur faces by i n t e r 
c a l a t i o n g i ve s one the oppor tun i ty to a l t e r the i n t e r l a y e r bonding 
o f the k a o l i n l a y e r s by chemical m o d i f i c a t i o n o f the inner su r f aces . 

Synthes is o f K a o l i n i t e Hydrates. Our work i n s yn the s i z i ng a water -
s i l i c a t e system that has a s impler chemistry than the smect i tes or 
v e r m i c u l i t e s i s based on the concept o f reducing the t o t a l number o f 
i n t e r l a y e r hydrogen bonds by a chemical replacement o f some inner 
sur face hydroxyls by f l u o r i n e (25.). In p r i n c i p l e , one need on ly 
expand the k a o l i n i t e by i n t e r c a l a t i o n with an appropr ia te o rgan ic 
molecule and then expose the i n t e r c a l a t e d c l a y to an environment 
con ta in ing f l u o r i d e i ons . In p r a c t i c e , the organic molecule , the 
type o f f l u o r i d e s a l t added, as we l l as the time and temperature at 
each stage i n the development o f a hydrated k a o l i n i t e , p lay an 
important r o l e i n determining the success o f the synthes i s and the 
y i e l d o f hydrated c l a y . 

E a r l y work showed that a 10A hydrate , s i m i l a r to n a t u r a l l y 
hydrated h a l l o y s i t e , cou ld be synthes ized from a w e l l - c r y s t a l l i z e d 
k a o l i n i t e from Cornwa l l , England (26.). The procedure was to i n t e r 
c a l a t e the c l a y with DMSO which contained about 8% by weight o f 
water. The c l a y expanded from 7.2 A to 11 A upon i n t e r c a l a t i o n by 
DMSO. Ammonium f l u o r i d e was d i s s o l v ed i n the DMSO s o l u t i o n and, 
presumably, the f l u o r i d e d i f fu sed i n t o the i n t e r l a y e r r e g i on where 
i t r ep laced some hydroxyl groups. Th i s suspension was cont inuous ly 
s t i r r e d at 60 e C f o r per iods va ry ing from a few hours to as much as 
12 hours or more. The c l a y was then separated from the water-DMSO 
by c e n t r i f u g a t i o n and red i spersed i n d i s t i l l e d water. Th is c y c l e o f 
water washing was repeated s eve ra l times to remove i n t e r c a l a t e d DMSO 
molecules . Instead o f c o l l a p s i n g back to 7 A, the k a o l i n i t e e x h i 
b i t e d a 10 A spacing s i m i l a r to that o f a f u l l y hydrated h a l l o y -
s i t e - 1 0 A . In f rared spec t r a showed a broad absorpt ion i n the 3400-
3500 cm" r eg i on and a s i n g l e band near 1650 cm i n d i c a t i n g that 
the k a o l i n i t e was i n t e r c a l a t e d p r i m a r i l y by water. As i s the case 
wi th hydrated h a l l o y s i t e s , t h i s 10A product was not s t ab l e under 
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ambient humidity and thus was o f l i m i t e d use i n examining the p r o 
p e r t i e s o f sur face adsorbed water. 

Subsequent work showed that a m o d i f i c a t i o n o f the synthes i s 
procedure produced a 10A hydrate which, i f d r i e d c a r e f u l l y , would 
mainta in the i n t e r l a y e r water i n the absence o f excess water (21). 
Th is mate r i a l i s opt imal f o r adsorbed water s tud i e s f o r a number o f 
reasons: the parent c l a y i s a w e l l - c r y s t a l l i z e d k a o l i n i t e with a 
n e g l i g i b l e l a ye r charge, there are few i f any i n t e r l a y e r c a t i o n s , 
there i s no i n t e r f e r ence from pore water s ince the amount i s m i n i 
mal , and the i n t e r l a y e r water molecules l i e between uniform l a y e r s 
o f known s t r u c t u r e . Thus, the hydrate prov ides a u s e fu l model f o r 
s tudy ing the e f f e c t s o f a s i l i c a t e sur face on i n t e r l a y e r water. 

C h a r a c t e r i z a t i o n o f I n t e r l a v e r Water. X - r ay d i f f r a c t i o n s tud i e s o f 
the 10A hydrate show no hk l r e f l e c t i o n s i n d i c a t i n g a l a ck of 
r e g u l a r i t y i n the s t a ck ing o f the k a o l i n l a y e r s . In a d d i t i o n to the 
10A hydrate , two other l e s s hydrated k a o l i n i t e s were synthes i zed . 
Both have one molecule o
the 10A hydrate which ha
quent ly have smal le r d(001) spacings o f 8.4 and 8.6 A. The synthe 
s i s c o n d i t i o n s f o r these two hydrates are descr ibed i n ( 2 £ ) . By 
s tudying the i n t e r l a y e r water i n the 8.4 and 8.6A hydrates , i t was 
pos s i b l e to formulate a model o f the water i n the more compl icated 
10A hydrate . 

An i s o l a t e d hydroxyl group, such as i s found i n the 2:1 micas, 
absorbs i n f r a r e d r a d i a t i o n at approximately 3700 cm (28). Kao
l i n i t e i s more complex s ince there are two d i s t i n c t types of hydrox
y l groups, the s i n g l e hydroxy l a t the i n t e r f a c e between the t e t r a 
hedra l and octahedra l sheets (the inner hydroxy l ) , and three hydrox
y l s (the inner sur face hydroxyls ) which form one o f the ex te rna l 
sur faces o f the k a o l i n i t e l a y e r . Because the inner hydroxyl i s 
i s o l a t e d i t produces a s i n g l e v i b r a t i o n at approximately 3620 cm" . 
The three ex te rna l hydroxyls do not v i b r a t e independent ly ; t h e i r 
s t r e t c h i n g v i b r a t i o n s are coupled to produce seve ra l bands, none o f 
which can be r e l a t e d to a s p e c i f i c hydroxyl group (22., 10 ) . There 
are three o f these bands f o r k a o l i n i t e ; a s t rong absorpt ion at 3695 
cm" , and two much weaker absorpt ions at 3665 and 3650 c m . The 
four bands may vary i n frequency and i n t e n s i t y o f abso rp t ion from 
sample to sample. In c o n t r a s t , the v i b r a t i o n a l bands o f water 
molecules i n the s o l i d phase occur at 3350 and 3250 cm" wi th a 
bending mode at 1640 cm" (21, 2 £ ) . Hence the i n f r a r e d bands from 
the s t r u c t u r a l hydroxy ls and i n t e r c a l a t e d water do not ove r l ap . Of 
importance to the present sub ject i s the f a c t that the three bands 
corresponding to the inner sur face hydroxy ls can be used to i n f e r 
the bonding s t a t e o f molecules i n the i n t e r l a y e r r e g i on o f the 
k a o l i n i t e . I n s e r t i o n of guest molecules between the k a o l i n i t e 
l a ye r s d i s r u p t s the hydrogen bonds o f the o r i g i n a l k a o l i n i t e and 
r e s u l t s i n the formation o f new bonds with the guest molecules . 

To record the i n f r a r e d spec t r a , samples o f the parent k a o l i n i t e 
and the three hydrates were d ispersed i n a f l u o r i n a t e d hydrocarbon. 
The mul ls were squeezed between ca l c ium f l u o r i d e p l a t e s and the 
sample was p laced d i r e c t l y i n the beam of a Perk in -E lmer 683 spec 
trometer . Th i s mounting technique r e s u l t s i n a tendency f o r the 
c l a y l a y e r s to a l i g n themselves perpend icu la r to the beam of the 
spectrometer . In f rared spec t r a o f these mate r i a l s have been pub-
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l i s h e d elsewhere (22.) and there are s l i g h t d i f f e r ence s i n f requen 
c i e s (2-3 cm"" or l e s s ) and band i n t e n s i t i e s compared to the r e s u l t s 
reported here . There are s eve ra l reasons fo r these d i f f e r e n c e s : f o r 
t h i s work, we used f r e s h l y prepared hydrates which seem to g ive a 
b e t t e r s i g n a l , the sample p repa ra t ion f o r the i n f r a r e d spectrometer 
has improved over our o r i g i n a l work, and the present spec t r a were 
run i n the absorbance r a the r than i n the t ransmiss ion mode. 

The spec t r a o f the hydrated k a o l i n i t e s (F igure 2A, 2B, 2C) d i f 
f e r s u b s t a n t i a l l y from each other and a l so from the parent k a o l i n i t e 
(F igure 2D). The 8.4A hydrate (F igure 2A) has an ordered l a y e r 
s t a c k i n g , as shown by X - r ay d i f f r a c t i o n ( H ) . The c r y s t a l s t r u c t u r e 
shows that the water molecules are a s soc ia ted wi th and are keyed 
i n t o the d i t r i g o n a l ho les of the t e t r ahedra . The c o n d i t i o n s o f the 
8.4A synthes i s r e s u l t i n up to 20% o f the inner sur face hydroxy ls 
be ing rep laced by f l u o r i d e i o n s . Because i t seems l i k e l y that some 
o f the i n t e r l a y e r water molecules are hydrogen bonded to f l u o r i d e 
i ons o f the adjacent l a y e r , at l e a s t two hydrogen bond schemes can 
be env i s i oned : one wher
t e t r ahed ra l sheet ; the othe
one l a y e r and a f l u o r i d e o f the other l a y e r (or , p o s s i b l y , to two 
f l u o r i d e s o f the same l a y e r ) . Hydrogen bonds to f l u o r i d e are no r 
ma l ly s t ronger than s i m i l a r bonds to oxygen so one would expect to 
see separate absorpt ion bands i n the i n f r a r e d spectrum of the 8.4A 
hydrate i f there are s u b s t a n t i a l numbers o f water molecules bonding 
to f l u o r i d e (27). 

In con t r a s t to the 8.4A hydrate , the 8.6A hydrate (F igure 2B) 
has on ly a minor amount o f replacement o f f l u o r i d e f o r hydroxy l ions 
and a n o n - c r y s t a l l i n e cha r ac t e r , l i k e the 10A hydrate . Comparison 
o f the i n f r a r e d spec t r a o f the 8.4 and 8.6A hydrates (F igures 2A, 
2B) does indeed show more bands f o r the former i n the r eg i on between 
3600 and 3200 c m , i n agreement with the argument s tated above. In 
the bending mode r e g i on , the 8.4A hydrate has two c l e a r l y separated 
bands, as one would expect f o r water hydrogen bonded to oxygen (1645 
cm" 1 ) and a l so hydrogen bonded to f l u o r i d e (1590 c m ) . In c o n 
t r a s t , the 8.6A hydrate has a s i n g l e band at 1653 cm" . 

Because the inner hydroxyl i s bur ied i n the k a o l i n i t e l a y e r and 
i s not perturbed s u b s t a n t i a l l y by i n t e r c a l a t i o n , i t s v i b r a t i o n , a t 
3620 cm" , i s common to a l l four c l a y s i n F i gu r e 2. The 8.4A 
hydrate has two high frequency bands above 3620 cm" ; 3690 and 3650 
c m . S i m i l a r bands are ev ident i n the 8.6A hydrate a lthough t h e i r 
i n t e n s i t i e s are somewhat d i f f e r e n t . Below 3620 c m , the 8.4A 
hydrate has smal l bands at 3584 and 3538 cm" and l a r g e r bands at 
3443 and 3340 cm" . The l a t t e r two do not appear i n the spectrum o f 
the 8.6A hydrate and have been assigned to hydrogen bonding from 
water molecules to f l u o r i d e . Bands s i m i l a r to the 3584 and 3538 
cm bands o f the 8.4A hydrate appear i n the 8.6A hydrate spectrum, 
but s h i f t e d s l i g h t l y to 3595 and 3547 c m . The c l o s e match between 
these comparable bands at f requenc ies above 3500 cm" i n the two 
hydrates i s good evidence that these are due to hydroxyls and water 
molecules i n s i m i l a r environments. The water molecules attached to 
the d i t r i g o n a l holes have been termed "ho l e water" (22.). These 
represent a d i scont inuous monolayer o f water adsorbed onto a s i l i 
cate sur face (33.). Weight l o s s measurements (22.) show that there 
are as many water molecules as there are d i t r i g i o n a l ho l e s . 

Comparison o f the bands at f requencies above 3500 cm f o r the 
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F i gu re 2. In f rared absorpt ion spec t r a o f the 8.4A hydrate (A), 
the 8.6A hydrate (B), the 10A hydrate (C) , and the o r i g i n a l 
k a o l i n i t e used to synthes ize the three hydrates (D). 
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10A hydrate spectrum with the other two hydrates shows that the 
genera l features are s i m i l a r ; the 10A hydrate has two bands at 3585 
and 3548 cm" from hole water v i b r a t i o n modes, and the high f requen
cy bands above 3620 cm" have features which are g r o s s l y s i m i l a r to 
those i n the 8.6A hydrate . The s i m i l a r i t y i n bands between 3600 and 
3500 cm f o r the 10A and 8.6A hydrates i n d i c a t e s the ex i s tence o f 
hole water i n the former. Below 3500 cm" , the 10A hydrate , i n 
common with hydrated h a l l o y s i t e s , shows a very broad absorpt ion c e n 
tered approximately at 3250 c m . Th i s f eature i s absent from the 
two other hydrates and from the k a o l i n i t e . Th i s absorpt ion f a l l s i n 
the range o f l i q u i d water and has been assigned to the e x t r a water 
introduced to expand the hydrated c l a y from 8.4/8.6A to 10A. Thus, 
the i n f r a r e d spec t r a along with the observed inc rease i n l a y e r 
th i ckness from roughly 8.4 to 10 A, and the dehydrat ion data (5., 
27) i n d i c a t e that when a d ihydra te i s formed, h a l f the water (hole 
water) i s attached to the d i t r i g o n a l ho les o f the s i l i c a t e sur face 
whi le the other h a l f occupies other s i t e s at a g r ea te r d i s t ance from 
the s i l i c a t e su r f ace . Lack in
hydrate , we cannot d i r e c t l
l a y e r o f water molecules . We do know that they must occupy s i t e s 
other than the d i t r i g o n a l ho les because these are complete ly f i l l e d 
by hole water ( £ ) . To d i s t i n g u i s h the two types o f water, the 
non-hole water i s termed " a s soc i a t ed water" . 

Heat Capac i ty Measurements and I n t e r l a v e r Water S t r u c t u r e . The heat 
c a pac i t y o f the i n t e r l a y e r water has been measured f o r the 10A, 
8.6A, and 8.4A hydrates between 110 and 275 Κ (24) and provides an 
important c lue i n determining the s t r u c t u r e o f the assoc ia ted water 
molecules . At a l l temperatures, the Cp f o r the i n t e r l a y e r water i n 
the 8.4A and 8.6A hydrates was not s i g n i f i c a n t l y d i f f e r e n t from 
publ i shed va lues f o r i c e . The water i n the 10A hydrate dev iated 
from the i c e va lues at roughly 160 Κ and the d e v i a t i o n increased as 
the temperature r o se . A sharp peak i n the Cp began at roughly 240 Κ 
and ended near the me l t ing po in t o f i c e (F igure 3 ) . The i n i t i a l 
departure o f the Cp from i c e va lues co inc ided wi th an inc rease i n 
the proton NMR s i g n a l (25.). Th i s behavior suggests that at very low 
temperatures, the water molecules occupy r e l a t i v e l y s t a t i c p o s i t i o n s 
i n the i n t e r l a y e r r e g i on . The i c e - l i k e Cp of the hole water 
throughout the temperature range i nve s t i g a t ed i s i n agreement wi th 
the suppos i t i on descr ibed e a r l i e r that the hole water i s r e l a t i v e l y 
s t r o n g l y bonded to the d i t r i g o n a l ho les and remains f i x e d . The peak 
i n the Cp then must i nvo l ve p r i m a r i l y the assoc ia ted water mole
c u l e s . 

Examination o f a p r o j e c t i o n o f the t e t r ahed r a l sur face o f the 
k a o l i n l a ye r shows a pseudo-hexagonal arrangement o f oxygen atoms 
(F igure 4 ) . When a l l the d i t r i g o n a l s i t e s are occupied by hole 
water (open c i r c l e s i n the f i g u r e ) , i t can be seen that they are 
approximately 5 A apart (F igure 4A). Hence, there i s no p o s s i b i l i t y 
o f hydrogen bonding between hole water molecules i n e i t h e r the 8.4A 
and 8.6A hydrates . The assoc ia ted water molecules ( f i l l e d c i r c l e s 
i n the f i gu re ) can be added i n two d i f f e r e n t ordered arrangements, 
one o f which i s shown i n F i gu r e 4. In e i t h e r arrangement, the d i s 
tance between assoc ia ted and hole water molecules i s on the order o f 
3 A, a reasonable d i s t ance f o r hydrogen bonding to occur between 
hole water and assoc ia ted water. These hydrogen bonds from a s s o c i -
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F i g u r e 3 . T h e h e a t c a p a c i t y ( C p ) f o r t h e w a t e r i n t e r c a l a t e d 
b e t w e e n t h e l a y e r s o f k a o l i n i t e i n t h e 1 0 A h y d r a t e . S t a n d a r d 
v a l u e s f o r i c e a n d l i q u i d w a t e r a r e a l s o s h o w n . T h e h e a t c a p a c i t y 
o f t h e i n t e r c a l a t e d w a t e r w a s m e a s u r e d u s i n g t h e p r o c e d u r e 
d e s c r i b e d i n R e f e r e n c e 2 . 

F igu re 4. A schematic r ep re sen ta t i on o f the t e t r ahed r a l sur face 
o f k a o l i n i t e ( t r i ang l e s ) showing the p o s i t i o n o f the hole water 
molecules (open c i r c l e s ) keying i n t o the d i t r i g o n a l ho l e s . The 
assoc ia ted water ( f i l l e d c i r c l e s i n A) molecules are arranged i n 
an ordered pa t t e rn which e x i s t s at low temperatures. D i so rder i n 
the assoc ia ted water ( f i l l e d c i r c l e s i n B) i s created by i n c r e a s 
i ng the temperature. 
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ated water to hole water are s t ronger than the bonds from the hole 
water to the d i t r i g o n a l oxygens as shown by the lower i n f r a r ed 
abso rp t ion f requenc ies o f the former. As the temperature r i s e s , the 
model suggests that a few assoc ia ted water molecules become mobi le . 
Those which have s u f f i c i e n t k i n e t i c energy can jump to the vacant 
s i t e s o f the a l t e r n a t e c o n f i g u r a t i o n (as i n F igure 4B). Th i s d i s 
rupts the o r d e r l y hydrogen bond scheme which e x i s t s at lower temper
atures and makes i t e a s i e r f o r other assoc ia ted molecules to jump. 
As the temperature cont inues to r i s e , t h i s jumping between the two 
c o n f i g u r a t i o n s , s i m i l a r to me l t ing , leads to the peak i n Cp with a 
maximum at about 270 Κ (F igure 3 ) . In summary, the model suggests 
that the water i n d i r e c t contact with the minera l sur face (hole 
water) i s s t r ong l y bonded to the s i l i c a t e l a y e r . The second l a y e r 
o f water ( assoc ia ted water) behaves very d i f f e r e n t l y because i t has 
few i f any hydrogen bonds d i r e c t l y to the s i l i c a t e l a y e r . 

A p p l i c a t i o n o f Resu l t s to other S i l i c a t e Minera l s 

Our model f o r the adsorpt io
a system with few i f any i n t e r l a y e r c a t i o n s . However, i t s t r o n g l y 
resembles the model proposed by Mamy (13) f o r smect i tes with 
monovalent i n t e r l a y e r c a t i o n s . The presence o f d i v a l e n t i n t e r 
l a y e r c a t i o n s , as shown by s tud i e s o f smect i tes and v e r m i c u l i t e s , 
should r e s u l t i n a s t rong s t r u c t u r i n g o f t h e i r primary hydra t i on 
sphere and probably the next nearest neighbor water molecules as 
w e l l . I f the concent ra t i on o f the d i v a l e n t ca t i ons i s low, then the 
water i n i n t e r l a y e r space between the d i v a l e n t c a t i o n s w i l l c o r r e 
spond to the present model. On the other hand, i f the concen t r a t i on 
o f d i v a l e n t c a t i o n s approaches the number o f d i t r i g o n a l s i t e s , t h i s 
model w i l l not be a p p l i c a b l e . Such a s i t u a t i o n would on ly be found 
i n concentrated e l e c t r o l y t e s o l u t i o n s . 

In d i s c u s s i n g the a p p l i c a b i l i t y o f the present model to s i l i 
ca te minera ls i n g ene ra l , there are two c o n s i d e r a t i o n s : to what 
extent do the exposed sur faces o f a g i ven s i l i c a t e minera l mimic the 
d i t r i g o n a l holes o f the c l a y mine ra l s , and, dur ing chemical weather
i n g , i s the s i l i c a t e minera l d i r e c t l y exposed to the aqueous phase 
or i s there an i n t e rven ing phase o f d i f f e r e n t s t r u c t u r e and composi 
t i on? The f i r s t po int i s f a i r l y e a s i l y determined by i n s p e c t i o n o f 
the c r y s t a l s t r uc tu r e s o f the major s i l i c a t e groups. N e s o s i l i c a t e s 
( i s o l a t e d tetrahedra ) and the s o r o s i l i c a t e s (double tetrahedra ) have 
l i t t l e resemblance to the s t r u c t u r e o f the c l a y mine ra l s , the i n o -
s i l i c a t e s ( s i ng l e and double chains ) which have corner shared t e t r a 
hedra are s i m i l a r , p a r t i c u l a r l y the double cha ins , p h y l l o s i l i c a t e s 
(sheet s t ruc tu res ) c l e a r l y are s i m i l a r , and the t e k t o s i l i c a t e s may 
or may not be s i m i l a r , depending on the ex te rna l sur faces exposed to 
the aqueous phase. To the extent that the minera l s are s i m i l a r , one 
would expect the model to app ly . I t i s w e l l known that d i s s o l u t i o n 
o f s i l i c a t e s , p a r t i c u l a r l y the compos i t i ona l l y complex ones such as 
the f e l d s p a r s , i s o f ten incongruent and that p r e c i p i t a t e d product 
may coat the minera l su r f aces . These coat ings may be ( compos i t ion -
a l l y or s t r u c t u r a l l y ) s i m i l a r to c l a y minera ls or r e l a t e d l a y e r 
s t r u c t u r e s ( k a o l i n i t e , smect i t e , boehmite) , and under these c o n d i 
t i o n s , the model f o r adsorbed water may a l s o be very good. L i t t l e 
i s known i n d e t a i l about the amorphous phases which form at the 
i n t e r f a c e between s i l i c a t e minera ls and the aqueous phase, and the 
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model must be used wi th c au t i on f o r minera ls other than p h y l l o s i l i -
c a t e s . 

Summary 

An understanding o f much o f aqueous geochemistry r equ i r e s an a ccu 
r a t e d e s c r i p t i o n o f the water -minera l i n t e r f a c e . Water molecules i n 
contact w i th , or c l o s e t o , the s i l i c a t e sur face are i n a d i f f e r e n t 
environment than molecules i n bulk water, and i t i s g e n e r a l l y agreed 
that these adsorbed water molecules have d i f f e r e n t p rope r t i e s than 
bulk water. Because t h i s i n t e r f a c i a l contact i s so important , the 
adsorbed water has been ex t ens i v e l y s t ud i ed . S p e c i f i c a l l y , two 
major quest ions have been examined: 1) how do the p r o p e r t i e s o f 
sur face adsorbed water d i f f e r from bulk water, and 2) to what d i s 
tance i s water perturbed by the s i l i c a t e sur face? These are d i f f i 
c u l t quest ions to answer because the i n t e r f a c i a l r e g i on normal ly i s 
a very smal l p o r t i o n o f the water -minera l system. To increase the 
p ropo r t i on o f sur face t
t h e i r l a rge s p e c i f i c sur fac
mental m a t e r i a l s . 

Based on the study o f expanding c l a y mine ra l s , two models o f 
water adsorbed on s i l i c a t e sur faces have been proposed. One s t a t e s 
that on ly a few l a ye r s (<5) o f water are perturbed by the s i l i c a t e 
su r f ace , the other concludes that many l a y e r s (perhaps 10 times that 
number) are i n v o l v e d . The complexity o f the i n t e r a c t i o n s which 
occur between water molecules , sur face adsorbed i ons , and the atoms 
o f the s i l i c a t e minera l make i t very d i f f i c u l t to unequ ivoca l l y 
determine which i s the c o r r e c t view. Both models agree that the 
f i r s t few water l a ye r s are most perturbed , yet ne i the r has presented 
a c l e a r p i c t u r e o f the s t r u c t u r e o f the adsorbed water, nor i s much 
known about the bonding of the water molecules to the s i l i c a t e 
sur face and to each o the r . 

Our approach has been to study a very simple c l ay -wate r system 
i n which the major i ty o f the water present i s adsorbed on the c l a y 
su r f aces . By appropr ia te chemical treatment, the c l a y minera l kao 
l i n i t e w i l l expand and incorpora te water molecules between the l a y 
e r s , y i e l d i n g an e f f e c t i v e sur face area o f approximately 1000 m 
g " . Synthet i c k a o l i n i t e hydrates have s eve ra l advantages compared 
to the expanding c l a y s , the smect i tes and v e r m i c u l i t e s : they have 
very few impur i ty i ons i n t h e i r s t r u c t u r e , few, i f any, i n t e r l a y e r 
c a t i o n s , the s t r u c t u r e o f the sur faces i s reasonably we l l known, and 
the major i ty o f the water present i s d i r e c t l y adsorbed on the kao 
l i n i t e sur faces . 

By combining experimental r e s u l t s from i n f r a r e d spectroscopy , 
X - r ay d i f f r a c t i o n , thermal a n a l y s i s , and heat c apac i t y measurements, 
a model f o r the s t r u c t u r e o f the water molecules adsorbed on the 
k a o l i n i t e sur faces has been developed. Based on t h i s s t r u c t u r e , 
reasonable in fe rences can be made about the bonding o f the water 
molecules and t h e i r behavior at d i f f e r e n t temperatures. The k a o l i n 
i t e l a y e r i s po l a r , having one sur face formed by hydroxy ls c o o r d i n a 
t i n g aluminum and the other by oxygens bonded t e t r a h e d r a l l y to s i l i 
con. The l a t t e r sur face conta ins c a v i t i e s which we r e f e r to as 
d i t r i g o n a l ho l e s . I t i s i n t o these c a v i t i e s that the f i r s t i n t e r 
ca l a ted water molecules f i t . These water molecules (hole water i n 
our terminology) hydrogen bond, i n a d i so rde red manner, d i r e c t l y to 
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the oxygens forming the d i t r i g o n a l ho l e . The d i s t ances between the 
hole water molecules are too great (about 5 A) fo r there to be any 
d i r e c t bonding among them. In one of our syn the t i c hydrates (with 
d(001) = 8.6 A) , t h i s i s e s s e n t i a l l y the on ly type o f water present . 
Once the d i t r i g o n a l holes o f the k a o l i n i t e l a ye r s are f u l l y f i l l e d , 
a d d i t i o n a l water occupies p o s i t i o n s between the hole water mole
c u l e s . Since the hole water keys i n t o the d i t r i g o n a l ho les , the 
other water molecules ( assoc ia ted water i n our terminology) are at a 
s l i g h t l y g reate r d i s tance from the s i l i c a t e sur face . Complete f i l l 
i ng o f the i n t e r l a y e r r eg i on by hole and assoc ia ted water occurs i n 
a s yn the t i c hydrated k a o l i n i t e with d(001) = 10 A. The assoc ia ted 
water i s not d i r e c t l y bonded to the oxygens o f the s i l i c a t e t r a h e 
dra ; i n s t e a d , i t hydrogen bonds to other water molecules and to the 
hydroxyl sur faces which form the other boundary o f the i n t e r l a y e r 
r eg i on . 

At very low temperatures, the two types o f water occupy ordered 
p o s i t i o n s s i m i l a r to the oxygen p o s i t i o n s i n i c e . Increas ing the 
temperature r e s u l t s i n
l a r g e r number o f po s s i b l
manner. The change from an ordered to a d isordered arrangement i s 
r e f l e c t e d i n a maximum i n the heat c apac i t y near 270 Κ. At room 
temperature, the assoc ia ted water molecules are r e l a t i v e l y mobi le , 
much more mobile than the hole water. Dehydrat ion at temperatures 
j u s t above ambient c ond i t i on s r e s u l t s i n near ly t o t a l l o s s o f asso 
c i a t e d water and r e t e n t i o n o f the hole water. The very d i f f e r e n t 
p rope r t i e s o f the hole and assoc ia ted water, which are at s l i g h t l y 
d i f f e r e n t d i s t ances from the minera l sur face , suggest that the 
per turb ing e f f e c t o f the s i l i c a t e sur face decreases very r a p i d l y 
with d i s tance from the sur f ace . I f that i s t rue , then i t i s d i f f i 
c u l t to see how the s i l i c a t e sur face cou ld perturb water molecules 
which are more than 10 A from the su r f ace . 

To the extent that the sur faces o f the k a o l i n i t e l a ye r s resem
b l e the sur faces o f other s i l i c a t e mine ra l s , the s t r u c t u r e o f the 
adsorbed hole and assoc ia ted water can serve as a use fu l model. To 
determine the a p p l i c a b i l i t y o f our model to a s p e c i f i c m ine r a l , i t 
w i l l be necessary to know i n some d e t a i l the s t r u c t u r e o f the e x t e r 
na l sur faces o f that m ine ra l . 
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Reactions at the Oxide-Solut ion Interface: 
Chemical and Electrostatic Models 

John C. Westall 

Department of Chemistry, Oregon State University, Corvallis, OR 97331 

Surface complexation models for the oxide-electrolyte 
interface are reviewed: two models for surface 
hydrolysis reaction  considered (diproti  surfac
groups and monoproti
for the electri  laye  (Helmholtz, 
Gouy-Chapman, Stern, and triple layer). Methods which 
have been used for determining thermodynamic constants 
from experimental data for surface hydrolysis 
reactions are examined critically. One method of 
linear extrapolation of the logarithm of the activity 
quotient to zero surface charge is shown to bias the 
values which are obtained for the intrinsic acidity 
constants of the diprotic surface groups. The 
advantages of a simple model based on monoprotic 
surface groups and a Stern model of the electric 
double layer are discussed. The model is physically 
plausible, and mathematically consistent with 
adsorption and surface potential data. 

Any complete mechanistic description of chemical reactions at the 
oxide-aqueous electrolyte interface must include a description of 
the electrical double layer. While this fact has been recognized 
for years, a satisfactory description of the double layer at the 
oxide-electrolyte interface stil l does not exist. 

Part of the difficulty of characterizing this interface stems 
from the fact that oxide surfaces, particularly those encountered in 
geochemistry, are very irregular; many different microcrystalline 
structures, which exhibit quite different chemical properties, are 
exposed to the solution. Thus examination of the surface by 
virtually any experimental method yields only averaged 
characteristics of the surface and the interface. Parsons (1) has 
discussed the surface chemistry of single crystals of pure metals, 
and has shown that the potential of zero charge of different crystal 
faces of the same pure metal can differ by over 400 mV. For an 
oxide surface, this difference would be energetically equivalent to 
a variation in the pH of zero protonic charge (pHZpC) of more than 
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s i x p H u n i t s . T h i s e x a m p l e i n d i c a t e s t h a t a n o b s e r v a b l e m a c r o s c o p i c 
p r o p e r t y o f a p o l y c r y s t a l l i n e s u r f a c e m i g h t b e t h e r e s u l t o f a 
c o m b i n a t i o n o f w i d e l y d i f f e r e n t m i c r o s c o p i c p r o p e r t i e s , a n d t h a t 
c h a r a c t e r i z a t i o n s o f t h e s e s u r f a c e s w i l l r e m a i n s o m e w h a t o p e r a t i o n a l 
i n n a t u r e . 

A n o t h e r f u n d a m e n t a l p r o b l e m e n c o u n t e r e d i n c h a r a c t e r i z i n g 
r e a c t i o n s a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e i s t h e c o u p l i n g b e t w e e n 
e l e c t r o s t a t i c a n d c h e m i c a l i n t e r a c t i o n s , w h i c h m a k e s i t d i f f i c u l t t o 
d i s t i n g u i s h t h e e f f e c t s o f o n e f r o m t h e e f f e c t s o f t h e o t h e r . 
W e s t a l l a n d H o h l ( 2 ) h a v e s h o w n t h a t m a n y m o d e l s f o r r e a c t i o n s a t 
t h e o x i d e - e l e c t r o l y t e i n t e r f a c e a r e i n d e t e r m i n a t e i n t h i s r e g a r d . 

M a n y o f t h e s t u d i e s , f r o m w h i c h o u r c u r r e n t u n d e r s t a n d i n g o f 
r e a c t i o n s a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e h a s d e v e l o p e d , w e r e 
b a s e d o n t i t r a t i o n s o f c o l l o i d a l s u s p e n s i o n s o f o x i d e s . T h e k e y t o 
r e s o l v i n g q u e s t i o n s l e f t o p e n b y t h i s w o r k l i e s i n t h e s t u d y o f 
b e t t e r d e f i n e d o x i d e s u r f a c e s , t h e e x a m i n a t i o n o f a p a r t i c u l a r 
i n t e r f a c e b y m a n y d i f f e r e n t e x p e r i m e n t a l m e t h o d s , a n d t h e 
d e v e l o p m e n t o f m a t h e m a t i c a

T h i s p a p e r i s b a s e
a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e g a i n e d t h r o u g h t h e s t u d y o f 
c o l l o d i a l s u s p e n s i o n s o f o x i d e s . F r o m t h e p o i n t o f v i e w o f t h e 
g e o c h e m i s t , t h e s e s u s p e n s i o n s o f p u r e o x i d e s a r e p r i s t i n e s y s t e m s , 
i n t e r e s t i n g , b u t p e r h a p s o f o n l y m a r g i n a l r e l e v a n c e t o 
g e o c h e m i s t r y . T o t h e p u r e c h e m i s t , t h e s e s y s t e m s a r e a l m o s t t o o 
i l l - d e f i n e d t o w a r r a n t s e r i o u s s c i e n t i f i c c o n s i d e r a t i o n . 

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

T h e O x i d e - E l e c t r o l y t e I n t e r f a c e i n G e o c h e m i s t r y 

E m p i r i c a l M o d e l s v s . M e c h a n i s t i c M o d e l s . E x p e r i m e n t a l d a t a o n 
i n t e r a c t i o n s a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e c a n b e r e p r e s e n t e d 
m a t h e m a t i c a l l y t h r o u g h t w o d i f f e r e n t a p p r o a c h e s : ( i ) e m p i r i c a l 
m o d e l s a n d ( i i ) m e c h a n i s t i c m o d e l s . A n e m p i r i c a l m o d e l i s d e f i n e d 
s i m p l y a s a m a t h e m a t i c a l d e s c r i p t i o n o f t h e e x p e r i m e n t a l d a t a , 
w i t h o u t a n y p a r t i c u l a r t h e o r e t i c a l b a s i s . F o r e x a m p l e , t h e g e n e r a l 
F r e u n d l i c h i s o t h e r m i s c o n s i d e r e d a n e m p i r i c a l m o d e l b y t h i s 
d e f i n i t i o n . M e c h a n i s t i c m o d e l s r e f e r t o m o d e l s b a s e d o n t h e r m o 
d y n a m i c c o n c e p t s s u c h a s r e a c t i o n s d e s c r i b e d b y m a s s a c t i o n l a w s a n d 
m a t e r i a l b a l a n c e e q u a t i o n s . T h e v a r i o u s s u r f a c e c o m p l e x a t i o n m o d e l s 
d i s c u s s e d i n t h i s p a p e r a r e c o n s i d e r e d m e c h a n i s t i c m o d e l s . 

E m p i r i c a l m o d e l s a r e o f t e n m a t h e m a t i c a l l y s i m p l e r t h a n 
m e c h a n i s t i c m o d e l s , a n d a r e s u i t a b l e f o r c h a r a c t e r i z i n g s e t s o f 
e x p e r i m e n t a l d a t a w i t h a f e w a d j u s t a b l e p a r a m e t e r s , o r f o r 
i n t e r p o l a t i n g b e t w e e n d a t a p o i n t s . O n t h e o t h e r h a n d , m e c h a n i s t i c 
m o d e l s c o n t r i b u t e t o a n u n d e r s t a n d i n g o f t h e c h e m i s t r y a t t h e 
i n t e r f a c e , a n d a r e v e r y o f t e n u s e f u l f o r d e s c r i b i n g d a t a f r o m 
c o m p l e x m u l t i c o m p o n e n t s y s t e m s , f o r w h i c h t h e m a t h e m a t i c a l 
f o r m u l a t i o n ( i . e . , f u n c t i o n a l r e l a t i o n s h i p s ) f o r a n e m p i r i c a l m o d e l 
m i g h t n o t b e o b v i o u s . M e c h a n i s t i c m o d e l s c a n a l s o b e u s e d f o r 
i n t e r p o l a t i o n a n d c h a r a c t e r i z a t i o n o f d a t a s e t s i n t e r m s o f a f e w 
a d j u s t a b l e p a r a m e t e r s ; h o w e v e r , m e c h a n i s t i c m o d e l s a r e o f t e n 
m a t h e m a t i c a l l y m o r e c o m p l i c a t e d t h a n e m p i r i c a l r e l a t i o n s h i p s . 
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R e q u i r e m e n t s f o r a M e c h a n i s t i c M o d e l . A s i g n i f i c a n t p r o b l e m i n t h e 
u s e o f m e c h a n i s t i c m o d e l s f o r t h e d e s c r i p t i o n o f t h e 
o x i d e - e l e c t r o l y t e i n t e r f a c e i s t h e s e p a r a t i o n o f o b s e r v e d e n e r g y o f 
i n t e r a c t i o n i n t o e l e c t r o s t a t i c a n d c h e m i c a l c o m p o n e n t s . I f t h e 
s e p a r a t i o n o f e n e r g y i n t o t h e s e c o m p o n e n t s i s c o m p l e t e l y 
i n d e t e r m i n a t e , t h e a p p a r e n t m e c h a n i s t i c m o d e l m a y d e g e n e r a t e t o a n 
e m p i r i c a l m o d e l , b e i n g o f t h e c o r r e c t m a t h e m a t i c a l f o r m t o r e p r e s e n t 
t h e d a t a , b u t o f f e r i n g n o i n s i g h t i n t o t h e c h e m i c a l n a t u r e o f t h e 
i n t e r f a c e . 

I f t h e r e i s s o m u c h d i f f i c u l t y i n d i s t i n g u i s h i n g e l e c t r o s t a t i c 
a n d c h e m i c a l c o m p o n e n t s o f e n e r g y , o n e c o u l d r a i s e t h e q u e s t i o n , 
d o e s i t m a k e a n y d i f f e r e n c e ? I n p a r t i c u l a r , f o r a p p l i c a t i o n t o 
s u r f a c e c h e m i c a l r e a c t i o n s o c c u r r i n g i n g e o c h e m i s t r y , w o u l d n o t a n 
e m p i r i c a l m o d e l b e a s g o o d a s a m e c h a n i s t i c o n e ? T o a n s w e r t h e s e 
q u e s t i o n s o n e m u s t c o n s i d e r t h e t y p e s o f d a t a t o b e i n t e r p r e t e d a n d 
t h e p u r p o s e f o r w h i c h t h e m o d e l i s t o b e u s e d . 

E l e c t r o s t a t i c v s . C h e m i c a
a r e t h r e e p h e n o m e n a t o w h i c
a p p l i e d r e g u l a r l y : ( i ) a d s o r p t i o n r e a c t i o n s , ( i i ) e l e c t r o k i n e t i c 
p h e n o m e n a ( e . g . , c o l l o i d s t a b i l i t y , e l e c t r o p h o r e t i c m o b i l i t y ) , a n d 
( i i i ) c h e m i c a l r e a c t i o n s a t s u r f a c e s ( p r e c i p i t a t i o n , d i s s o l u t i o n , 
h e t e r o g e n e o u s c a t a l y s i s ) . 

T h e a d s o r p t i o n r e a c t i o n s c o n s i d e r e d i n g e o c h e m i c a l s t u d i e s 
i n c l u d e s u r f a c e h y d r o l y s i s , a d s o r p t i o n o f m e t a l i o n s b y s u r f a c e 
c o m p l e x a t i o n , a d s o r p t i o n o f a n i o n s b y l i g a n d e x c h a n g e , a n d i o n 
a s s o c i a t i o n , a s i l l u s t r a t e d i n F i g u r e 1 . T h e c h e m i c a l e n e r g y o f 
s u c h a r e a c t i o n i s o f t e n e x p r e s s e d a s t h e e q u i l i b r i u m c o n s t a n t f o r 
t h e r e a c t i o n o f a s p e c i e s i n s o l u t i o n w i t h h y d r o x y l g r o u p s o n t h e 
u n c h a r g e d s u r f a c e . 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 a s s o c i a t e d w i t h 
a d s o r p t i o n b r o a d e n t h e e n e r g y o f t h e a d s o r p t i o n r e a c t i o n f r o m a 
s i n g l e d i s c r e t e v a l u e t o a d i s t r i b u t i o n o f v a l u e s ; h o w e v e r , i t i s 
d i f f i c u l t t o k n o w h o w m u c h o f t h e b r o a d e n i n g i s a t t r i b u t a b l e t o t h e 
v a r i a t i o n i n e l e c t r o s t a t i c e n e r g y a s s o c i a t e d w i t h v a r i a t i o n i n 
s u r f a c e c h a r g e , a n d h o w m u c h t o t h e c h e m i c a l h e t e r o g e n e i t y o f t h e 
o x i d e s u r f a c e . I n p r i n c i p l e , t h e s t u d y o f a d s o r p t i o n i n 
e l e c t r o l y t e s o f d i f f e r e n t i o n i c s t r e n g t h s s h o u l d a l l o w t h e 
e l e c t r o s t a t i c a n d c h e m i c a l c o m p o n e n t s o f a d s o r p t i o n e n e r g y t o b e 
d i s t i n g u i s h e d . H o w e v e r , i n p r a c t i c e , i t i s d i f f i c u l t t o r e a c h a n 
i n d i s p u t a b l e c o n c l u s i o n f r o m t h e s e e x p e r i m e n t s , f o r r e a s o n s t o b e 
d i s c u s s e d . 

S u r f a c e e q u i l i b r i u m m o d e l s a r e a l s o a p p l i e d i n t h e s t u d y o f 
e l e c t r o k i n e t i c p h e n o m e n a , i n c l u d i n g c o l l o i d s t a b i l i t y , w h i c h i s o f 
g r e a t p r a c t i c a l i m p o r t a n c e i n g e o c h e m i s t r y , a n d e l e c t r o p h o r e t i c 
m o b i l i t y , w h i c h i s c o n v e n i e n t f o r e x p e r i m e n t a t i o n . T h e 
e l e c t r o p h o r e t i c m o b i l i t y o f a p a r t i c l e i s r e l a t e d t o t h e 
e l e c t r o s t a t i c p o t e n t i a l a t a m e a n " s l i p p i n g p l a n e " . W h e r e t h i s 
p l a n e i s l o c a t e d w i t h i n t h e s t r u c t u r a l m o d e l o f t h e i n t e r f a c e i s n o t 
c l e a r , a l t h o u g h t h e r e h a s b e e n a g r e a t d e a l o f t h o u g h t o n t h e 
s u b j e c t (2,4). F u r t h e r m o r e , e l e c t r o k i n e t i c d a t a y i e l d n o d i r e c t 
i n f o r m a t i o n o n s u r f a c e c h a r g e . T h u s , w h i l e d a t a f o r e l e c t r o k i n e t i c 
p h e n o m e n a o f f e r a d d i t i o n a l i n f o r m a t i o n o n e l e c t r i c a l e n e r g y a t t h e 
i n t e r f a c e , t h e s e d a t a a l o n e c a n n o t r e a l l y r e s o l v e t h e p r o b l e m o f 
s e p a r a t i n g e l e c t r i c a l a n d c h e m i c a l c o m p o n e n t s o f a d s o r p t i o n e n e r g y . 
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A t h i r d p h e n o m e n o n , t h e k i n e t i c s o f s u r f a c e r e a c t i o n s s u c h a s 
d i s s o l u t i o n , p r e c i p i t a t i o n , a n d s u r f a c e - c a t a l y z e d r e a c t i o n s , c o u l d 
b e a m o n g t h e m o s t s e n s i t i v e i n d i c a t o r s o f c h e m i c a l a n d e l e c t r o s t a t i c 
e n e r g i e s a t t h e s u r f a c e . C h e m i c a l e n e r g i e s a r e s p e c i f i c ( i . e . 
s h o r t - r a n g e a n d h i g h l y d e p e n d e n t o n m o l e c u l a r s t r u c t u r e ) , w h i l e 
e l e c t r o s t a t i c e n e r g i e s a r e n o t . H o w e v e r , u p t o t h e p r e s e n t , o n l y a 
v e r y f e w ( 5 ) o f t h e s t u d i e s o f t h e s e s o r t s o f r e a c t i o n s a t o x i d e 
s u r f a c e s h a v e b e e n c a s t e x p l i c i t l y i n t e r m s o f e l e c t r o c h e m i c a l 
e n e r g i e s a t t h e i n t e r f a c e . A s a b e t t e r u n d e r s t a n d i n g o f 
e l e c t r o c h e m i c a l p o t e n t i a l s a t t h e i n t e r f a c e e v o l v e s , b o t h e l e c t r i c a l 
a n d c h e m i c a l e n e r g i e s c a n b e c o n s i d e r e d i n s t u d i e s o f r e a c t i o n 
k i n e t i c s a t o x i d e s u r f a c e s . A t s o m e p o i n t i n t h e f u t u r e , i t m i g h t 
e v e n b e p o s s i b l e t o u s e d a t a o n t h e k i n e t i c s o f t h e s e r e a c t i o n s t o 
a i d i n s e p a r a t i n g i n t e r f a c i a l e n e r g i e s i n t o e l e c t r i c a l a n d c h e m i c a l 
c o m p o n e n t s . 

T o r e t u r n t o t h e q u e s t i o n o f t h e n e c e s s i t y o f d i s t i n g u i s h i n g 
b e t w e e n c h e m i c a l a n d e l e c t r o s t a t i c e n e r g i e s a t i n t e r f a c e s i n 
p r o b l e m s o f g e o c h e m i c a
m a n y p h e n o m e n a , i f c o n s i d e r e
r e a s o n a b l y w e l l w i t h o u t a c l e a r s e p a r a t i o n o f e l e c t r o s t a t i c a n d 
c h e m i c a l e n e r g i e s . P a r t o f t h e r e a s o n f o r o u r m o d e r a t e s a t i s f a c t i o n 
w i t h t h i s l e s s - t h a n - p e r f e c t r e s u l t i s t h a t n a t u r a l s u r f a c e s a n d 
i n t e r f a c e s a r e s o h e t e r o g e n e o u s t h a t a n e x p l i c i t m a t h e m a t i c a l 
d e s c r i p t i o n o f t h e m i s i m p o s s i b l e . H o w e v e r , i f d i f f e r e n t p h e n o m e n a 
a r e c o n s i d e r e d s i m u l t a n e o u s l y , i t b e c o m e s n o t o n l y p o s s i b l e , b u t 
a l s o n e c e s s a r y , t o d i s t i n g u i s h b e t w e e n e l e c t r o s t a t i c a n d c h e m i c a l 
e n e r g i e s . 

C o n c e p t u a l M o d e l o f a n A d s o r p t i o n R e a c t i o n 

T h e n a t u r e o f t h e p r o b l e m i n e s t a b l i s h i n g a m e c h a n i s t i c m o d e l o f t h e 
o x i d e - e l e c t r o l y t e i n t e r f a c e , i n w h i c h c h e m i c a l a n d e l e c t r o s t a t i c 
e n e r g i e s a r e d e s c r i b e d e x p l i c i t l y , c a n b e a p p r e c i a t e d b y 
c o n s i d e r a t i o n o f t h e a d s o r p t i o n r e a c t i o n d e p i c t e d i n F i g u r e 2 . T h e 
a d s o r p t i o n o f a h y d r o g e n i o n f r o m t h e b u l k o f a m o n o v a l e n t 
e l e c t r o l y t e i s c o n s i d e r e d . T h e o x i d e - s o l u t i o n i n t e r f a c e i s d i v i d e d 
c o n c e p t u a l l y i n t o f o u r r e g i o n s : t h e b u l k o x i d e ( n o t s h o w n i n t h e 
f i g u r e ) , t h e o x i d e s u r f a c e a t w h i c h t h e a d s o r p t i o n r e a c t i o n t a k e s 
p l a c e , t h e s o l u t i o n p a r t o f t h e d o u b l e l a y e r c o n t a i n i n g t h e c o u n t e r -
i o n s , a n d t h e b u l k o f s o l u t i o n . 

T h e t o t a l e n e r g y o f t h i s a d s o r p t i o n r e a c t i o n c a n b e f o u n d 
e x p e r i m e n t a l l y f r o m t h e m i c r o s c o p i c a c t i v i t y q u o t i e n t , a n d s e p a r a t e d 
t h e o r e t i c a l l y i n t o t h e f o l l o w i n g c o m p o n e n t s : ( 1 ) t r a n s f e r o f t h e i o n 
t o b e a d s o r b e d f r o m t h e b u l k o f s o l u t i o n t o t h e o x i d e s u r f a c e p l a n e , 
a t w h i c h t h e m e a n e l e c t r o s t a t i c p o t e n t i a l i s TJ>Q w i t h r e s p e c t t o 
t h e b u l k o f s o l u t i o n ; ( 2 ) r e a c t i o n o f t h e a d s o r b a t e i n t h e s u r f a c e 
p l a n e w i t h a f u n c t i o n a l g r o u p a t t h e s u r f a c e ; ( 3 ) t r a n s f e r o f a 
f r a c t i o n o f t h e c o u n t e r c h a r g e f r o m s o l u t i o n i n t o t h e s o l u t i o n p a r t 
o f t h e d o u b l e l a y e r b y a t t r a c t i o n o f c o u n t e r i o n s ; a n d ( 4 ) t r a n s f e r 
o f t h e r e m a i n d e r o f t h e c o u n t e r c h a r g e b y e x p u l s i o n o f c o - i o n s f r o m 
t h e s o l u t i o n p a r t o f t h e d o u b l e l a y e r t o t h e s o l u t i o n . 

I n c r e a t i n g a m e c h a n i s t i c m o d e l o f t h i s a d s o r p t i o n r e a c t i o n , i t 
i s n e c e s s a r y t o s e p a r a t e t h e o b s e r v e d e n e r g y o f i n t e r a c t i o n i n t o 
c o m p o n e n t s a s s o c i a t e d w i t h e a c h s t e p . A s c a n b e i n f e r r e d f r o m 
F i g u r e 2 , t h e s e p a r a t i o n o f o n e o b s e r v a b l e e n e r g y i n t o f o u r s e p a r a t e 
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ACID-BASE 
XOHJ = ΧΟΗ + Η" 

ΧΟΗ = XO + Η" 

METALS 
= Χ0Μ τ 

ΧΟΗ 9 i Χ 0 Χ 

I + Μ 2 + = I > 
ΧΟΗ XO 

LIGANDS 
OH OH 

ΧΟΗ + H0-P=0 = X0-P=0 + H 2 0 

ΧΟ

ΧΟΗ HO i ) χ ο ' 0 

ION ASSOCIATION 
XOH+ + c r = X O H J - - - C I " 

XO" + Na + = XO " - - - Na + 

F i g u r e 1 . R e p r e s e n t a t i v e a d s o r p t i o n r e a c t i o n s . T h e s y m b o l ΧΟΗ 

r e p r e s e n t s s u r f a c e h y d r o x y l g r o u p s s u c h a s = F e O H , = A 1 0 H , = S i O H , 

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

i s g e n e r a l l y l a c k i n g ; t h e s t o i c h i o m e t r i e s p r e s e n t e d h e r e a r e 

b a s e d o n a d s o r p t i o n d a t a . 

SURFACE 
AQUEOUS 

DOUBLE LAYER 
(I) exp(-F<///RT) 

(2) l/Kn 

- (H + ) A*-

c (3) 
X 
(4) 

(l-x) 

BULK 

— H* 

— X" 

-> A+ 

F i g u r e 2 . A c o m p l e t e a d s o r p t i o n r e a c t i o n , i n c l u d i n g t r a n s f e r o f 

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

l a y e r . W h i l e t h e r e a c t i o n i s u s u a l l y d i v i d e d c o n c e p t u a l l y i n t o 

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

i s o b s e r v e d e x p e r i m e n t a l l y . 
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c o m p o n e n t s i s b o u n d t o b e i n d e t e r m i n a t e t o s o m e d e g r e e . T h e e n e r g y 
a s s o c i a t e d w i t h S t e p s 1 , 3 , a n d 4 i s g e n e r a l l y f o u n d f r o m 
e l e c t r o s t a t i c t h e o r y , a n d t h e c h e m i c a l e n e r g y o f S t e p 2 i s f o u n d 
f r o m t h e d i f f e r e n c e b e t w e e n t h e o b s e r v e d n e t e n e r g y a n d t h e 
c a l c u l a t e d e l e c t r o s t a t i c e n e r g y . T h u s a n i n d e p e n d e n t m e a s u r e m e n t o f 
e l e c t r o s t a t i c e n e r g y i s a l m o s t e s s e n t i a l f o r a m e c h a n i s t i c 
c h a r a c t e r i z a t i o n o f t h e c o m p l e t e a d s o r p t i o n r e a c t i o n . 

S u r f a c e C o m p l e x a t i o n M o d e l s 

M a n y m o d e l s , w h i c h c o u l d b e c l a s s i f i e d a s " s u r f a c e c o m p l e x a t i o n 
m o d e l s ( 6 - 8 . ) , " h a v e b e e n u s e d t o d e s c r i b e r e a c t i o n s a t t h e 
o x i d e - s o l u t i o n i n t e r f a c e . A l t h o u g h t h e r e a r e d i f f e r e n c e s i n t h e w a y 
t h e s e m o d e l s a r e f o r m u l a t e d , t h e y a l l h a v e t w o f e a t u r e s i n c o m m o n : 
( i ) t h e r e a c t i o n s o f s u r f a c e h y d r o x y l g r o u p s a r e d e s c r i b e d b y 
c o n v e n t i o n a l m a s s a c t i o n a n d m a t e r i a l b a l a n c e e q u a t i o n s , a n d ( i i ) 
t h e s u r f a c e p o t e n t i a l i s r e l a t e d t o s u r f a c e c h a r g e b y a n 
e l e c t r o s t a t i c m o d e l o f t h

T h e a p p r o a c h t o t h
m o d e l i s v e r y s i m p l e . F o r e v e r y l a y e r i n t h e i n t e r f a c e , t h e c h a r g e 
i s d e f i n e d o n c e a s a f u n c t i o n o f c h e m i c a l p a r a m e t e r s a n d o n c e a s a 
f u n c t i o n o f e l e c t r o s t a t i c p a r a m e t e r s . T h e f u n c t i o n s f o r c h a r g e a r e 
s e t e q u a l t o e a c h o t h e r a n d s o l v e d f o r t h e u n k n o w n e l e c t r o c h e m i c a l 
p o t e n t i a l s . M a t h e m a t i c a l t e c h n i q u e s f o r s o l v i n g t h e e q u a t i o n s h a v e 
b e e n w o r k e d o u t a n d d e s c r i b e d i n d e t a i l ( 9 ) . 

F o l l o w i n g a r e v i e w o f t h e c h e m i c a l a n d e l e c t r i c a l f u n d a m e n t a l s 
o f t h e s e m o d e l s , t h e i n t e r p r e t a t i o n o f d a t a i n t e r m s o f a c o m b i n e d 
c h e m i c a l - e l e c t r o s t a t i c m o d e l w i l l b e d i s c u s s e d . D e t a i l e d d i s c u s s i o n 
o f o t h e r a s p e c t s o f t h e s e m o d e l s c a n b e f o u n d i n r e c e n t r e v i e w s 
( 2 , 6 ^ 8 ) . 

A l t h o u g h a d s o r p t i o n o f m a n y t y p e s o f s p e c i e s c o u l d b e 
c o n s i d e r e d , t h i s d i s c u s s i o n w i l l f o c u s o n s u r f a c e h y d r o l y s i s 
r e a c t i o n s , t h a t i s , a d s o r p t i o n o f H + a n d O H " . V i r t u a l l y a l l 
s u r f a c e h y d r o l y s i s e x p e r i m e n t s a r e c a r r i e d o u t i n t h e p r e s e n c e o f a 
" b a c k g r o u n d e l e c t r o l y t e , " m a n y o f w h i c h a p p e a r t o e x h i b i t w e a k 
s p e c i f i c c h e m i c a l i n t e r a c t i o n s ( e . g . , i o n - p a i r f o r m a t i o n ) w i t h t h e 
s u r f a c e ( 1 0 - 1 2 ) . W h i l e c o n s i d e r a t i o n o f t h e s e i n t e r a c t i o n s i s 
e s s e n t i a l t o a c o m p l e t e u n d e r s t a n d i n g o f t h e i n t e r f a c i a l c h e m i s t r y , 
t h e t o p i c i s a s u b j e c t i n i t s e l f , a n d w i l l n o t b e c o n s i d e r e d i n 
d e t a i l h e r e . T r e a t m e n t o f t h e s e i n t e r a c t i o n s i s r e a d i l y 
i n c o r p o r a t e d w i t h i n t h e f r a m e w o r k t h a t i s p r e s e n t e d h e r e . 

C h e m i c a l R e a c t i o n s a t t h e O x i d e S u r f a c e . T h e f o r m a t i o n o f s u r f a c e 
h y d r o x y l g r o u p s o n a h y d r o u s o x i d e o r h y d r o x i d e i s d e p i c t e d i n 
F i g u r e 3 . W a t e r a d s o r b s o n t h e o x i d e s u r f a c e , h y d r o l y s i s o c c u r s a n d 
s u r f a c e h y d r o x y l g r o u p s a r e f o r m e d . A c c o r d i n g t o t h e f i g u r e , a t 
l e a s t t w o c h e m i c a l l y d i s t i n c t t y p e s o f h y d r o x y l g r o u p s a r e f o r m e d , 
t h o s e w i t h i n t e r i o r a n d t h o s e w i t h e x t e r i o r m e t a l i o n s . H o w e v e r , i f 
d i f f e r e n t c r y s t a l f a c e s , e d g e s , s t e p s , k i n k s , a n d v a r i o u s k i n d s o f 
d i s l o c a t i o n s a r e c o n s i d e r e d , m a n y m o r e d i s t i n c t g r o u p s c o u l d b e 
i m a g i n e d . 

I n o r d e r t o m a i n t a i n t h e c o m p l e x i t y o f t h e m o d e l a t a l e v e l 
c o n s i s t e n t w i t h t h e r e s o l u t i o n o f t h e e x p e r i m e n t a l d a t a , t h e 
r e a c t i v i t y o f t h e s e s u r f a c e g r o u p s h a s b e e n d e s c r i b e d b y r e l a t i v e l y 
s i m p l e m o d e l s : ( i ) a s d i p r o t i c w e a k a c i d s , a n d ( i i ) a s m o n o p r o t i c 
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O ° O o o c O o O H 

0 ° + n H
° 0 o o y t ! ° O H 

o o o o o C u O o o H 

o<0 o O / H o O H 

Ο = Oxygen ο = Al, Fe, Si, etc. 

F i g u r e 3 . S u r f a c e h y d r o l y s i s a n d f o r m a t i o n o f s u r f a c e h y d r o x y l 
g r o u p s . 
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w e a k a c i d s . A l m o s t a l l o f t h e r e c e n t w o r k h a s b e e n i n t e r p r e t e d i n 
t e r m s o f t h e d i p r o t i c w e a k a c i d m o d e l ; h o w e v e r , t h e r e a r e a p p e a l i n g 
f e a t u r e s t o t h e m o n o p r o t i c w e a k a c i d m o d e l w h i c h h a v e n o t y e t b e e n 
a p p r e c i a t e d f u l l y . 

D i p r o t i c S u r f a c e G r o u p s . A c c o r d i n g t o t h e d i p r o t i c m o d e l , t h e 
s u r f a c e i s r e p r e s e n t e d a s a n e n s e m b l e o f i d e n t i c a l d i p r o t i c w e a k 
a c i d g r o u p s , w h i c h r e a c t a c c o r d i n g t o : 

Kent - ΧΟΗ + H + Κ - I 
ζ a i 

ΧΟΗ = X O * + H + Κ 0 I I 
az 

T h e r e p r e s e n t a t i o n o f s u r f a c e g r o u p s a s d i p r o t i c w e a k a c i d s i s 
a p p e a l i n g b e c a u s e i t i n c l u d e s a m o d e s t d e g r e e o f c o m p l e x i t y ( t w o 
a c i d i t y c o n s t a n t s ) , a l l o w s c o n v e n i e n t r e p r e s e n t a t i o n o f t h e 
c o n d i t i o n o f z e r o s u r f a c
m a n a g e a b l e m a t h e m a t i c a l l y
t h i s m o d e l i s s t i l l a g r o s s l y s i m p l i f i e d r e p r e s e n t a t i o n o f t h e 
a c t u a l s u r f a c e . I t r e m a i n s t o b e s h o w n t h a t t h i s s i m p l i f i c a t i o n i s 
s i g n i f i c a n t l y b e t t e r t h a n a n y o t h e r s i m p l i f i c a t i o n . 

C o r r e s p o n d i n g t o R e a c t i o n s I a n d I I a r e t h e f o l l o w i n g m a s s 
a c t i o n e q u a t i o n s : 

n X O H j Kal - "ΧΟΗ V e * P ( - e V k T ) ( 1 ) 

" x O H K a 2 - " X O " V e*P(-*Vk T ) ( 2 ) 

w h e r e n ^ r e p r e s e n t s t h e s u r f a c e c o n c e n t r a t i o n ( n u m b e r o f g r o u p s 
p e r s q u a r e m e t e r ) o f s p e c i e s i , a ^ i s t h e s o l u t i o n a c t i v i t y o f 
s p e c i e s i , K a ^ a n d K a 2 a r e t h e s u r f a c e a c i d i t y c o n s t a n t s , a n d 
0Q i s t h e e l e c t r o s t a t i c p o t e n t i a l , w i t h r e s p e c t t o t h e b u l k o f 
s o l u t i o n , a t t h e m e a n p l a n e o f a d s o r p t i o n . T h e e x p o n e n t i a l t e r m 
r e p r e s e n t s t h e e l e c t r o s t a t i c e n e r g y r e q u i r e d t o b r i n g a c h a r g e d 
s p e c i e s f r o m t h e b u l k o f s o l u t i o n t o t h e p l a n e o f a d s o r p t i o n w h i c h 
i s a t p o t e n t i a l (12)· T h e d e f i n i t i o n s o f a l l s y m b o l s a r e 
l i s t e d a t t h e e n d o f t h e t e x t . 

A c t i v i t y c o e f f i c i e n t s a p p e a r i n t h e r m o d y n a m i c m o d e l s t o a c c o u n t 
f o r v a r i o u s e n e r g i e s t h a t a r e n o t e x p r e s s e d e x p l i c i t l y i n t h e m o d e l 
o f t h e " i d e a l " c a s e . T h e e n e r g y e x p r e s s e d b y t h e e x p o n e n t i a l t e r m 
i n E q u a t i o n s 1 a n d 2 c o u l d b e r e g a r d e d a s a n a c t i v i t y c o r r e c t i o n ; 
h o w e v e r , s i n c e t h e c a l c u l a t i o n o f t h i s c o r r e c t i o n i s s t r o n g l y 
c o u p l e d t o t h e m o d e l f o r s u r f a c e s p e c i a t i o n i t s e l f , we d o n o t r e f e r 
t o t h e e x p o n e n t i a l t e r m a s a n a c t i v i t y c o r r e c t i o n , b u t a s a n 
i n t e g r a l p a r t o f t h e m o d e l . ( I n c o n t r a s t , t h e D e b y e - H u e c k e l 
a c t i v i t y c o e f f i c i e n t f o r a n i o n i n s o l u t i o n i s o n l y w e a k l y c o u p l e d 
t o t h e s o l u t i o n s p e c i a t i o n , a n d c a n b e t r e a t e d c o n v e n i e n t l y a s a n 
i n d e p e n d e n t a c t i v i t y c o e f f i c i e n t . ) A c t i v i t y c o r r e c t i o n s a s s o c i a t e d 
w i t h t h e e n e r g y o f l a t e r a l i n t e r a c t i o n s a m o n g a d s o r b e d s p e c i e s w i l l 
b e n e g l e c t e d , p r i m a r i l y o n a c c o u n t o f t h e p r a c t i c a l d i f f i c u l t y o f 
d e t e r m i n i n g w h a t t h e y a r e . T h e t o p i c o f s u r f a c e a c t i v i t y 
c o e f f i c i e n t s i s d i s c u s s e d b y C h a n e t a l . ( 1 4 ) a n d S p o s i t o ( 1 5 ) . 
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T h e m a t e r i a l b a l a n c e e q u a t i o n f o r s u r f a c e h y d r o x y l g r o u p s i s o f 

t h e f o r m 

N s - " Χ Ο Η * + " x O H + " X O ' ( 3 ) 

w h e r e N g i s t h e s u r f a c e d e n s i t y o f r e a c t i v e s u r f a c e s i t e s . T h e 
v a l u e o f N g c a n b e d e t e r m i n e d e i t h e r b y s u r f a c e t i t r a t i o n 
e x p e r i m e n t s , o r b y i n d e p e n d e n t m e a n s s u c h a s n e g a t i v e a d s o r p t i o n , 
t r i t i u m e x c h a n g e , o r c o n s i d e r a t i o n o f s u r f a c e a r e a a n d c r y s t a l 
s t r u c t u r e ( 2 ) . T h e m a s s a c t i o n a n d m a t e r i a l b a l a n c e e q u a t i o n s u s e d 
i n t h e s u r f a c e c o m p l e x a t i o n m o d e l a r e t h e s a m e a s t h o s e o n w h i c h t h e 
L a n g m u i r i s o t h e r m i s b a s e d ( 1 6 ) . 

I n a d d i t i o n t o t h e m a t e r i a l b a l a n c e e q u a t i o n f o r t h e s u r f a c e 
h y d r o x y l g r o u p s l i s t e d a b o v e , a c h a r g e b a l a n c e e q u a t i o n c a n b e 
w r i t t e n : 

σ 0 = e ( n X O H

T h e s u p e r s c r i p t H o n t h e s u r f a c e c h a r g e i n d i c a t e s t h a t t h e 
s u r f a c e c h a r g e h a s b e e n c a l c u l a t e d e x c l u s i v e l y f r o m t h e s u r f a c e 
c o n c e n t r a t i o n o f H + i o n s ; t h e a s s i g n m e n t o f a d s o r b e d i o n s t o " m e a n 
p l a n e s o f a d s o r p t i o n " i s s u b j e c t t o d i f f e r e n t i n t e r p r e t a t i o n s , a s 
w i l l b e d i s c u s s e d l a t e r . 

T h e s u r f a c e c o m p l e x a t i o n m o d e l d e s c r i b e d b y E q u a t i o n s 1 - 4 
i n c l u d e s f i v e u n k n o w n s ( n ^ , η χ + , n ^ - , , ̂ Q) A N C* 
t h r e e p a r a m e t e r s ( K a - ^ , , N g ) , i f t h e e x p e r i m e n t a l p H i s 
k n o w n . ( T h e s u b s c r i p t s X , X + , a n d X " a r e u s e d a s a b b r e v i a t i o n s 
f o r ΧΟΗ, X 0 H 2 + , a n d X O " . ) I t r e m a i n s t o d e v e l o p o n e m o r e 
e q u a t i o n b a s e d o n a n e l e c t r o s t a t i c m o d e l o f t h e e l e c t r i c d o u b l e 
l a y e r t o r e l a t e <7Q a n d . 

oQ = f < * 0 , ...) ( 5 ) 

F o l l o w i n g t h e p r e s e n t a t i o n o f t h e c h e m i c a l m o d e l w i t h m o n o p r o t i c 
s u r f a c e g r o u p s , f o u r e l e c t r o s t a t i c m o d e l s w i l l b e d e v e l o p e d , f r o m 
w h i c h t h e n e c e s s a r y r e l a t i o n s h i p b e t w e e n a n d (7Q c a n b e 
f o u n d . 

M o n o p r o t i c S u r f a c e G r o u p s . T h e m o n o p r o t i c s u r f a c e g r o u p m o d e l 
p r e s e n t e d h e r e h a s b e e n d i s c u s s e d e l s e w h e r e ( 1 7 , 1 8 ) , b u t h a s n o t y e t 
b e e n a p p l i e d w i d e l y . W i t h t h i s m o d e l i t i s p o s s i b l e t o r e p r e s e n t 
b o t h a p o s i t i v e c h a r g e a n d a n e g a t i v e c h a r g e o n t h e s u r f a c e ; i n t h i s 
r e s p e c t i t i s d i f f e r e n t f r o m o t h e r m o n o p r o t i c s u r f a c e g r o u p m o d e l s , 
s u c h a s o n e d i s c u s s e d b y H e a l y a n d W h i t e ( 1 9 ) , w i t h w h i c h i t i s n o t 
p o s s i b l e t o r e p r e s e n t t h e t r a n s i t i o n b e t w e e n p o s i t i v e a n d n e g a t i v e 
s u r f a c e c h a r g e . 

T h e m o n o p r o t i c s u r f a c e g r o u p m o d e l c a n b e d e s c r i b e d i n t e r m s o f 
t h e m o r e f a m i l i a r d i p r o t i c s u r f a c e g r o u p m o d e l . I n t h e d i p r o t i c 
m o d e l , t h e s u r f a c e i s t h o u g h t o f a s a n e n s e m b l e o f N g d i p r o t i c 
s u r f a c e g r o u p s , w h i c h , u n d e r t h e c o n d i t i o n o f z e r o p r o t o n i c c h a r g e , 
a r e o c c u p i e d b y N g p r o t o n s . 

I n t h e m o n o p r o t i c m o d e l , t h e s u r f a c e i s t h o u g h t o f a s a n 
e n s e m b l e o f 2 N g m o n o p r o t i c s u r f a c e g r o u p s , w h i c h , u n d e r t h e 
c o n d i t i o n o f z e r o p r o t o n i c c h a r g e , a r e o c c u p i e d b y N g p r o t o n s . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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T h e p r o t o n a t i o n a n d d e p r o t o n a t i o n o f t h e s e m o n o p r o t i c g r o u p s c a n b e 

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

Z O H + V l Z0~h + H + Κ I I I 
a 

w i t h t h e m a s s a c t i o n e q u a t i o n : 

w i t h s u r f a c e s i t e b a l a n c e : 

2 N s - + "Z0-H ( 7 ) 

a n d w i t h c h a r g e d e n s i t y : 

Η 
0 " 6 ( n Z O H + H * nZ0~h) ( 8 ) 

T h e a s s o c i a t i o n o f t h e f o r m a
s i m p l y a b o o k k e e p i n g d e v i c e . N o i n f o r m a t i o n a b o u t t h e a c t u a l 
d i s t r i b u t i o n o f c h a r g e a m o n g n e i g h b o r i n g i o n s o r g r o u p s o n t h e 
s u r f a c e i s i m p l i e d . T h e s u r f a c e i s s t i l l t h o u g h t o f a s a n e n s e m b l e 
o f 2 N g s u r f a c e g r o u p s o c c u p i e d b y N g + η p r o t o n s w h e n t h e 
s u r f a c e c h a r g e i s OQ = e n . A n a l t e r n a t i v e d e r i v a t i o n o f t h i s 
m o d e l ( 2 0 ) s h o w s h o w t h e b e h a v i o r o f t h e e n s e m b l e o f d i p r o t i c a c i d 
g r o u p s r e s e m b l e s t h e b e h a v i o r o f a n e n s e m b l e o f m o n o p r o t i c a c i d 
g r o u p s w h e n K a ^ « . 

T h e m o n o p r o t i c m o d e l d e s c r i b e d b y E q u a t i o n s 6 - 8 i n c l u d e s f o u r 
u n k n o w n s ( n Z Q H + h , n Z Q - H , CJQH, a n d TJ>Q) a n d t w o 
a d j u s t a b l e p a r a m e t e r s ( K a a n d N g ) i f t h e e x p e r i m e n t a l p H i s 
k n o w n . T o c o m p l e t e t h e d e f i n i t i o n o f t h e m o n o p r o t i c m o d e l a n 
e q u a t i o n s i m i l a r t o E q u a t i o n 5 i s r e q u i r e d t o r e l a t e s u r f a c e c h a r g e 
t o s u r f a c e p o t e n t i a l . T h e e l e c t r o s t a t i c m o d e l s u s e d w i t h t h e 
m o n o p r o t i c m o d e l a r e t h e s a m e a s t h o s e u s e d w i t h t h e d i p r o t i c m o d e l , 
a n d a r e d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n . 

O t h e r s i m i l a r i t i e s e x i s t b e t w e e n t h e t w o m o d e l s : r e a c t i o n s f o r 
a d s o r p t i o n o f o t h e r s p e c i e s a r e w r i t t e n i n t h e s a m e w a y , a n d t h e 
s a m e m a t h e m a t i c a l t e c h n i q u e s ( 9 ) c a n b e u s e d t o s o l v e t h e e q u a t i o n s . 

W e s t a l l a n d H o h l ( 2 ) , h a v e o b s e r v e d t h a t i t i s p o s s i b l e t o 
r e p r e s e n t e x p e r i m e n t a l d a t a w i t h a d i p r o t i c m o d e l i n w h i c h K a ^ = 
K a 2 , o r e v e n K a ^ < K a 2 . S u c h m o d e l s a r e m a t h e m a t i c a l l y 
s i m i l a r t o t h e m o n o p r o t i c m o d e l , s i n c e t h e d i p r o t i c m o d e l b e c o m e s 
s i m i l a r t o a m o n o p r o t i c m o d e l i f t h e a c i d i t y c o n s t a n t s i n t h e 
d i p r o t i c a c i d m o d e l a r e s u c h t h a t t h e n e u t r a l ΧΟΗ g r o u p i s 
i n s i g n i f i c a n t i n t h e m a t e r i a l b a l a n c e e q u a t i o n s . 

T h e m o n o p r o t i c m o d e l i s a p p e a l i n g s i n c e i t i s v e r y s i m p l e , 
r e a l i s t i c , a n d b a s e d o n o n e l e s s a d j u s t a b l e p a r a m e t e r t h a n t h e 
d i p r o t i c m o d e l . T h e v a l u e o f t h e p a r a m e t e r K a c a n b e f o u n d 
d i r e c t l y f r o m t h e H + c o n c e n t r a t i o n i n t h e b u l k o f s o l u t i o n a t 
<7Q = 0 , s i n c e K A = a^+ a t t h i s c o n d i t i o n , a c c o r d i n g t o 
E q u a t i o n 6 . S i n c e t h e s u r f a c e c o m p l e x a t i o n m o d e l s a r e a l r e a d y 
r e c o g n i z e d a s b e i n g u n d e r d e t e r m i n e d , a n y p h y s i c a l l y r e a l i s t i c m o d e l 
w i t h f e w e r a d j u s t a b l e p a r a m e t e r s i s w e l c o m e d . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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E l e c t r o s t a t i c M o d e l s f o r t h e E l e c t r i c D o u b l e L a y e r 

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

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

d o u b l e l a y e r a r e b a s e d o n t h e w o r k o f S t e r n ( 2 1 ) , w h o v i e w e d t h e 

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

a d s o r b e d b y c h e m i c a l a n d e l e c t r i c a l f o r c e s . A d e t a i l e d d i s c u s s i o n 

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

W e s t a l l a n d H o h l ( 2 ) . 

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

s e v e r a l l i m i t i n g - c a s e a p p r o x i m a t i o n s i s p r e s e n t e d i n F i g u r e 4 . T h e 

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

t h e m o s t c o m p l e t e o n e , t h e t r i p l e l a y e r m o d e l ( F i g u r e 4 a ) . T h e n t h e 

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

F i g u r e s 4 b - d w i l l b e d i s c u s s e d . 

T h e T r i p l e L a y e r M o d e l a n d t h e S t e r n M o d e l . T h e i o n s m o s t 

i n t i m a t e l y a s s o c i a t e d w i t

p l a n e w h e r e t h e y c o n t r i b u t

p o t e n t i a l · T h e s e i o n s a r e g e n e r a l l y r e f e r r e d t o a s p r i m a r y 

p o t e n t i a l d e t e r m i n i n g i o n s . F o r o x i d e s u r f a c e s , t h e i o n s H + a n d 

O H " a r e u s u a l l y a s s i g n e d t o t h i s i n n e r m o s t p l a n e . I n S t e r n ' s 

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

t h e c h a r g e CTQ w a s d u e t o e l e c t r o n s . 

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

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

o f t h e s e i o n s i s k n o w n a s t h e i n n e r H e l m h o l t z p l a n e ( I H P ) . T h e 

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

i o n s i s d e n o t e d b y σ-^, a n d t h e e l e c t r o s t a t i c p o t e n t i a l a t t h e 

I H P b y ψ^. T h e s p e c i e s u s u a l l y a s s i g n e d t o t h i s p l a n e i n c l u d e 

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

e l e c t r o l y t e i o n s . I n t h e " s i t e - b i n d i n g m o d e l , " Y a t e s e t a l . ( 2 2 ) 

c o n s i d e r e d t h e w e a k l y b o u n d e l e c t r o l y t e i o n s t o b e b o u n d p a i r - w i s e 

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

B e y o n d t h e I H P i s a l a y e r o f c h a r g e b o u n d a t t h e s u r f a c e b y 

e l e c t r o s t a t i c f o r c e s o n l y . T h i s l a y e r i s k n o w n a s t h e d i f f u s e 

l a y e r , o r t h e G o u y - C h a p m a n l a y e r . T h e i n n e r m o s t p l a n e o f t h e 

d i f f u s e l a y e r i s k n o w n a s t h e o u t e r H e l m h o l t z p l a n e ( O H P ) . T h e 

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

e l e c t r o l y t e c o n c e n t r a t i o n i n t h e b u l k o f s o l u t i o n , c ^ , a n d 

p o t e n t i a l a t t h e O H P , ^ 2 » c a n D e f o u n d f r o m s o l v i n g t h e 

P o i s s o n - B o l t z m a n n e q u a t i o n w i t h a p p r o p r i a t e b o u n d a r y c o n d i t i o n s ( f o r 

1 : 1 e l e c t r o l y t e s ( 1 3 ) ) 

T h e r e g i o n b e t w e e n t h e s u r f a c e p l a n e a n d t h e I H P , a n d t h e 
r e g i o n b e t w e e n t h e I H P a n d t h e OHP a r e c o n s i d e r e d t o b e h a v e 
e l e c t r o s t a t i c a l l y a s p a r a l l e l p l a t e c a p a c i t o r s , w i t h c h a r g e r e l a t e d 
t o p o t e n t i a l b y t h e c a p a c i t a n c e s C-, a n d C 9 : 

°2 ~ • < 8 « 0 R T cb> sinh(FV> 2 /2RT) ( 9 ) 

(10) 

(11) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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F i g u r e 4. E l e c t r o s t a t i c m o d e l s f o r t h e s u r f a c e - e l e c t r o l y t e 

s o l u t i o n i n t e r f a c e . T h e s e m o d e l s w e r e c o n c e i v e d f o r m e t a l 

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

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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H e l m h o l t z h a d p r o p o s e d s u c h a p a r a l l e l p l a t e c a p a c i t a n c e m o d e l f o r 
t h e e n t i r e i n t e r f a c e i n 1 8 5 3 . 

W h i l e S t e r n r e c o g n i z e d t h a t f o r m a l l y o n e s h o u l d i n c l u d e t h e 
c a p a c i t a n c e b e t w e e n t h e I H P a n d OHP i n t h e i n t e r f a c e m o d e l , h e 
c o n c l u d e d t h a t t h e e r r o r i n t r o d u c e d i n t o t h e e l e c t r i c a l p r o p e r t i e s 
p r e d i c t e d f o r t h e i n t e r f a c e w o u l d u s u a l l y b e s m a l l i f t h e s e c o n d 
c a p a c i t a n c e w e r e n e g l e c t e d , a n d V>2 w e r e s e t e q u a l t o . 
S t e r n u s e d t h i s s i m p l i f i c a t i o n i n h i s c a l c u l a t i o n s . T h e s i m p l i f i e d 
m o d e l w i t h o n l y o n e H e l m h o l t z c a p a c i t a n c e i s c o m m o n l y r e f e r r e d t o a s 
t h e S t e r n m o d e l ( F i g u r e 4 b ) , w h i l e t h e " e x t e n d e d " S t e r n m o d e l 
( F i g u r e 4 a ) i s d e s i g n a t e d t h e t r i p l e l a y e r m o d e l . 

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

<7Q + σχ + σ2 = 0 ( 1 2 ) 

E q u a t i o n s 1 0 - 1 2 a l l o w t h e c h a r g e s σ^, σ^, a n d i n t h e 

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

p o t e n t i a l s V>Q , ψ-^, ^ · 

I n c o r p o r a t i o n o f C h e m i c a l C o n s t r a i n t s . T o c o m p l e t e t h e m o d e l o f t h e 
o x i d e - e l e c t r o l y t e i n t e r f a c e , i t i s n e c e s s a r y t o r e t u r n t o t h e 
p r e c e d i n g s e c t i o n o n m o d e l s o f c h e m i c a l r e a c t i o n s t o f i n d v a l u e s o f 
tfQ, σ-|_> a n c * ο2 c a l c u l a t e d f r o m c h e m i c a l c o n s i d e r a t i o n s . 
C o m b i n a t i o n o f t h e e l e c t r o s t a t i c e q u a t i o n s w i t h t h e c h e m i c a l 
e q u a t i o n s t h e n c o m p l e t e l y d e f i n e s t h e i n t e r f a c e . 

T h e c h e m i c a l m o d e l f o r c h a r g e i n t h e s u r f a c e p l a n e ( O Q ) w a s 
g i v e n b y E q u a t i o n s 1 - 4 f o r t h e d i p r o t i c m o d e l o r E q u a t i o n s 6 - 8 f o r 
t h e m o n o p r o t i c m o d e l . I n g e n e r a l , e i t h e r o f t h e s e s e t s o f e q u a t i o n s 
c a n b e r e p r e s e n t e d b y 

aQ = e Σ z± n°± = g (ψ , a . . . ) ( 1 3 ) 

i J 

F o r a d s o r p t i o n a t t h e I H P , m a s s a c t i o n a n d m a t e r i a l b a l a n c e 

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

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

°1 = e Σ Z i n i = δ ^ 1 ' a i ' ( 1 4 ) 

i J 

I n t h e a b s e n c e o f s p e c i f i c a d s o r p t i o n a t t h e I H P , σγ i s s i m p l y 

s e t e q u a l t o z e r o . T h e c h e m i c a l c o n s t r a i n t f o r ^ s g i - v e n 

d i r e c t l y b y E q u a t i o n 9 . 

E q u a t i o n s 9 - 1 4 p r o v i d e t h e f r a m e w o r k f o r c o m b i n i n g e i t h e r o f 

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

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

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

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

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

L i m i t i n g C a s e s o f t h e S t e r n M o d e l . T h e e l e c t r o s t a t i c e n e r g i e s 
t h r o u g h t h e i n t e r f a c e h a v e b e e n f o r m u l a t e d i n t e r m s o f 
c a p a c i t a n c e s . F o r t h e b a s i c S t e r n m o d e l , t h e t o t a l c a p a c i t a n c e o f 
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t h e i n t e r f a c e , Crp, i s g i v e n b y t h e e q u a t i o n f o r t w o c a p a c i t a n c e s 
i n s e r i e s : 

C T X - C l + °é ( 1 5 ) 

w h e r e i s t h e H e l m h o l t z ( c o m p a c t ) l a y e r c a p a c i t a n c e a n d i s 

t h e d i f f u s e l a y e r c a p a c i t a n c e f o u n d b y d i f f e r e n t i a t i n g E q u a t i o n 9 

w i t h r e s p e c t t o -φ^- A t l o w i o n i c s t r e n g t h s a n d r e l a t i v e l y l o w 

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

c o m p a c t l a y e r c a p a c i t a n c e ; t h e n t h e t o t a l c a p a c i t a n c e i s 

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

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

l a r g e r t h a n t h e c o m p a c t l a y e r c a p a c i t a n c e a n d t h e t o t a l c a p a c i t a n c e 

i s a p p r o x i m a t e l y e q u a l t o t h e c o m p a c t l a y e r c a p a c i t a n c e . I n o t h e r 

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

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

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

c a p a c i t a n c e ( F i g u r e 4 c ) o

c a p a c i t a n c e ( F i g u r e 4 d )

A p p l i c a t i o n o f E l e c t r i c D o u b l e L a y e r M o d e l s . N o w t h e r e l a t i o n s h i p s 

a m o n g t h e f o u r e l e c t r i c a l d o u b l e l a y e r m o d e l s d e s c r i b e d i n F i g u r e 4 

c a n b e s u m m a r i z e d . T h e H e l m h o l t z c o n s t a n t c a p a c i t a n c e m o d e l ( 2 3 - 2 4 ) 

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

b a s i c S t e r n m o d e l d e s c r i b e d a b o v e . I n c o n t r a s t , t h e d i f f u s e l a y e r 

m o d e l ( 2 5 . - 2 6 ) m a y b e r e g a r d e d a s t h e " l o w i o n i c s t r e n g t h , l o w 

p o t e n t i a l " l i m i t i n g c a s e o f t h e b a s i c S t e r n m o d e l . T h e b a s i c S t e r n 

m o d e l (27. ) i s a p p l i c a b l e a t a l l i o n i c s t r e n g t h s a n d r e p r e s e n t s a 

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

o f t h e t r i p l e l a y e r m o d e l ( 2 2 , 2 8 - 2 9 ) . 

W i t h r e g a r d t o t h e a s s i g n m e n t o f i o n s t o t h e m e a n p l a n e s i n t h e 

i n t e r f a c e , t h e o x i d e - s o l u t i o n i n t e r f a c e c a n b e c o m p a r e d t o t w o i d e a l 

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

m e t a l - s o l u t i o n i n t e r f a c e a n d t h e s i l v e r i o d i d e - s o l u t i o n i n t e r f a c e . 

A s m e n t i o n e d b e f o r e , S t e r n h a d a m e t a l e l e c t r o d e i n m i n d w h e n 

h e d e s c r i b e d t h e s u r f a c e - s o l u t i o n i n t e r f a c e ; t h e n CJQ r e f e r r e d t o 

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

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

e l e c t r o l y t e i o n s a t t h e I H P , a n d t o t h e c h a r g e i n t h e d i f f u s e 

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

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

A g + a n d Ι " ; a n d a r e a s d e s c r i b e d f o r t h e m e t a l -

e l e c t r o l y t e i n t e r f a c e . 

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

t h e A g i s u r f a c e : t h e a d s o r b e d " p o t e n t i a l d e t e r m i n i n g i o n s , " H + a n d 

O H " , f o r m t h e c h a r g e G Q , a n d a n d a r e a s 

d e s c r i b e d f o r t h e o t h e r i n t e r f a c e s . H o w e v e r , o t h e r i n t e r p r e t a t i o n s 

a r e p o s s i b l e , i n w h i c h t h e p r i m a r y p o t e n t i a l d e t e r m i n i n g i o n s , H + 

a n d O H " , a n d e l e c t r o s t a t i c a l l y a d s o r b e d e l e c t r o l y t e i o n s o c c u p y 

t h e s a m e i n t e r f a c i a l l a y e r . 

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

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

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

h y p o t h e t i c a l s t r u c t u r e a n d b o n d i n g a t t h e h y d r o u s o x i d e s u r f a c e . 
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T h e " A g i " m o d e l f o r l o c a t i o n o f i o n s i n t h e o x i d e - w a t e r i n t e r f a c e i s 

p r o b a b l y t h e b e s t r e a s o n a b l y s i m p l e i n t e r p r e t a t i o n . 

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

i o n s . I n t h e c a s e o f A g i , t h e p o t e n t i a l d i f f e r e n c e a t t h e 

s u r f a c e - s o l u t i o n i n t e r f a c e v a r i e s w i t h t h e a c t i v i t y o f A g o r I 

i n s o l u t i o n a c c o r d i n g t o t h e N e r n s t e q u a t i o n , 

R T 

Αφ = I n a . ( 1 6 ) 

z . F 1 

ι 

s i n c e t h e a c t i v i t i e s o f A g + a n d I " a t t h e s u r f a c e a r e f i x e d b y 

t h e p r e s e n c e o f t h e s e i o n s i n t h e b u l k o f t h e s o l i d ( 2 0 , 3 0 ) . 

A t o x i d e s u r f a c e s , t h e s u r f a c e a c t i v i t i e s o f H + a n d O H " a r e 

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

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

e l e c t r o s t a t i c p r o p e r t i e s o f t h e i n t e r f a c e . F o r t h e m a n y o x i d e s t h a t 

a r e i n s u l a t o r s , i t i s m u c

t h e s u r f a c e - s o l u t i o n p o t e n t i a

s u c h a s A g i . T h u s t h e r e i s u n c e r t a i n t y w h e t h e r t h e d e p e n d e n c e o f 

s u r f a c e p o t e n t i a l o n p H i s a p p r o x i m a t e l y N e r n s t i a n o r s i g n i f i c a n t l y 

s u b - N e r n s t i a n . 

I n t h e f o l l o w i n g s e c t i o n , i t i s s h o w n t h a t m a t h e m a t i c a l m e t h o d s 

w h i c h h a v e b e e n u s e d t o i n t e r p r e t a d s o r p t i o n d a t a b i a s t h e 

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

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

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

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

I n t e r p r e t a t i o n o f D a t a 

Two m o d e l s o f s u r f a c e h y d r o l y s i s r e a c t i o n s a n d f o u r m o d e l s o f t h e 
e l e c t r i c a l d o u b l e l a y e r h a v e b e e n d i s c u s s e d . I n t h i s s e c t i o n t w o 
e x a m p l e s w i l l b e d i s c u s s e d : t h e d i p r o t i c s u r f a c e g r o u p m o d e l w i t h 
c o n s t a n t c a p a c i t a n c e e l e c t r i c d o u b l e l a y e r m o d e l a n d t h e m o n o p r o t i c 
s u r f a c e g r o u p m o d e l w i t h a S t e r n d o u b l e l a y e r m o d e l . M o r e d e t a i l s 
o n t h e d e r i v a t i o n o f e q u a t i o n s u s e d i n t h i s s e c t i o n a r e f o u n d 
e l s e w h e r e (31) . 

D i p r o t i c S u r f a c e G r o u p s . M o s t o f t h e r e c e n t r e s e a r c h o n s u r f a c e 
h y d r o l y s i s r e a c t i o n s h a s b e e n i n t e r p r e t e d i n t e r m s o f t h e d i p r o t i c 
s u r f a c e h y d r o l y s i s m o d e l w i t h e i t h e r t h e t r i p l e l a y e r m o d e l o r t h e 
c o n s t a n t c a p a c i t a n c e m o d e l o f t h e e l e c t r i c d o u b l e l a y e r . T h e 
e x a m p l e p r e s e n t e d h e r e i s c a s t i n t e r m s o f t h e c o n s t a n t c a p a c i t a n c e 
m o d e l , b u t t h e c o n c l u s i o n s w h i c h a r e d r a w n a p p l y f o r t h e t r i p l e 
l a y e r m o d e l a s w e l l . 

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

T h r e e m e t h o d s h a v e b e e n u s e d f o r i n t e r p r e t a t i o n o f s u r f a c e 
h y d r o l y s i s d a t a , t h e f i r s t t w o o f w h i c h i n v o l v e a p p r o x i m a t i o n s a n d 
r e d u c t i o n t o l i n e a r f o r m : M e t h o d I : a s s u m p t i o n t h a t o n t h e a c i d i c 
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b r a n c h o f t h e t i t r a t i o n c u r v e t h e c o n c e n t r a t i o n o f X O " g r o u p s i s 
n e g l i g i b l e , a n d o n t h e b a s i c b r a n c h , t h e c o n c e n t r a t i o n o f X O E ^ 
g r o u p s i s n e g l i g i b l e ; M e t h o d I I : l i n e a r e x p a n s i o n o f t h e e x p o n e n t i a l 
t e r m i n t h e m a s s a c t i o n e q u a t i o n s , a n d r e a r r a n g e m e n t o f t h e 
e q u a t i o n s t o a l i n e a r f o r m ; M e t h o d I I I : n o n l i n e a r l e a s t s q u a r e s 
o p t i m i z a t i o n p r o c e d u r e , i n w h i c h n o a s s u m p t i o n s a r e m a d e f o r 
c o m p u t a t i o n a l c o n v e n i e n c e . I t w i l l b e s h o w n t h a t t h e a p p r o x i m a t i o n 
o f M e t h o d I i n t r o d u c e s a n a s s u m p t i o n a b o u t t h e s e p a r a t i o n b e t w e e n 
e l e c t r o s t a t i c a n d c h e m i c a l e n e r g y , a n d a n a r t i f i c i a l p h y s i c a l 
c o n s t r a i n t o n t h e s y s t e m . 

M e t h o d I . T o i l l u s t r a t e t h e a p p l i c a t i o n o f t h e s e m e t h o d s , t h e 
e x p e r i m e n t a l d a t a f o r t h e a d s o r p t i o n o f H + / 0 H " o n T 1 O 2 ( 3 2 ) 
a r e c o n s i d e r e d ( F i g u r e 5 ) . U s e o f M e t h o d I i n v o l v e s t h e 
a p p r o x i m a t i o n s i n t h e m a t e r i a l b a l a n c e e q u a t i o n s t h a t , o n t h e a c i d i c 
b r a n c h o f t h e t i t r a t i o n c u r v e , 

i f "ΧΟΗ  * 4 '

a n d o n t h e b a s i c b r a n c h , 

i f "ΧΟΗ' "χο" » "xOH* t h e n "XO" ~ / e ( 1 8 ) 

T h e n t h e m a t e r i a l b a l a n c e e q u a t i o n s c a n b e s i m p l i f i e d t o a l l o w t h e 
r e a c t i o n q u o t i e n t s Q a ^ a n d Q a 2 t o b e a p p r o x i m a t e d f r o m t h e 
e x p e r i m e n t a l l y o b s e r v e d p r o t o n i c s u r f a c e c h a r g e CTQ**: 

Q . ( " X 0 H ) ( A H + )
 a

 ( N s - N X O H ? ) ( 3 H + )
 ( 1 9 ) 

3 1 < Η Χ Ο Η ^ ( n X O H ; > 

Q _ S
 ( Ϊ 1 Χ 0 ° ( 3 H + )

 ( 2 0 ) 

3 2 ( n X 0 H ) ( N s " " X O 0 

T h e i n t r i n s i c a c i d i t y c o n s t a n t s K a - ^ a n d K a 2 c a n t h e n b e 
d e t e r m i n e d f r o m Q a ^ a n d Q a 2 a s f o l l o w s . C o m b i n a t i o n o f 
E q u a t i o n s 1 9 a n d 2 0 w i t h E q u a t i o n s 1 a n d 2 s h o w t h a t t h e a c i d i t y 
c o n s t a n t s a r e r e l a t e d t o t h e a c i d i t y q u o t i e n t s b y 

Q a i = K a i e x p ( e ^ 0 / k T ) ( 2 1 ) 

o r , i n l o g a r i t h m i c f o r m , w i t h t h e c o n s t a n t c a p a c i t a n c e c o n s t r a i n t 
σ 0 = c ^ 0 S U D S t i t u t e d f o r Q̂, 

l o g Q a i = l o g K a i + ~ ^ - T - - X o 4 ( 2 2 ) 

TJ 
T h e n a p l o t o f l o g Q a i v s . <7Q y i e l d s t h e v a l u e o f l o g K a i 

a s t h e i n t e r c e p t , a n d t h e v a l u e o f t h e c a p a c i t a n c e i s r e l a t e d t o t h e 
s l o p e ( F i g u r e 6 ) . 
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O.I 

• O.I M 

F i g u r e 5 . T i t r a t i o n o f a s u s p e n s i o n o f  i n  a t t h r e e 

d i f f e r e n t c o n c e n t r a t i o n s

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

s p e c i f i c s u r f a c e a r e a o f 2 0 m g a n d t h e s o l i d s 

c o n c e n t r a t i o n o f 1 2 g L ~ ^ . T h e l i n e s a r e c a l c u l a t e d f r o m t h e 

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

N s = 1 2 s i t e s n m " 2 , C = 1 . 2 3 F m " 2 , l o g a R
z = - 5 . 8 . 

T h e e x p e r i m e n t a l d a t a i s f r o m Y a t e s a n d H e a l y ( 3 2 ) . 

- 2 r 

I 1 I I I 
-0.150 -0.100 -0.050 0 0.050 

σ 0
Η (C/m 2 ) 

F i g u r e 6 . U s e o f M e t h o d I , E q u a t i o n 2 2 , t o c a l c u l a t e s u r f a c e 
a c i d i t y c o n s t a n t s w i t h N g = 1 2 s i t e s n m " : l o g K a ^ = - 3 . 5 
a n d l o g K & 2 = - 8 . 1 o r , i n o t h e r t e r m s , p H z p c = 5 . 8 a n d l o g 

= - 2 . 3 . C a p a c i t a n c e s w e r e d e t e r m i n e d f r o m t h e s l o p e s 
a c c o r d i n g t o E q u a t i o n 2 2 : a c i d b r a n c h , 0 . 7 7 F m ; b a s e b r a n c h , 
0 . 8 9 F m ' 2 . D a t a a r e f r o m F i g u r e 5 , T i 0 2 i n 0 . 1 M K N O 3 

( 3 2 ) . 
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A n e x t e n s i o n o f t h i s m e t h o d h a s b e e n d e v e l o p e d f o r t h e t r i p l e 

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

s t r e n g t h t o b e c o n s i d e r e d s i m u l t a n e o u s l y ( 7 , 3 3 ) . H o w e v e r , t h i s 

" d o u b l e e x t r a p o l a t i o n t e c h n i q u e " i n v o l v e s t h e s a m e s o r t o f 

a p p r o x i m a t i o n . 

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

c a p a c i t a n c e m o d e l o n t h e d a t a f o r T i 0 2 i n 0 . 1 M K N O 3 i s 

i l l u s t r a t e d i n F i g u r e 6 . I t a p p e a r s f r o m t h e f i g u r e t h a t t h e 

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

^ a l a n c * ^ a 2 c a n ^ e d e t e r m i n e d . H o w e v e r , a s i s s h o w n b e l o w , t h e 

v a l u e s o f a n d K & 2 d e t e r m i n e d b y t h i s m e t h o d a r e b i a s e d t o 

f u l f i l l t h e a p p r o x i m a t i o n s m a d e i n p r o c e s s i n g t h e d a t a : ( i ) o n t h e 

a c i d i c b r a n c h , n ^ + , n ^ » n ^ - , w h i c h y i e l d s a s m a l l v a l u e f o r 

K a 2 , a n d ( i i ) o n t h e b a s i c b r a n c h , n ^ - , n -^ » η ·^+ , w h i c h 

y i e l d s a l a r g e v a l u e o f K a ^ . T h u s t h e a p p r o x i m a t i o n u s e d t o f i n d 

v a l u e s f o r Q a ^ a n d Q a 2 l e a d s t o v a l u e s o f K a ^ a n d K a 2 

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

o f t h e ΧΟΗ g r o u p . T h i s

m a t h e m a t i c a l s i m p l i c i t y

M e t h o d I I . Some i n s i g h t i n t o t h e s i g n i f i c a n c e o f t h i s c o n s t r a i n t 

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

d a t a . I n M e t h o d I I t h e l i n e a r r e g i o n o f t h e v s . l o g a^+ 

c u r v e n e a r t h e p H Z p C i s c o n s i d e r e d ( F i g u r e 5 ) . 

T h r e e q u a n t i t i e s a r e d e f i n e d f o r c o n v e n i e n c e . ( i ) A s u r f a c e 

d i s s o c i a t i o n c o n s t a n t i s d e f i n e d f o r t h e r e a c t i o n : 

ΧΟΗ = \ Χ0Η+ + \ X O " K d = ( K a 2 / K a l ) H ( 2 3 ) 

T h e v a l u e o f c o r r e s p o n d i n g t o v a l u e s o f K a ^ a n d K a 2 

d e t e r m i n e d f r o m M e t h o d I w o u l d b e r e l a t i v e l y s m a l l , r e f l e c t i n g t h e 
p r e d o m i n a n c e o f t h e n e u t r a l ΧΟΗ g r o u p . ( i i ) T h e h y d r o g e n i o n 
a c t i v i t y i n s o l u t i o n t h a t y i e l d s z e r o p r o t o n i c s u r f a c e c h a r g e i s 
d e f i n e d f r o m a c o m b i n a t i o n o f E q u a t i o n s 1 a n d 2 w i t h n ^ + s e t e q u a l 
t o η χ - : 

V » < K a l K a 2 > " ( 2 4 ) 

( i i i ) T h e f u n c t i o n a , w h i c h i s r e l a t e d t o t h e d e v i a t i o n o f t h e 
s u r f a c e p o t e n t i a l f r o m t h e v a l u e p r e d i c t e d f r o m t h e N e r n s t e q u a t i o n , 
i s d e f i n e d b y : 

β = In - i Î - — ° - (25) 

T h e n E q u a t i o n s 2 3 - 2 5 c a n b e c o m b i n e d w i t h E q u a t i o n s 1 - 4 t o 

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

T I 2 Κ , e Ν s i n h ( a ) 
η a s 

7 = 
1 + 2 K d c o s h ( a ) 

( 2 6 ) 
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E q u a t i o n 2 6 w a s d e r i v e d d i r e c t l y a n d c o n t a i n s n o m a t h e m a t i c a l 

a p p r o x i m a t i o n s . A s i m i l a r e q u a t i o n w a s d e r i v e d b y H e a l y e t a l . 

( 3 0 ) . I f t h e h y p e r b o l i c f u n c t i o n s a r e a p p r o x i m a t e d b y a l i n e a r 

e x p a n s i o n , E q u a t i o n 2 6 c a n b e a p p r o x i m a t e d 

2 Κ , e Ν a 
H d s 

σ ° " Τ 7 7 Γ " 
d 

( 2 7 ) 

T h i s l i n e a r a p p r o x i m a t i o n i s c e r t a i n l y v a l i d a b o u t t h e p H Z p C , a n d 

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

r e l a t i o n s h i p i s n e a r l y N e r n s t i a n , t h a t i s , i f t h e v a l u e o f a 
d e f i n e d i n E q u a t i o n 2 5 r e m a i n s s m a l l o v e r a w i d e d o m a i n . 

T h e p a r a m e t e r s i n t h e c h e m i c a l a n d e l e c t r o s t a t i c m o d e l s w h i c h 

a p p e a r i n E q u a t i o n 2 7 c a n b e r e l a t e d t o t h e e x p e r i m e n t a l l y 

o b s e r v a b l e s l o p e o f t h e VS. l o g a^+ c u r v e b y c o m b i n i n g 

E q u a t i o n 2 7 w i t h E q u a t i o n 2 5 a n d t h e c o n s t a n t c a p a c i t a n c e c o n s t r a i n t 

= C TJ)Q t o y i e l d : 

Η Λ , V 
0 

I n — ( 2 8 ) 
ζ 

V 
w i t h t h e f a c t o r /3, w h i c h i s t h e s l o p e o f t h e OQ VS. I n a H + 
c u r v e , 

1 + 2 K , F _ 1 

d 
+ ( 2 9 ) 

2 e N C R T 
d s 

E q u a t i o n 2 8 i s c e r t a i n l y v a l i d a b o u t t h e p H Z p C , a n d o v e r a w i d e r 

r a n g e i f a r e m a i n s s m a l l . 

T h e v a l u e o f t h e p r o p o r t i o n a l i t y c o n s t a n t β c a n b e d e t e r m i n e d 

e x p e r i m e n t a l l y . I n t h e a b s e n c e o f a n y o t h e r e x p e r i m e n t a l d a t a , a n 

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

p a r a m e t e r s C , K ^ , a n d N g t h a t y i e l d s t h e c o r r e c t v a l u e o f β, 
a c c o r d i n g t o E q u a t i o n 2 9 . S i n c e t h r e e a d j u s t a b l e p a r a m e t e r s a r e 

a v a i l a b l e t o d e f i n e t h e v a l u e o f o n e e x p e r i m e n t a l l y o b s e r v a b l e 

q u a n t i t y , c o v a r i a b i l i t y a m o n g t h e s e p a r a m e t e r s i s e x p e c t e d . I n 

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

c u r v a t u r e o f t h e CTQ VS. l o g a^+ p l o t m i g h t r e d u c e s o m e o f t h e 

c o v a r i a b i l i t y , b u t E q u a t i o n 2 9 p r o v i d e s a n i n i t i a l s t e p i n 

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

p a r a m e t e r s . 

T h e v a l u e o f β d e t e r m i n e d f r o m F i g u r e 5 i s 0 . 0 1 0 C m " 2 . 

C o m b i n a t i o n s o f v a l u e s o f t h e p a r a m e t e r s C a n d l o g K ^ , ( w i t h Ν 
s 

s e t t o 1 2 . 0 4 s i t e s n m " ) t h a t y i e l d t h e o b s e r v e d v a l u e o f β 
t h r o u g h E q u a t i o n 2 9 a r e g i v e n b y t h e s m o o t h c u r v e i n F i g u r e 7 . T h e 

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

d a t a i n a l i m i t e d d o m a i n a b o u t p H = p H Z p C . T h e e x t e n t o f t h i s 

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

a p p r o p r i a t e t o r e p r e s e n t t h e e n t i r e d a t a s e t , a s c a n b e d o n e w i t h 

M e t h o d I I I . 
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1.5 r 

1.0 h 

0.5 h 

Linearization 

NLLS 

-2 -I 
log K d 

F i g u r e 7 . C o v a r i a b i l i t y b e t w e e n v a l u e s o f C a n d K d y i e l d i n g 
b e s t f i t o f d i p r o t i c s u r f a c e h y d r o l y s i s m o d e l w i t h c o n s t a n t 
c a p a c i t a n c e m o d e l t o t i t r a t i o n d a t a f o r T i 0 2 i n 0 . 1 M K N O ^ 
( F i g u r e 5 ) . T h e l i n e i s c o n s i s t e n t w i t h E q u a t i o n 2 9 . T h e 
c r o s s e s r e p r e s e n t v a l u e s o f C a n d l o g f o u n d f r o m a n o n l i n e a r 
l e a s t s q u a r e s ( N L L S ) f i t o f t h e m o d e l t o t h e d a t a , w i t h t h e v a l u e 
o f c a p a c i t a n c e i m p o s e d ; i n a l l c a s e s t h e f i t w a s q u i t e 
a c c e p t a b l e . T h e v a l u e s o f a n d C f o u n d b y M e t h o d I ( F i g u r e 
6 ) a l s o f a l l n e a r t h e l i n e c o n s i s t e n t w i t h E q u a t i o n 2 9 . T h e 
a g r e e m e n t b e t w e e n t h e s e r e s u l t s s u p p o r t s t h e u s e o f t h e 
l i n e a r i z e d m o d e l ( E q u a t i o n 2 9 ) f o r d e v e l o p i n g a n i n t u i t i v e f e e l 
f o r s u r f a c e r e a c t i o n s . 
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M e t h o d I I I . T h e w e i g h t e d n o n l i n e a r l e a s t s q u a r e s p a r a m e t e r 
o p t i m i z a t i o n p r o c e d u r e ( 3 4 , 3 5 ) w a s a p p l i e d t o t h e e n t i r e s e t o f 
p o i n t s s h o w n i n F i g u r e 5 f o r 0 . 1 M K N O 3 . T h e v a l u e o f C w a s f i x e d 
a n d t h e o p t i m a l v a l u e s o f a n d a ^ z w e r e o b t a i n e d . T h e m o d e l 
w i t h d i p r o t i c s u r f a c e g r o u p s a n d c o n s t a n t c a p a c i t a n c e e l e c t r i c 
d o u b l e l a y e r m o d e l w a s u s e d w i t h n o m a t h e m a t i c a l s i m p l i f i c a t i o n s . 

T h e p a i r s o f l o g K d a n d C t h a t y i e l d e d q u i t e a c c e p t a b l e 
r e p r e s e n t a t i o n s o f t h e d a t a a r e s h o w n b y t h e s y m b o l s o n F i g u r e 7 . 
T h e a g r e e m e n t b e t w e e n t h e s y m b o l s a n d t h e s m o o t h c u r v e i n F i g u r e 7 
s u p p o r t t h e v a l i d i t y o f t h e a p p r o a c h o f M e t h o d I I , a n d t h e i n s i g h t 
t h a t i s g a i n e d f r o m t h i s a p p r o a c h . 

C o m p a r i s o n o f M e t h o d s . T h e u s e o f M e t h o d I f o r i n t e r p r e t a t i o n o f 
d a t a h a s r e s u l t e d i n t h e c o n c l u s i o n s t h a t , f o r a g r e a t n u m b e r o f 
o x i d e s , t h e v a l u e o f i s s m a l l , t h e r e l a t i o n s h i p b e t w e e n ^/»Q 
a n d I n a H + i s s i g n i f i c a n t l y s u b - N e r n s t i a n , a n d t h e v a l u e o f C i s 
r e l a t i v e l y l a r g e . 

H e r e i t h a s b e e n s h o w n t h a t t h e c o n c l u s i o n a b o u t i s 
r e l a t e d t o t h e m a t h e m a t i c a
d a t a b y w a y o f M e t h o d I ; i t i s e a s y t o s h o w t h a t t h e s e c o n d a n d 
t h i r d c o n c l u s i o n s a r e a l s o d e p e n d e n t o n t h e i n i t i a l a s s u m p t i o n s i n 
M e t h o d I . R e a r r a n g e m e n t o f E q u a t i o n 2 8 a n d s u b s t i t u t i o n o f t h e 
c o n s t a n t c a p a c i t a n c e c o n s t r a i n t y i e l d s a r e l a t i o n s h i p b e t w e e n 
a n d I n a u + : 

β a + 

* n - - I n ~ - ( 3 0 ) 

T h e v a l u e o f t h e s l o p e o f TJ)Q V S . I n a^j d e p e n d s o n t h e r e l a t i v e 

m a g n i t u d e o f t h e t w o t e r m s i n t h e d e f i n i t i o n o f β i n E q u a t i o n 2 9 . 

I f t h e s e c o n d t e r m o n t h e r i g h t - h a n d s i d e o f E q u a t i o n 2 9 i s 

d o m i n a n t , t h e n E q u a t i o n 3 0 y i e l d s a N e r n s t i a n s l o p e ; i f t h e f i r s t 

t e r m o n t h e r i g h t - h a n d s i d e o f E q u a t i o n 2 9 i s s i g n i f i c a n t , t h e n t h e 

s l o p e g i v e n b y E q u a t i o n 3 0 w i l l b e s u b - N e r n s t i a n . 

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

M e t h o d I , f a v o r t h e p r e d o m i n a n c e o f t h e f i r s t t e r m o v e r t h e s e c o n d , 

a n d a s u b - N e r n s t i a n s l o p e ; f u r t h e r m o r e , i f K d i s c o n s t r a i n e d t o b e 

s m a l l , a n d t h e p r o p o r t i o n a l i t y c o n s t a n t β i s t o b e c o n s i s t e n t w i t h 

t h e e x p e r i m e n t a l v a l u e , t h e n i t i s n e c e s s a r y t h a t C i s l a r g e . 

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

d i f f e r e n c e a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e w i t h c h a n g e i n p H o f 

s o l u t i o n c a n b e m e a s u r e d w i t h s e m i c o n d u c t o r o r s e m i c o n d u c t o r - o x i d e 

e l e c t r o d e s . T h e s e m e a s u r e m e n t s h a v e s h o w n d ψβ/ά l o g a^+ 

a p p r o a c h i n g 5 9 mV f o r T i 0 2 ( 3 6 , 3 7 ) . T h e s e v a l u e s a r e 

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

m o d e l s w i t h s m a l l v a l u e s o f K d . ( S i m i l a r s t u d i e s ( 3 8 . 3 9 ) h a v e 

b e e n p e r f o r m e d w i t h o t h e r o x i d e s o f g e o c h e m i c a l i n t e r e s t . O x i d e s o f 

a l u m i n u m h a v e y i e l d e d a v a l u e o f d ψ^/ά l o g a H + g r e a t e r t h a n 

5 0 m V , w h i l e s o m e o x i d e s o f s i l i c o n h a v e y i e l d e d l o w e r v a l u e s . ) 

T h e d i s c u s s i o n a b o v e p e r t a i n s t o t h e d i p r o t i c a c i d c h e m i c a l 

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

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

m o d e l w i t h s i t e b i n d i n g o f e l e c t r o l y t e i o n s a t t h e I H P , t h e 
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i o n i z a t i o n o f t h e s u r f a c e h y d r o x y l g r o u p s i s e f f e c t i v e l y d o m i n a t e d 
b y t h e i o n p a i r s . T h e n t h e e f f e c t i v e v a l u e o f K d f o r t h i s s u r f a c e 
i s m u c h l a r g e r , a n d t h e m o d e l i s m o r e c o n s i s t e n t w i t h t h e s u r f a c e 
p o t e n t i a l m e a s u r e m e n t s d i s c u s s e d a b o v e , t h a n w o u l d b e e x p e c t e d f r o m 
t h e s m a l l v a l u e o f c a l c u l a t e d d i r e c t l y f r o m K a ^ a n d K a 2 , 
w i t h o u t c o n s i d e r a t i o n o f s i t e - b i n d i n g o f c o u n t e r i o n s . 

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

M o n o p r o t i c S u r f a c e G r o u p s . I t h a s b e e n s t a t e d t h a t f o r s o m e o x i d e s 
t h e s u r f a c e p o t e n t i a l r e s p o n s e t o p H i s c l o s e t o t h e N e r n s t i a n 
v a l u e , a n d t h a t r e l a t i v e l y l a r g e v a l u e s o f i n t h e m o d e l w e r e 
n e c e s s a r y t o b e c o n s i s t e n t w i t h t h i s o b s e r v a t i o n . F o r = 1 , 
t h e a c i d i t y c o n s t a n t s K
c o n s t a n t s a r e e q u a l , i t c o u l
i n d i s t i n g u i s h a b l e , a n d i n s t e a d o f r e p r e s e n t i n g t h e s u r f a c e a s a n 
e n s e m b l e o f N g d i p r o t i c a c i d g r o u p s , i t w o u l d b e a s a p p r o p r i a t e t o 
r e p r e s e n t i t a s a n e n s e m b l e o f 2 N g m o n o p r o t i c a c i d g r o u p s . 

H o w r e a l i s t i c i s s u c h a m o d e l ? T h e r e a l d i f f e r e n c e b e t w e e n t h e 
t w o c h e m i c a l m o d e l s l i e s i n t h e n u m b e r o f n e a r e s t - n e i g h b o r 
i n t e r a c t i o n s t h a t i n f l u e n c e t h e a c i d i t y o f a p a r t i c u l a r s u r f a c e 
h y d r o x y l g r o u p . I n t h e d i p r o t i c m o d e l , t h e a c i d i t y o f a p a r t i c u l a r 
s u r f a c e h y d r o x y l g r o u p d e p e n d s o n t h e s t a t e o f o n e n e a r e s t n e i g h b o r : 
i f t h e n e a r e s t n e i g h b o r i s p r o t o n a t e d , t h e e n e r g y a s s o c i a t e d w i t h 
t h e l o s s o f a p r o t o n i s r e l a t e d t o K a ^ , a n d i f t h e n e a r e s t 
n e i g h b o r i s d e p r o t o n a t e d , t h e e n e r g y i s r e l a t e d t o K a 2 . I n t h e 
m o n o p r o t i c m o d e l , z e r o n e a r e s t n e i g h b o r i n t e r a c t i o n s a r e c o n s i d e r e d , 
a n d t h e e n e r g y a s s o c i a t e d w i t h t h e l o s s o f a p r o t o n i s r e l a t e d t o 
K a f o r a l l g r o u p s . 

I t i s a p p a r e n t t h a t c o n s i d e r a t i o n o f o n l y o n e n e a r e s t - n e i g h b o r 
i n t e r a c t i o n i s a g r e a t l y s i m p l i f i e d w a y t o r e p r e s e n t a s u r f a c e ; 
h o w e v e r , i t i s n o t a p p a r e n t t h a t c o n s i d e r a t i o n o f n o n e a r e s t -
n e i g h b o r i n t e r a c t i o n s i s a s i g n i f i c a n t l y w o r s e w a y t o r e p r e s e n t t h e 
s u r f a c e . 

T h e r e p r e s e n t a t i o n o f t h e d a t a f o r T i 0 2 i n t e r m s o f t h e 
m o n o p r o t i c s u r f a c e g r o u p m o d e l o f t h e o x i d e s u r f a c e a n d t h e b a s i c 
S t e r n m o d e l o f t h e e l e c t r i c d o u b l e l a y e r i s s h o w n i n F i g u r e 5 . I t 
i s s e e n t h a t t h e r e i s g o o d a g r e e m e n t b e t w e e n t h e m o d e l a n d t h e 
a d s o r p t i o n d a t a ; f u r t h e r m o r e , t h e c o m p u t e d p o t e n t i a l ψ() ( n o t 

s h o w n i n t h e f i g u r e ) i s a l m o s t N e r n s t i a n , a s i s o b s e r v e d 
e x p e r i m e n t a l l y . 

C o n c l u d i n g R e m a r k s 

I n a d d i t i o n t o t h e o v e r v i e w o f m o d e l s t h a t a r e u s e d f o r 
a d s o r p t i o n a t t h e o x i d e - e l e c t r o l y t e i n t e r f a c e , e x a m p l e s f o r t h e 
a p p l i c a t i o n o f t h e s e m o d e l s w e r e d i s c u s s e d . I t h a s b e e n s t a t e d t h a t 
t h e r e i s a g r e a t d e a l o f u n c e r t a i n t y a s s o c i a t e d w i t h m o d e l s o f t h e 
o x i d e - e l e c t r o l y t e i n t e r f a c e , a n d , i n t h e o p i n i o n o f t h e a u t h o r , i t 
i s b e t t e r t o c a s t u n c e r t a i n t y i n t e r m s o f a s i m p l e m o d e l t h a n i n 
t e r m s o f a c o m p l e x m o d e l . 
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I t w a s s h o w n t h a t a m e t h o d w h i c h h a s b e e n u s e d f o r d e t e r m i n i n g 
a c i d i t y c o n s t a n t s f o r t h e d i p r o t i c s u r f a c e g r o u p s b i a s e s t h e r e s u l t 
i n f a v o r o f K a ^ » K a 2 ; t h e a r g u m e n t s p r e s e n t e d h e r e d o n o t 
p r o v e t h e c o n t r a r y , t h e y s i m p l y a f f i r m t h a t t h e q u e s t i o n i s s t i l l 
o p e n . I f t h e p r e j u d g m e n t t h a t » K a 2 i s d r o p p e d , t h e n t h e 
m o d e l w i t h m o n o p r o t i c s u r f a c e g r o u p s b e c o m e s a l o g i c a l s p e c i a l c a s e 
o f t h e m o d e l w i t h d i p r o t i c s u r f a c e g r o u p s , a n d , i f s i m p l e r i s 
b e t t e r , t h e m o d e l w i t h m o n o p r o t i c s u r f a c e g r o u p s w a r r a n t s f u r t h e r 
c o n s i d e r a t i o n . 

O n e o t h e r c a v e a t c o n c e r n i n g t h e a p p r o a c h u s e d h e r e m u s t b e 
m a d e . T h i s d i s c u s s i o n , a n d t h e s t u d i e s t o w h i c h i t r e l a t e s , a r e 
b a s e d o n s o m e v e r s i o n o f t h e S t e r n m o d e l f o r t h e o x i d e - e l e c t r o l y t e 
i n t e r f a c e . O x i d e s u r f a c e s a r e r o u g h a n d h e t e r o g e n e o u s . E v e n f o r 
t h e m e r c u r y - e l e c t r o l y t e i n t e r f a c e , o r s i n g l e c r y s t a l 
m e t a l - e l e c t r o l y t e i n t e r f a c e s , t h e s u c c e s s o f s o m e f o r m o f t h e S t e r n 
m o d e l h a s b e e n l e s s t h a n s a t i s f a c t o r y . I t i s i m p o r t a n t t o b e a r i n 
m i n d t h e o p e r a t i o n a l n a t u r e o f t h e s e m o d e l s a n d n o t t o a t t a c h t o o 
m u c h s i g n i f i c a n c e t o t h

A c k n o w l e d g m e n t s 

T h e a u t h o r a c k n o w l e d g e s t h e D e p a r t m e n t o f E n e r g y ( t h r o u g h B a t t e l l e 
P a c i f i c N o r t h w e s t L a b o r a t o r i e s C o n t r a c t N o . B - N 8 2 6 7 - A - H ) f o r p a r t i a l 
s u p p o r t o f t h i s w o r k , a n d D r . G e r h a r d F u r r e r f o r r e v i e w o f t h e 
m a n u s c r i p t . 

L e g e n d o f S y m b o l s 

a i s o l u t i o n a c t i v i t y o f s p e c i e s i -

s o l u t i o n a c t i v i t y o f H + w h e n a Q
H = 0 -

c b c o n c e n t r a t i o n o f m o n o v a l e n t e l e c t r o l y t e 
i n b u l k o f s o l u t i o n m o l m " 3 

C i s p e c i f i c c a p a c i t a n c e o f r e g i o n i F m " 2 

e e l e m e n t a r y c h a r g e C 

F F a r a d a y c o n s t a n t C m o l " 1 

k B o l t z m a n n c o n s t a n t J m o l " 1 

K a s u r f a c e a c i d i t y c o n s t a n t -

K d s u r f a c e d i s s o c i a t i o n c o n s t a n t -

n i s u r f a c e c o n c e n t r a t i o n o f s p e c i e s i m" •2 

N s s u r f a c e s i t e c o n c e n t r a t i o n m" •2 

% a c i d i t y q u o t i e n t ( c h a r g e d e p e n d e n t ) -

R g a s c o n s t a n t J m o l " 1 

Τ t e m p e r a t u r e K 

ΧΟΗ s u r f a c e h y d r o x y l g r o u p ( d i p r o t i c ) -

z i i n t e g r a l c h a r g e o n s p e c i e s i -

Z O H s u r f a c e h y d r o x y l g r o u p ( m o n o p r o t i c ) -
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a d e f i n e d i n E q u a t i o n 2 5 -

β s l o p e o f GQ V S . I n a^+ p l o t C m " 2 

e d i e l e c t r i c c o n s t a n t -

£ 0 p e r m i t i v i t y o f f r e e s p a c e F m " 1 

° i s p e c i f i c s u r f a c e c h a r g e C m " 2 

s p e c i f i c s u r f a c e c h a r g e c a l c u l a t e d 
f r o m s u r f a c e e x c e s s o f H + C m" 2 

*i e l e c t r i c p o t e n t i a l a t p l a n e i V 
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Surface Potent ia l -pH Characteristics in the Theory 
of the Oxide-Electrolyte Interface 

Luc Bousse and J. D. Meindl 

Stanford Electronics Laboratories, Stanford University, Stanford, CA 94305 

The measurement of the surface potential φο as a function of pH for an 
oxide provides valuable information for the determination of the parame
ters which describe th
the formation of surfac
tact with a liquid electrolyte involve many more parameters than can be 
directly experimentally determined. Additional assumptions are required 
to evaluate these parameters, which explains why there is often no agree
ment in the literature about their value. A mathematical treatment of 
the amphoteric surface site model is given which exhibits the characteristic 
quantities which can be experimentally measured. It is shown that the 
measurement of both the surface potential φο and the surface charge σο 
are required to completely determine these characteristic quantities. This 
approach is applied to S1O2 and AI2O3, two surfaces for which both charge 
and potential measurements are available. 

Quantitative explanations of the formation of charge and potential on oxide surfaces 
based on chemical reactions of surface sites have become increasingly popular in the 
past two decades. Among the earliest authors proposing surface complexation models 
are Levine et al. (1), Schindler et al. (2), Huang and Stumm (3), and Yates et al. (4). 
These last authors also introduced the important idea that the solution counter-ions 
enter the double layer, and form surface complexes with oppositely charged surface 
sites. This can explain the high values of σο commonly measured on oxide surfaces. 
The site-binding theory of Yates et al. was reformulated by Davis et al. (5), who gave 
a convenient procedure for extracting the parameters of the theory from measured 
σο/ρΗ data. Davis' formulation of the site-binding theory has been applied by several 
authors recently to data on oxide colloids (6,7,8), with satisfactory results, although 
Sprycha (9) reports only a limited agreement and suggests some model assumptions 
are inadequate. Some authors (10,11) have presented extensions of the theory which 
take more possible surface reactions into account than the version by Davis et al. (5). 

However, providing good fits to data is not sufficient to make a theory convincing. 
One of the unsatisfactory aspects of the site-binding theories is that the various meth
ods of parameter extraction give widely different results. For instance, values of the 
parameter ApK for AI2O3 have been reported ranging from 1.2 (3) to 5.8 (5). A related 
phenomenon is that the theory contains too many parameters, so that it is possible to 
generate almost identical theoretical σο/ρΗ curves with many sets of parameters. This 
problem was first noted by Westall and Hohl (12), and has also been pointed out by 
Sposito (13) and Johnson (11). This overabundance of parameters to be determined 

0097-6156/ 86/ 0323-0079506.00/ 0 
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makes the values found by various authors depend on additional assumptions, and 
explains the wide range of reported values. 

One possible solution is to obtain new experimental data, which is independent of 
σο/ρΗ curves. The zeta potential is of course a possibility, but it suffers from the in
trinsic indeterminacy of the exact location in the double layer where it occurs. Another 
possibility is the surface potential, ^o, which will be defined below. Variations of φο 
can be measured by using electrolyte/insulator/semiconductor structures. It has been 
shown by Bousse et al. (14) that the φο/ρΗ characteristics are determined mainly by 
the number of charged but uncomplexed surface sites, and are insensitive to complex
ation. This means that combined consideration of σο/ρΗ and φο/ρΉ. characteristics 
should lead to a more complete and reliable determination of model parameters. 

In this paper, a set of approximate solutions to model equations will be presented in 
a way intended to make clear which parameters can be determined from experimental 
data. This leads to a methodology of extracting a maximum amount of information 
from φο/σο/ρΉ. data. 

T h e M e a s u r e m e n t o f φ /ρΉ C u r v e s 

The measurement of changes
insulator and a solution is made possible by incorporating a thin film of that insulator in 
an electrolyte/insulator/silicon (EIS) structure. The surface potential of the silicon can 
be determined either by measuring the capacitance of the structure, or by fabricating a 
field effect transistor to measure the lateral current flow. In the latter case, the device 
is called an ion-sensitive field effect transistor (ISFET). Figure 1 shows a schematic 
representation of an I SFET structure. The first authors to suggest the application of 
ISFETs or EIS capacitors as a measurement tool to determine the surface potential of 
insulators were Schenck (15) and Cichos and Geidel (16). 

A complete and quantitative theory of the dependence of the flat-band or threshold 
voltage of an EIS structure on φο can be found in (17) and (18), and need not be 
repeated here. It can be shown (17) that the expression of the flat-band voltage of an 
EIS structure is given by: 

VFB = Eref - ^ 1 - φ 0 - Qina/Cins (1) 
<l 

where Eref is the reference electrode potential on a scale relative to vacuum, Φ 5* is 
the work function of silicon, q is the absolute value of the charge of an electron, C , n i is 
the insulator capacitance, and Q t n a is the charge inside the insulator which is assumed 
to be located at the insulator/silicon interface, φο is the potential drop inside the 
electrolyte at the insulator/electrolyte interface. A number of dipole potential terms 
which should also be present in the equation above are small and can be neglected; the 
potential due to water dipoles at the insulator/electrolyte interface is not negligible, 
but is included in φο) as will be made clear below. 

Equation (1) is the basis for using EIS capacitors or ISFETs to measure changes in 
φο. If an I SFET is used, the measured quantity is the threshold voltage, which is equal 
to the flat-band voltage plus a constant. In both cases only variations of can be 
measured, because the other terms in (1) are not independently known with sufficient 
accuracy. 

M o d e l for a n A m p h o t e r i c S u r f a c e w i t h o u t C o m p l e x a t i o n 

In this section, we will treat the case of an oxide whose surface O H sites only undergo 
amphoteric acid/base reactions. We will write the surface site as S OH, following the 
notation of James and Parks (19). The two surface acid/base reactions and their 
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R e f e r e n c e I 
E l e c t r o d e I 

E n c a p s u l a t i o n 

S i l i c o n S u b s t r a t e 

Figure 1. Schematic representation of the basic pH-sensitive I S F E T structure, 
assuming that the insulator is S1O2. 
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associated equilibrium constants can then be written as: 

in which {H} stands for the H + activity in the bulk solution, and quantities in square 
brackets are numbers of surface sites per unit area. The activity coefficients for the 
surface sites are assumed to be constant and are incorporated in the equilibrium coeffi
cients. Healy and White (20) have given a derivation of these equations, together with 
the implied assumptions, which are similar to those of the Langmuir isotherm. Smit 
and Holten (21) discuss the validity of assuming the surface site activity coefficients 
to be constant, and give experimental support for that assumption. 

By obtaining {H+} from the product of Equations 2 and 3, and taking the loga
rithm, it follows that 

where we introduce the definition pHpzc = —log10(KaiKa2)1^2- This equation shows 
the important role played by the ratio of the two charged site forms. The desired 
relation between φο and pH can be found if this ratio can be expressed in terms of the 
net surface charge, which in turn is connected to φο by the electrostatic laws of the 
double layer. Thus, it appears that to calculate φο/ρΉ characteristics, two relations 
are needed: a double layer theory for the connection between φο and the surface 

charge, and ^[SOH^J/fSO -]^ as a function of this charge. Equations to solve for 
this quantity were first formulated by Dousma (24), and it will be referred to as the 
F-function after Bousse et al. (14) and Harame (25). 

At this point, the problem has been reduced to solving the surface chemistry equa
tions to calculate the F-function. It is convenient to introduce dimensionless notations 
by normalizing all surface concentrations to the total density of sites Ns: 

[SOH+] [SO"] [SOH] , K . 

The normalized conservation-of-site equation is therefore: 

a + -j- a- + an = 1 (6) 

Another relation which follows from the definitions is that the surface charge is given 
by q ^[SOH^] — [SO - ] ) . In normalized notations, this relation becomes: 

χ = a+ - a- (7) 

From Equation 7 and the definition of the F-function as 

' - f e r <8> 
it is possible to calculate a+ and a _ as a function of χ and F: 
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We need a similar relation for an\ this can be obtained by substituting these results 
into the quotient of Equations 2 and 3, which can be written as: 

α η = ( 2 / ί ) ( α + α _ ) ^ = ί ^ (10) 

where we have introduced 8 = 2(Ka2/Kai)1^2> following the notation of Healy et al. 
(26). This constant is an indication of the strength of the tendency to dissociate of the 
surface sites. The higher the tendency of the surface sites to become charged through 
either reaction 2 or 3, the higher the value of 8 will be. Another quantity which is 
often used in the literature for this purpose is ΔρϋΓ, which is related to 8 as follows: 
ApK = pKa2 —pKai = — log 1 0(o 2/4). Substitution of the expressions for a + i a _ , and 
an into Equation 6 yields: 

F 2 ( X - l ) + 2(x/i )F + ( x + l ) = 0 (11) 

from which it follows that F is given by: 

F { x

This method for computing the F-function is due to Harame (25): it has the virtue of 
being easy to generalize to more complex cases. Note that the substitution of Equation 
12 into Equations 9 and 10 gives the exact solution of the initial system of equations for 
the surface site concentrations. Together with Equation 4 which can now be written 
as: 

2.303 (pHpzc - pH) = ^ + In F(X) (13) 

we have the desired relation between pR and ψο, provided that the charge qNsχ in the 
double layer can be expressed in terms of the potential φο. A l l charge is assumed to be 
evenly spread out in planes separated by a constant Stern layer capacitance. According 
to the Gouy-Chapman-Stern theory, the relation between potential and voltage can 
then be written as: 

CST q \y/SRTc€) 

which assumes that the double layer is globally neutral , i.e. σο + σ<$ = 0. The 
legitimacy of this assumption has been discussed in (18). 

At this point, the combination of Equation 12 to 14 represents a solution to the 
problem. It is possible, however, to simplify this solution further by introducing a few 
approximations. First, it is well-known in electrochemistry that the relation between 
charge and potential in the double layer is dominated by the Stern capacitance at 
high electrolyte concentrations. The relation of Equation 14 is then nearly linear; the 
linearization of the s i n h - 1 function around the point σο = 0 yields: 

Ψο=-Ρ- (15) 

in which the equivalent double layer capacitance, CQL, is given by: 

C-D\=— {SRTce)-lt2 + c£ (16) 
q 

where c is the electrolyte concentration. 
Another approximation we will make is that l-62 « 1, since 8 is usually considered 

to be small for oxide surfaces. According to the table of values obtained by Davis et al. 
(5), 8 is at most equal to 3 χ 1 0 - 3 . Other authors tend to find somewhat higher values, 
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such as Grauer and Stumm (27) whose values for various oxides range from 0.07 to 
0.1. One of the highest values in the literature is due to Huang and Stumm (3), who 
find 6 = 0.5. In almost all cases, therefore, the approximation that ο 2 is much smaller 
than one should be quite accurate. Even when δ = 0.5, its influence on Equation 12 is 
small compared to that of the variable χ. It is only if one assumes that ApK is around 
zero that it becomes essential to use the exact expression of Equation 12. 

Finally, it can be verified that the denominator of Equation 12 only becomes signif
icant when χ is close to one. This never occurs on oxide surfaces in aqueous solutions, 
where the available pH range is too small to cause all surface sites to be charged. Thus, 
by substituting Equations 12 and 15 into Equation 13, and applying the approxima
tions justified above, we obtain: 

2 . » ( p „ „ „ - p H ) = ^ + 5 i „ k - { ^ ^ } (.7, 

and: 

2.303 ( p H  - pH) = + s inh" 1 \ ^ i (18) 

In these equations, the followin

a D L = (19) 

as = qNsδ (20) 

<*DL represents the magnitude of the charge on the double layer capacitance CDL when 
the voltage on that capacitor is the thermal voltage kT/q. as is the charge generated 
when a fraction δ of the surface sites is ionized; it can be verified that at the point of 
zero charge the proportion of charged sites is o/(l + δ). Thus, as is approximately 
equal to the sum of the absolute value of the charge on all charged sites at p H p z c , and 
characterizes the tendency of the surface sites to become ionized. It is apparent from 
the equations above that in this model the behavior of the oxide surface depends only 
on three constants: p H p z c , as, and σρχ,. 

Focusing our attention first on φο/pH curves, it can be seen that the ratio as/ar)L> 
which is called β in (14,18), determines how close to Nernstian the φο/ρΗ curves are. 
The significance of the ratio β can be understood as follows: the two processes which 
must occur to generate charge on an oxide surface are surface site ionization, described 
by as y and the charging of the double layer capacitance, described by a^L- Κ β is much 
larger than one, surface ionization is easier than the double layer charging, which is 
then the limiting step in determining the surface charge. In that case Nernst's law gives 
the potential, and Equation 16 the charge. If β is much smaller than one, surface site 
ionization is the surface charge determining process, which will then depend strongly on 
the solution pH. For most oxides, β is larger than one, which ensures reasonably linear 
curves. In the case of S1O2, and perhaps also of Sn02 (8), β is small and the Nernstian 
relation does not apply. Equation 17 shows that the φο/ρΉ. relation only contains β as 
a parameter (apart from pH p z c ) . β and p H p z c are therefore the only two parameters 
which can be determined from a φο/ρΉ. curve; however, if values for CDL and N s are 
known or assumed, Ka\ and Kai can be found. Experimental measurements of φο are 
available for many insulator surfaces, including S1O2 (18,28), AI2O3 (14,18), and Zr02 
(29). which are particularly interesting because these surfaces have also been studied 
as colloids. Most oxides have roughly linear φο/ρΗ characteristics, with slopes higher 
than about 50 mV/pH. Since it follows from Equation 17 that the φο/ρΗ slope around 
p H p z c is β/(β -f 1) times Nernstian, this corresponds to values of β of at least 4 or 5. 
The main exception is S1O2 which has a very low slope around its p H p z c , and a, β of 
about 0.14 (18). 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



5. B O U S S E A N D M E I N D L Surface Potential-pH Characteristics 85 

The σο/ρΗ relation involves two parameters, as and GDL in addition to the p H p z c . 
However, it will be legitimate to linearize Equation 18 whenever the second term on 
the right hand side is small compared to the first term. This depends on the magnitude 
of as for the potential/pH curves, and the linearization is thus legitimate for most 
oxides whose β is large. The linear equation is: 

2.303 (pHple-pH) = ^- (21) 

where σ,· is given by: 

σ , - ^ + σ ^ 1 ) " 1 (22) 

This constant contains the first order information from a σο/ρΗ curve, namely its slope. 
Only if the slope varies appreciably could an experimental result be used to find as 
and aDL separately. Knowledge of both the φο/ρΉ. and σο/ρΗ curves is also sufficient 
in principle to obtain as and aDL separately. The conclusion that an experimental 
σο/ρΗ curve can only yield two parameters, pHpze and σ,·, implies that many values of 
the set (o, CDL> NS) can be used to interpret a measurement. This has been found by 
Westall and Hohl (12), who interprete
generated solutions of the site dissociation model. Table (1) below shows that the 
nearly identical curves these authors calculate with different sets of parameters all 
correspond to a constant value of σ,· = 1.3 μΟ/αη 2 . Each line corresponds to a different 
set of parameters; the last three columns contain the corresponding characteristic 
charges. 

Table 1. Interpretation of the data from computer-generated fitting of the surface 
charge of Al2Oz by Westall and Hohl (12) 

NS CDL ApK os °RDL 

c m - 2 F/cm 2 μθ/cm 2 /iC/cm 2 μθ/cm 2 

6.40 χ 10 1 3 1.06 χ 10~ 4 1.84 2.46 2.70 1.29 
8.17 χ 10 1 3 0.66 χ ΙΟ " 4 1.16 6.89 1.68 1.35 
1.01 χ 10 1 4 0.57 χ ΙΟ " 4 0.82 12.63 1.45 1.30 

Comparison with the computer simulations in (12) therefore confirms the role of 
ai as the characteristic parameter in this theory. This does not necessarily mean, 
however, that this theory corresponds to reality. In fact, consideration of the influ
ence of electrolyte concentration shows it probably does not. The ionic strength only 
influences aDL indirectly, through CDL whose dependence on concentration is given 
in Equation 16. This equation implies that at high concentrations CDL w CSU and 
that a{ varies little. Thus, theory without complexation predicts that that for high 
concentrations (> 0.01M, for instance) σο/ρΗ curves should not depend much on elec
trolyte concentration. As a rule, the opposite is observed. Another contradiction of the 
present model which is experimentally observed is that while the φο/ρΉ. characteristics 
are linear for most oxides (such as AI2O3 or ΖΓΟ2), the σο/ρΗ curves are very non
linear. According to Equations 17 and 18, the degree of linearity of ̂ 0 and σο should 
be the same. The measured non-linear σο/ρΗ curves can thus only be interpreted as 
the result of counter-ion adsorption, which has been neglected so far. 
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M o d e l fo r a n A m p h o t e r i c S u r f a c e w i t h C o m p l e x a t i o n 

The concentration dependence and non-linearity observed in σο/pR curves indirectly 
show that it is not legitimate to ignore complexation. Direct experimental evidence, 
obtained with radiotracer methods (21,30,31), confirms the importance of complex
ation in the generation of surface charge σο· Thus, we need to add the following 
equations to Equations 2 and 3, assuming for simplicity that the electrolyte is NaCl: 

The equilibrium constants KNa+ and KCi- introduced here characterize the extent of 
counterion complexation that occurs. Two other constants characterize the potential 
generation that results from this complexation, namely the capacitances CNa+ and 
C c l - . These are the capacitances between the planes of counterion complexation 
and the surface plane where
electrostatic potential at the
form a surface complex. 

The derivation of Equation 13, which relates φο, pH, and the F-function is unaf
fected by the presence of more surface site forms in this case. What changes is the 
calculation of the number of the different site forms, and therefore the expression for 
the F-function. Using normalized surface concentrations as before, the new normalized 
conservation-of-site equation is: 

a+ + a- + a c l - + aNa+ + an = 1 (25) 

Note that the net surface charge, defined in Equation 7 is not the same as the charge 
on the plane of the surface oxygens, which is called σο, and is given by: 

σ 0 = q ([SOHf] + [SOHjCP ] - [SO"] - [SO"Na + ] ) (26) 

The effect of the counterion binding reactions 23 and 24 on the surface chemistry will 
be treated in terms of ratios ρ and n, defined as: 

p = ^ L = c K „ . t „ p ( - £ ^ l ) (27) 

where c = {Na} — {C7}, the bulk electrolyte activity. With these equations, the 
conservation-of-site relationship can be written as: 

(1 + n)a+ + (1 + p)a- + an = 1 (29) 

The expressions of Equations 9 and 10 which give the normalized surface site densities 
as a function of χ and F are still valid; when substituted into Equation 29 an equation 
is obtained which can be solved as before to give: 

P M _ ix/6) + V(xIW+ [i - x ( i + Ό Ρ + x i i + P)\ f 3 0 l 
n X ) ~ [ 1 - X ( 1 + ")] V ] 

For surfaces for which δ is small, this new expression for the F-function is in fact 
similar to the old one, since then the dominant term under the square root is {χ/δ)2. 
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To relate the various potentials in the double layer to the charge in the Gouy-
Chapman layer σ^, the model of Figure 2 can be used; again, constant capacitances 
between the planes of charge are assumed. Some complications arise when Οχα+ φ 
Cci-; in Reference (14) a general method is discussed to calculate φο/σο/ρΗ curves 
in that case. This method is an iteration which converges very rapidly, and yields 
results free of any approximations. Figure 3 shows a theoretical calculation of surface 
charge for a hypothetical surface with pB.pzc= 8, CNa+ = 150 /iF/cm 2 , and C c l - = 75 
/iF/cm 2 . However, in addition to the exact results obtained by that method, it is 
possible to find approximations such as those developed in the previous section, which 
illustrate the role of characteristic constants. 

For simplicity, we will consider the case in which surface charge and potential are 
positive, and that only anions adsorb. Furthermore, the potential drop in the Gouy-
Chapman layer will be assumed to be small enough that its charge/potential relation 
can be linearized. The φο/σο/ρΗ relationship can then be derived parametrically, with 
the charge in the Gouy-Chapman layer σ<* as the parameter. The potential at the plane 
of anion adsorption can then be calculated and substituted in Equation 28 to give: 

η =

where an is defined as (kT/q)CQi-t the characteristic charge associated with the ca
pacitance of the anion adsorption plane. Using Equation 30, the F-function can be 
calculated, and then, from Equations 9, 26, and 28 it follows that: 

σ ° = ' < { 1 + ϊ * ? ϊ } (3 2) 

The total potential in the double layer also follows from the double layer model of 
Figure 2, and can be calculated to be: 

and then from Equation 13 it follows that: 

2.303 ( p H p K - pH) = ^ - + ln(F) + ^ τ ^ τ (34) 
v ' aDL an b* - 1 

Two regions of behavior can be distinguished in the case that cKci- is much smaller 
than one: 

1. When η << 1, we have σο « σ^, and the last term in Equations 33 and 34 is 
negligible compared to the other terms. Then the equations reduce to the case 
without specific adsorption which was discussed previously. 

2. The parameter η increases exponentially with increasing σ^, and therefore beyond 
a certain value of σ<* the last term in Equations 32 to 34 becomes dominant. At 
that point, almost all of the surface charge σο is due to the counterion adsorption 
reactions. In this case, the last two equations can be further approximated as 
follows: 

SÎ1 = ^ + Î 1 (35) 

2.303 (pEpzc - pE) = + ln(F) + ^ (36) 

In addition, once the point is reached where the surface charge increases exponen
tially with σ<2, the parameter σ<* will vary much less than the other parameters, 
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Figure 2. Representation of the possible site forms in the site-binding model which 
includes the effect of counter-ion adsorption, combined with a diagram of charges 
and potentials at the insulator/electrolyte interface. Reproduced with permission 
from Ref. (14)· Copyright 1983, North Holland. 
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and will be approximately constant. In other words, Equation 36 predicts that 
sufficiently far from the p H p z c , the σο/ρΗ curve will tend to become a straight 
line given by: 

2.303 ( p H p M - pH) = / (cKcl-, a D L , σ3) + ^- (37) 

The intercept of this line is a function of cKci- · Thus, this theory predicts that 
the σο/ρΗ curves at various concentrations should all tend to become parallel 
lines far from the p H p z c . This is indeed the usual experimental observation. 
The slope of the σο/ρΗ curves far from p H p z c is given by an = (kT/q)CCi-, 
which means that the adsorption capacitance follows directly from surface charge 
measurements. This had already been noted by Smit (21). The intercept of the 
straight line predicted by Equation 37 can be used to find cKcl-, provided that 
as and σρχ, are known. 

Between these two limiting cases there is a transition region, the extent of which 
can be judged from Figure 3. In practice, the limiting slope of the surface charge/pH 
curves is often not reached a
value of CC\- is somewhat highe

The effect of counterion adsorption on the φο/ρΉ. characteristics can be seen by 
considering Equations 35 and 36. Since the last term on the right hand side, which 
is dominant far from p H p z c , is common to these two equations, the resulting φο/ρΉ. 
relation tends to become Nernstian. However, in this region, the surface potential 
always becomes Nernstian anyway, even without the effect of counterion adsorption. 
Therefore, adsorption will not affect the φο/ρΉ. curves very much. This is demonstrated 
in Figure 4, which shows the surface potential in the same conditions as for Figure 
3. If CKQI- is much larger than one, then there will be an effect on the potential/pH 
curves, namely an increase in the slope at the pH p z c (see Reference (14)). 

D e t e r m i n a t i o n o f S u r f a c e E q u i l i b r i u m C o n s t a n t s 

Determination of Ka\ and Ka2 from φο/ρΉ. curves. The results of the previous sec-
tion show that around the pHpzc the φο/ρΉ. characteristics become insensitive to com
plexation. This fact will be used in this section to obtain estimates of the intrinsic 
surface reaction constants Ka% and Ka2. We have shown that surface potential mea
surements can be used to determine the ratio β — as/ar)L and the point of zero charge. 
This is done by measuring the pH where the slope of the φο/ρΉ. curve is minimal, and 
the value of that slope. Note that this procedure is only possible when β is not higher 
than about 10, because otherwise the slope is practically Nernstian for all pH. To de
duce the value of 8 from the measured value of β, Equations 19 and 20 show that it is 
necessary to know Ns and Cst. The surface site density has been measured by various 
means, including tritium exchange (32) and crystallography (33), and for oxides the 
results lie in the range 5 to 15 χ 1 0 1 4 c m ~ 2 . These values are much larger than those 
obtained by measuring the exchange capacity in aqueous solutions, as was done by sev
eral authors (3,34); however, it is not certain that the pH range available in aqueous 
solutions or before dissolution occurs is sufficient to fully charge a surface. Unfortu
nately, very little is known about the Stern capacitance on oxides, Cst- Yates et al. (4) 
have suggested a value of 20 /iF/cm 2 , which corresponds roughly to the capacitance 
of a single layer of adsorbed water molecules with no rotational mobility. There is an 
experimental study of the capacitance at the SiC^/water interface which supports this 
value (35), and we will make the assumption here that Cst — 20 /iF/cm 2 . It must be 
kept in mind, however, that the double layer theory currently used for oxide surfaces 
contains many approximations, such as neglecting discreteness of charge effects and 
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lumping the influence of water dipoles into the Stern capacitance. Thus, the possibility 
exists that the Stern capacitance in this model assumes a value which departs from 
what would follow from the physical picture of a layer of water dipoles. 

Assuming N s = 5 χ 10 1 4 cm*" 2 (37), values of ApK = — log 1 0(o 2/4) ranging from 
6.4 (36) to 8.2 (38) have been measured for S1O2 surfaces. Our own measurements are 
shown in Figure 5, and lead to ApK= 6.9 (18) for a 0.1M solution; there does exist 
a slight influence of ionic strength as predicted by Equation 16. The relatively large 
spread in experimental results for ApK measured with electrolyte/Si02/Si systems 
may be due to the tendency of S1O2 to hydrate very slowly (37), which may cause 
widely varying surface densities of silanol sites. For both colloidal dispersions and 
electrolyte/Si02/Si structures it is found that p H p z c « 2.2. Taking an average value of 
ApK to be 7.0, it follows that for S i 0 2 : 

pKal = PUpzc - ^ψ- = 2.2 - 3.5 = -1 .3 (38) 

pKa2 = pKpzc + ^ψ- = 2.2 + 3.5 = 5.7 (39) 

It is to be noted that the φο/pR
in solution, as also reported by Fung (38), which confirms that these curves are not 
significantly affected by adsorption of counterions. 

In the case of 7-AI2O3, the only t/>o/pH measurements in which a ApK is reported 
are in (18) and (14) ( s ee Figure 6); the value observed is ApK= 4.2, assuming that 
N s = 8 χ 10 1 4 c m - 2 . Again, the type of electrolyte did not affect this result. The pHpzc 

found with electrolyte/insulator/Si structures was 8, which is close to the value of 8.4 
usually reported for colloidal dispersions of the same material. Thus, for 7 -AI2O3, the 
following results are obtained: 

pKal = pRpzc - £ψ- = 8 - 2.1 = 5.9 (40) 

PKa2 = pEpzc + ^ψ- = 8 + 2.1 = 10.1 (41) 

Interpretation of experimental σρ/ρΗ curves. Since σο/ρΗ curves mainly depend on 
counterion adsorption, it is clear that these data should be used to determine pKcaaoni 

pKaniom Ccation> and C o m o n . In fact, the experimental slopes of the linear part of the 
σο/ρΗ curve far from the pB.pzc yield the adsorption capacitance directly (provided 
dissolution effects do not interfere). To determine the equilibrium constants, it is suf
ficient to generate a family of theoretical plots with different values of pKcation and 
pK anion* and observe with which curve the experimental data corresponds. This proce
dure requires the independent knowledge of pKa\ and pKa2 which was obtained in the 
previous paragraph. The surface charge data has been obtained from the experiments 
published in the literature. 

For S1O2, we have only considered sources for silica suspensions which were non-
porous, such as Ludox (39), pyrogenic silica (40), heat-treated B D H silica (32), or 
ground quartz (41). The data from these sources at 0.1M concentration has been 
collected in Figure 7. The data of the various researchers is quite consistent, in spite 
of the differences in origin of the suspensions, and the different electrolytes used. The 
slope of the points above pH 7 shows that the adsorption capacitance for cations is very 
large for both sodium and potassium ions, around 200 μΥ/cxr?. Such a capacitance 
corresponds to a distance of 0.25.X, when using the dielectric constant of immobilized 
water molecules. The equilibrium constant for adsorption is low, however, since both 
KNa+ and KK+ lie between 0.1 and 0.01 dm 3/mol. A possible interpretation of these 
results is as follows: there is little specific attraction between S1O2 and alkali cations, 
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Figure 5. Examples of φο/ρΗ measurements on S1O2: measurements around pHpze 

at various ionic strengths of a NaNOs background electrolyte. From Reference 
(18). Reproduced with permission from Ref. (18). Copyright 1983, I E E E . 
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Figure 6. The ψο/ρΉ. response of A^Os in 0.1M NaNOs. Note that the curve is 
not quite linear. Reproduced with permission from Ref. (18). Copyright 1983, 
IEEE . 
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2 4 6 8 1 0 
pH 

Figure 7. Experimental surface charge data on S1O2, from Healy and White (20) 
(pttpzc= 2 assumed), Micheal and Williams (41), Bolt (39), and Abendroth (40). 
The theoretical curves are calculated with pKa\ = —1.3, pKa2 = 5.7, and Ceat%0n = 

200 /iF/cm 2 . 
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and adsorption is only significant when the surface is highly negatively charged; the 
S1O2 surface, however, is able to accommodate these adsorbed or complexed cations in 
such a way that their average plane of charge is nearly identical to the plane of charge 
on the surface oxygens. This agrees with the idea, due to de Bruyn et al. (42,43), and 
Yates et al. (4), that there is space for complexed cations between the surface oxygens. 

Similar results for 7-AI2O3 at 0.1M are shown in Figure 8. Unfortunately, the data 
in the literature are much more dispersed in this case, even for 7-AI2O3 in the same 
electrolyte solutions, which precludes quantitative conclusions. Some clear differences 
from the previous figure can be observed, however. The adsorption capacitances are 
much smaller on alumina, about 80 μΈ/cm2 for perchlorate ions, and 140 μΈ/cm2 for 
sodium. These values can be compared to Smit and Holten's results for NaBr adsorp
tion on CK-AI2O3 (21), who find that the capacitance for adsorption of bromine ions 
is 348 ^F/cm 2 , which is much higher than for perchlorate. Their value for sodium 
adsorption is 153 μΡ/cm 2 , which agrees very well with the data in Figure 8. The con
siderable difference between bromine and perchlorate ions suggests that the adsorption 
capacitances can depend strongly on the type of ion. The simplest interpretation for 
the difference between cations and anions is in terms of the larger size of anions such 
as perchlorate relative to sodiu
much stronger than on S1O2,
to electrostatic forces. KclQ- seems to lie between 1 and 100 dm 3/mol, and Κχα+ 
around 10 dm 3/mol. 

Interpretation of Experimental φο/ρΉ. Curves. Close to the pHpzc, φο/ρΚ curves are 
expected to be independent of counterion adsorption. Far from the p H p z c , however, 
deviations in the 10 millivolt range due to such adsorption are to be expected. Mea
surements of the surface potential of S1O2 are not stable enough in the pH range above 
5 to permit such precise measurements (18). AI2O3 surfaces are much more stable, 
though, and it is possible to measure the effects of counterion adsorption (14). Figure 
9 shows potential measurements on 7-AI2O3 in various electrolytes, together with a 
number of theoretical curves. The theoretical curves are clustered close together, in 
spite of the wide range of adsorption equilibrium constants considered. Thus, this 
figure confirms that counterion adsorption and complexation occur, but it is difficult 
to estimate the order of magnitude of the equilibrium constants involved. One indica
tion is that around pH p < z c the slope άφο/άρΉ. does not depend on the type of anions 
present, nor does the ionic strength of the electrolyte have much influence at high 
concentrations. These indications suggest that for anions such as nitrate or chloride 
ions the value of Kanion is not much higher than 1 dm 3/mol, which is the low end of 
the range deduced from the data in Figure 8. 

C o n c l u s i o n s 

σο/ρΉ. and φο/ρΗ results are sensitive to different aspects of the surface chemistry of 
oxides. Surface charge data allow the determination of the parameters which describe 
counterion complexation. Surface potential data allow the determination of the ratio 
β —0sl°~DL- Given assumptions about the magnitude of the site density Ns and 
the Stern capacitance Cst, this quantity can be combined with the p H p 2 C to yield 
values of Ka\ and Ka2. Surface charge/pH data contain direct information about the 
counterion adsorption capacitances in their slope. To find the equilibrium constants 
for adsorption, a plot such as those in Figures 7 and 8 can be used, provided that Ka\ 
and Ka2 are independently known from Φο/ρΉ. curves. 

Problems are encountered in practice in the application of this procedure. The data 
in the literature for both φο/ρΉ and σο/ρΗ curves tend to vary considerably, even for 
the same material and electrolyte. This means the error bounds for the resulting set 
of equilibrium constants are quite large. Also, it is difficult to evaluate to which extent 
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Figure 8. Experimental surface charge data on A ^ O s , from Healy and White (20) 
(pEPzc= 8.5 assumed), Westall and Hohl (12), and Kummert and Stumm (34)· 
The theoretical curves are calculated with pKa\ = 5.9, pKa2 = 10.1, Ccati0n = 140 
/iF/cm 2 , and Canion = 80 /iF/cm 2 . 
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Figure 9. The ψο/ρΉ response of AI2O3 presented in a reduced fashion, to re
move the dominant linear response: ψ'0 = φ0 + 48(pH - 8) (mV). The various 
electrolytes at 0.1M concentration are: Ο NaCl, Δ : NaH 2 P04/Na 2 HP04, • : 
Merck buffer. Line a is the site-dissociation theory without counterion adsorption, 
and the other lines include various amounts of counterion adsorption. Reproduced 
with permission from Ref. (14)· Copyright 1983, North Holland. 
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the materials in a colloidal dispersion have the same surface properties as the thin films 
grown and deposited at high temperatures which are typically used for EIS capacitors 
or ISFETs. 

The ideal situation would be a combined and simultaneous experiment in which 
an electrolyte/insulator/semiconductor device is used to monitor φο while a colloid 
dispersion of the same oxide is titrated to measure σο. To our knowledge, such exper
iments have yet to be carried out. The most complete parameter determination that 
could result from such an experiment would be the set: as, <?DL, KNO,+ and Kci-> 
CNa+ and Ccl-. 

However, even using results from various sources in the literature for the surface 
charge data, we believe that the combined use of φο and σο curves leads to more 
reliable values of the surface equilibrium constants than is obtainable otherwise. 

L e g e n d o f S y m b o l s 

σο The surface charge at the oxide/electrolyte interface; 
φο The surface potential at the oxide/electrolyte interface; 
VFB The flat-band voltag
Eref The reference electrod
φ5» r pk e w o r j c function of silicon; 
q The absolute value of the charge of an electron; 
Qins The insulator charge of an EIS capacitor; 
Cing The insulator capacitance of an EIS capacitor; 
k Boltzmann's constant; 
Τ The absolute temperature; 
Kai Equilibrium constant of a surface acid/base reaction; 
pKai A notation for — log 1 0 (Kai)\ 
{H + } Bulk activity of an ion; 
[SOH] Surface concentration of a surface species, in numbers per unit area; 
pHpzc The pH of zero charge of the oxide surface, equal to (pKai + pKa2) /2; 

F A function equal to ([SOH^]/[SO"]) 1 / 2; 
Ns The total number of sites per unit area on the oxide surface; 
a+ A notation for surface concentrations divided by the site density Ns\ 
χ The dimensionless net surface charge; 
δ A quantity indicating surface reactivity, equal to 2(Ka2/Kai)1/2 and 

2 χ 10-( Δ**/ 2 ); 
ApK A quantity indicating surface reactivity, equal to pKa2 - pKai and 

- l o g l 0 ( « 7 4 ) ; 
Cst The Stern capacitance; 
CDL The double layer capacitance in a linearized model; 
c The ionic strength of the electrolyte; 
R The universal gas constant; 
c The dielectric constant of bulk water; 
aDL A characteristic charge indicating the double layer capacitance; 
as A characteristic charge indicating the tendency of the surface to ionize; 
σ,· A charge characterizing the first-order slope of σο/ρΗ curves; 
β The ratio as I<*DL which characterizes the pH sensitivity of φο at an oxide 

surface; 
CNa+ The capacitance between the plane of cation complexation and the surface 

plane where σο is located; 
Ccl- The capacitance between the plane of anion complexation and the surface plane 

where σο is located; 
η The ratio aNa+/a^ which characterizes the extent of adsorption of cations; 
ρ The ratio acl-/a+ which characterizes the extent of adsorption of anions. 
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Free Energies of Electrical Double Layers 
at the Oxide-Solut ion Interface 

Derek Y. C. Chan 

Department of Mathematics, University of Melbourne, Parkville, Victoria 3052, Australia 

A. simple graphical method is used to illustrate 
the roles of th
surfaces bearin
charge-potential relationship of the diffuse 
double layer in determining the free energy of 
formation of a charged oxide/solution interface 
as well as the double layer interaction free 
energy involving such surfaces. 

In all physical and chemical processes, and in particular those of 
relevance to geochemistry, that involve the oxide/aqueous solution 
interface, it is important to understand the general, non-specific 
characteristics of that interface before focussing on those 
specific processes or mechanisms of interest. Due to the structure 
of mineral surfaces, the mineral oxide/aqueous solution interface 
will invariably acquire a net charge or electrostatic potential 
relative to the bulk solution. The electrical state of the 
interface will depend in part on the chemical reactions that can 
take place on the mineral surface, and in part on the electrolytic 
composition of the aqueous environment. 

From the preceding contributions in this volume it is evident 
that the techniques of modelling the electrical double layer 
properties at the oxide/electrolyte interface have been well 
developed (2_$ 11). However, the problem sti l l contains a certain 
amount of 'art form* in the sense that there is more than one 
school of thought as to how the various modelling techniques should 
be applied. 

The aim of this paper is not to add to the current debate but 
to present a simple graphical method of analysing the free energy 
of formation of the electrical double layer at the oxide/solution 
interface (J_). This will provide a simple way of visualizing the 
complementary roles of chemical reactions or surface properties of 

0097-6156/ 86/ 0323-0099S06.00/ 0 
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t h e m i n e r a l a n d t h e n a t u r e o f t h e d i f f u s e l a y e r i n d e t e r m i n i n g t h e 
t h e r m o d y n a m i c s o f t h e i n t e r f a c e . W h i l e a n a m p h o t e r i c s u r f a c e i s 
b e i n g u s e d a s a s p e c i f i c e x a m p l e t o i l l u s t r a t e t h e k e y i d e a s , t h e 
c o n c e p t s p r e s e n t e d h e r e a r e q u i t e g e n e r a l and c a n be a p p l i e d t o 
o t h e r t y p e s o f s u r f a c e s s u c h as s e m i c o n d u c t o r s . 

The same g r a p h i c a l method c a n a l s o be u s e d t o i l l u s t r a t e t h e 
n a t u r e o f t h e d o u b l e l a y e r i n t e r a c t i o n f r e e e n e r g y a n d t o b r i n g o u t 
a s i m p l e p h y s i c a l r e s u l t w h i c h c a n be u s e d t o c h e c k n u m e r i c a l 
a l g o r i t h m s commonly u s e d t o c a l c u l a t e t h e i n t e r a c t i o n f r e e e n e r g y . 

The E q u a t i o n s o f S t a t e 

a . The O x i d e S u r f a c e 

L e t u s c o n s i d e r t h e b a s i c p h y s i c a l m e c h a n i s m s whe reby a s u r f a c e c a n 
d e v e l o p a s u r f a c e c h a r g e o r s u r f a c e p o t e n t i a l . 

F o r t h e f a m i l i a r d r o p p i n
p o t e n t i a l ψ a t t h e m e t a l s u r f a c e r e l a t i v e t o t h e b u l k r e g i o n o f 
t h e e l e c t r o l y t e i s c o n t r o l l e d by a n e x t e r n a l p o t e n t i a l s o u r c e - a 
c o n s t a n t v o l t a g e s o u r c e . I n t h i s c a s e , c a n be s e t t o any v a l u e 
( w i t h i n r e a s o n a b l e p h y s i c a l l i m i t s ) a s t h e m e r c u r y / e l e c t r o l y t e 
i n t e r f a c e d o e s n o t a l l o w c h a r g e t r a n s f e r o r c h e m i c a l r e a c t i o n s t o 
o c c u r ( a t l e a s t t o a good a p p r o x i m a t i o n f o r t h e c a s e o f N a F ) . 
T h e r e f o r e , we c a n s a y t h a t t h e e q u a t i o n o f s t a t e o f t h e m e r c u r y 
s u r f a c e i s 

w h e r e t h e c o n s t a n t c a n be a d j u s t e d by c h a n g i n g t h e c o n s t a n t v o l t a g e 
s o u r c e . 

I n a t y p i c a l i n o r g a n i c o x i d e , t h e o x i d e s u r f a c e a c q u i r e s a 
c h a r g e by t h e d i s s o c i a t i o n o r a d s o r p t i o n o f p o t e n t i a l d e t e r m i n i n g 
i o n s a t s p e c i f i c a m p h o t e r i c s u r f a c e g r o u p s o r s i t e s . As a 
c o n s e q u e n c e t h e e q u a t i o n o f s t a t e o f s u c h s u r f a c e s w i l l i n v o l v e 
p a r a m e t e r s t h a t c h a r a c t e r i z e s u r f a c e r e a c t i o n s . I n a d d i t i o n , one 
may a l s o a l l o w f o r t h e a d s o r p t i o n o f a n i o n s and c a t i o n s o f t h e 
s u p p o r t i n g e l e c t r o l y t e . H o w e v e r , i n t h i s p a p e r we s h a l l i g n o r e 
t h i s p o s s i b i l i t y t o k e e p t h e d i s c u s s i o n c l e a r . S u c h e m b e l l i s h m e n t s 
o f t h e m o d e l o f t h e s u r f a c e do n o t a l t e r t h e k e y i d e a s p r e s e n t e d 
h e r e . 

We d e r i v e t h e e q u a t i o n o f s t a t e o f a n a m p h o t e r i c s u r f a c e by 
c o n s i d e r i n g t h e g e n e r i c d i s s o c i a t i o n r e a c t i o n s i n v o l v i n g p o t e n t i a l 
d e t e r m i n i n g i o n s : 

ψ * c o n s t a n t (1) 

A H 2
+ t AH + H + 

AH t A " + H + (2) 
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where we h a v e a s sumed t h e p o t e n t i a l d e t e r m i n i n g i o n s t o be h y d r o g e n 
i o n s . The c h a n g e i n f r e e e n e r g y a s s o c i a t e d w i t h t h e s e r e a c t i o n s 
a r e c h a r a c t e r i z e d by t h e i n t r i n s i c d i s s o c i a t i o n c o n s t a n t s 
Κ a n d Κ : 
+ 

[ Α Η ] · Η / [ Α Η 9
+ ] - Κ 

s ζ + 

[ Α ~ ] · Η / [AH] - Κ (3) 
s -

S t r i c t l y , t h e i n t r i n s i c d i s s o c i a t i o n c o n s t a n t s s h o u l d be d e f i n e d i n 
t e r m s o f t h e a c t i v i t i e s o f t h e v a r i o u s s p e c i e s a t t h e s u r f a c e . 
H o w e v e r , we s h a l l n e g l e c t c o r r e c t i o n s due t o a c t i v i t y c o e f f i c i e n t s 
and u s e s u r f a c e c o n c e n t r a t i o n s i n s t e a d . T h i s a p p r o x i m a t i o n i s 
c o n s i s t e n t w i t h t h e u s e o f t h e Gouy -Chapman t h e o r y t o d e s c r i b e t h e 
b e h a v i o u r o f t h e d i f f u s e d o u b l e l a y e r i n t h e e l e c t r o l y t e . 

I f t h e s u r f a c e i s p o p u l a t e d w i t h t h e s e a m p h o t e r i c g r o u p s a t 
Ν s i t e s / u n i t a r e a , t h
(e = p r o t o n i c c h a r g e ) 

a Q
S - e N g { [ A H 2

+ ] - [A~] }/{ [AH] + [AH,/"] + [A~]} ( 4 ) 

- eN {Η /Κ - Κ /Η }/{l + Η /Κ + Κ /Η } (5) 
s s + - s s + - s 

We h a v e e x p r e s s e d t h e s u r f a c e c h a r g e d e n s i t y i n t e r m s o f t h e 
s o l u t i o n c o n c e n t r a t i o n o f p o t e n t i a l d e t e r m i n i n g i o n s H a t t h e 
s u r f a c e and t h e d i s s o c i a t i o n c o n s t a n t s K + , K _ o f t h e p o s i t i v e a n d 
n e g a t i v e g r o u p s . [ K + , K_ a r e s o m e t i m e s w r i t t e n a s K a l a n d K a 2 i n 
t h e l i t e r a t u r e O ) ] · F r o m E q u a t i o n 5 we s e e t h a t σ c a n be v a r i e d 
by c h a n g i n g t h e s o l u t i o n c o n c e n t r a t i o n o f p o t e n t i a l d e t e r m i n i n g 
i o n s a t t h e s u r f a c e , w h i c h i s i n t u r n r e l a t e d t o t h e c o n c e n t r a t i o n 
o f p o t e n t i a l d e t e r m i n i n g i o n s H , i n t h e b u l k s o l u t i o n - we s h a l l 
a s sume t h a t t h i s r e l a t i o n i s g i v e n by t h e B o l t z m a n n d i s t r i b u t i o n 

-βψ /kT 
H = H e (6) 

s 

w h e r e i s t h e mean e l e c t r o s t a t i c p o t e n t i a l a t t h e i n t e r f a c e 
r e l a t i v e t o t h e b u l k s o l u t i o n . E q u a t i o n 6 i s c o n s i s t e n t w i t h t h e 
Gouy -Chapman m o d e l w h i c h we s h a l l u s e t o d e s c r i b e t h e d i f f u s e 
d o u b l e l a y e r . 

C o m b i n i n g E q u a t i o n s 5 and 6, t h e e x p r e s s i o n f o r t h e s u r f a c e 
c h a r g e d e n s i t y c a n be w r i t t e n as 

oQ
S = e N g { δ s i n h [β (Ψ Ν - i ^ / k T } / 

{1 + 6 c o s h [ β ( ψ Ν - Ψ 0
β ) / Κ ] } ( 7 ) 

where 

δ = 2 ( Κ + / Κ _ ) 1 / 2 = 2 χ 1 0 Δ ρ Κ / 2 ( 8 ) 

ΔρΚ Ξ ρ Κ + - ΔρΚ (9) 
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pH = (pK + pK )/2 (10 ) 
p z c + -

ψ - 2 . 3 0 3 ( k T / e ) [pH - pH] (11) 
Ν p z c 

and pH i s t h e v a l u e o f t h e b u l k pH a t t h e p o i n t o f z e r o 
c h a r g e ? Z C E q u a t i o n 7 i s a n e q u a t i o n o f s t a t e o f t h e s u r f a c e w h i c h i s 
d i c t a t e d by t h e e q u i l i b r i u m d i s s o c i a t i o n o f s u r f a c e g r o u p s . T h a t 
i s , t h e d i s s o c i a t i o n r e a c t i o n o f t h e s u r f a c e g r o u p s i m p o s e s a 
r e l a t i o n b e t w e e n t h e p o t e n t i a l ψ ^ δ and t h e c h a r g e d e n s i t y w h i c h 
t h e i n t e r f a c e c a n a c q u i r e . No te t h a t t h i s r e l a t i o n s h i p b e t w e e n t h e 
s u r f a c e c h a r g e and s u r f a c e p o t e n t i a l i s d e p e n d e n t o n l y on t h e 
d e n s i t y o f s u r f a c e g r o u p s Ν , t h e d i s s o c i a t i o n c o n s t a n t s Κ , K_ a n d 
t h e b u l k pH - t h e c o n c e n t r a t i o n o f p o t e n t i a l d e t e r m i n i n g i o n s ; b u t 
i n d e p e n d e n t o f any o t h e r s o l u t i o n p r o p e r t i e s . T h u s , i f t h e s u r f a c e 
p o t e n t i a l i s known t h e n t h e a s s o c i a t i o n o r d i s s o c i a t i o n o f t h e 
s u r f a c e g r o u p s w i l l e n s u r e t h a t t h e s u r f a c e c h a r g e a t e q u i l i b r i u m 
w i l l be t h a t g i v e n by E q u a t i o n 7 . F o r a p a r t i c u l a r v a l u e o f t h e 
N e r n s t p o t e n t i a l ψ^, t h
f u n c t i o n o f g t h e s u r f a c e
on (Ψ Ν - ψ 0 ) , s e e E q u a t i o n 7 , t h e l o c a t i o n o f t h i s a Q  - ψ 0  c u r v e 
i s d e t e r m i n e d by t h e s i g n o f t h e N e r n s t p o t e n t i a l ΨΝ o r t h e b u l k 
c o n c e n t r a t i o n o f p o t e n t i a l d e t e r m i n i n g i o n s (pH) ( s e e E q u a t i o n 7 
a n d F i g u r e 1) w h i l e t h e o v e r a l l s h a p e o f t h i s c u r v e i s c o n t r o l l e d 
by t h e d i s s o c i a t i o n c o n s t a n t s v i a t h e q u a n t i t y δ ( s e e E q u a t i o n 8 ) 
(_2). The s u p e r s c r i p t s s e r v e s a s a r e m i n d e r t h a t we a r e d e a l i n g 
w i t h a c h a r g e - p o t e n t i a l r e l a t i o n s h i p t h a t i s d i c t a t e d by c h e m i c a l 
r e a c t i o n s o f t h e s u r f a c e g r o u p s . 

A l t h o u g h a f a m i l y o f OQS - v a l u e s a r e a l l o w e d u n d e r 
E q u a t i o n 7 t h e a c t u a l e q u i l i b r i u m s t a t e o f t h e o x i d e / s o l u t i o n 
i n t e r f a c e w i l l be d e t e r m i n e d by t h e d i s s o c i a t i o n o f t h e s u r f a c e 
g r o u p s and t h e p r o p e r t i e s o f t h e e l e c t r o l y t e o r t h e d i f f u s e d o u b l e 
l a y e r n e a r t h e s u r f a c e . F o r s u r f a c e s t h a t d e v e l o p s u r f a c e c h a r g e s 
by d i f f e r e n t m e c h a n i s m s s u c h a s f o r s e m i c o n d u c t o r , t h e r e w i l l be a n 
e q u a t i o n o f s t a t e o r c h a r g e - p o t e n t i a l r e l a t i o n s h i p t h a t i s 
a n a l o g o u s t o E q u a t i o n 7 w h i c h c h a r a c t e r i z e s t h e e l e c t r i c a l r e s p o n s e 
o f t h e s u r f a c e . 

b . T h e D i f f u s e D o u b l e L a y e r 

We s h a l l u s e t h e f a m i l i a r Gouy -Chapman m o d e l (_3) t o d e s c r i b e t h e 
b e h a v i o u r o f t h e d i f f u s e d o u b l e l a y e r . A c c o r d i n g t o t h i s m o d e l t h e 
a p p l i c a t i o n o f a p o t e n t i a l a t a p l a n a r s o l i d / e l e c t r o l y t e 
i n t e r f a c e w i l l c a u s e a n a c c u m u l a t i o n o f c o u n t e r - i o n s and a 
d e p l e t i o n o f c o - i o n s i n t h e e l e c t r o l y t e n e a r t h e i n t e r f a c e . The 
d i s p o s i t i o n o f d i f f u s e d o u b l e l a y e r i m p l i e s t h a t i f t h e s u r f a c e 
p o t e n t i a l o f t h e p l a n a r i n t e r f a c e a t a 1:1 e l e c t r o l y t e i s t h e n 
i t s s u r f a c e c h a r g e d e n s i t y w i l l be g i v e n by (_3) 

oQ
d = ( 2 K e Q e r k T / e ) s i n h ( e i | ; 0

d /2kT ) (12) 

where κ i s t h e i n v e r s e Debye l e n g t h o f t h e e l e c t r o l y t e and ^ i s t h e 
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r e l a t i v e p e r m i t t i v i t y o f t h e s o l v e n t . E q u a t i o n 12 f o r a s a 
f u n c t i o n o f ψ~ may be r e g a r d e d as a n e q u a t i o n o f s t a t e o f t h e 
i n t e r f a c e w h i c h i s d i c t a t e d by t h e d i f f u s e d o u b l e l a y e r - t h e r m a l 
m o t i o n s o f and c o u l o m b i c i n t e r a c t i o n s b e tween i o n s i n t h e 
e l e c t r o l y t e w i l l c o n t r o l t h e e q u i l i b r i u m amount o f c h a r g e 
a c c u m u l a t e d a s a r e s u l t o f t h e a p p l i e d p o t e n t i a l . A more 
s o p h i s t i c a t e d t r e a t m e n t o f t h e d i f f u s e l a y e r w h i c h i n c l u d e s e f f e c t s 
s u c h a s f i n i t e i o n s i z e and f l u c t u a t i o n p o t e n t i a l e f f e c t s w i l l 
r e s u l t i n a d i f f e r e n t e q u a t i o n c o n n e c t i n g OQ and $Q ( 4 ) . T h e 
s u p e r s c r i p t d d e n o t e s a c h a r g e - p o t e n t i a l r e l a t i o n s h i p o f t h e 
i n t e r f a c e t h a t i s c o n t r o l l e d by t h e d i f f u s e d o u b l e l a y e r i n t h e 
e l e c t r o l y t e . 

c . T h e E q u i l i b r i u m P o i n t 

T h e p r o p e r t i e s o f t h e e q u i l i b r i u m s t a t e o f t h e o x i d e / s o l u t i o n 
i n t e r f a c e must s a t i s f y b o t h t h e e q u a t i o n o f s t a t e o f t h e a m p h o t e r i c 
s u r f a c e and t h e d i f f u s e
s t a t e c o r r e s p o n d s t o t h
c u r v e s r e p r e s e n t i n g E q u a t i o n s 7 and 12. An i l l u s t r a t i o n o f t h i s 
r e s u l t i s g i v e n i n F i g u r e 2 . G i v e n a l l o t h e r p a r a m e t e r s b e i n g h e l d 
c o n s t a n t , t h e e q u i l i b r i u m p o i n t may be moved by c h a n g i n g t h e v a l u e 
o f o r e q u i v a l e n t l y by a d j u s t i n g t h e pH r e l a t i v e t o t h e p o i n t o f 
z e r o c h a r g e o f t h e i n t e r f a c e ( s e e E q u a t i o n 1 1 ) . D e t a i l e d n u m e r i c a l 
c a l c u l a t i o n s and e x a m p l e s o f t h e v a r i a t i o n s o f t h e s u r f a c e c h a r g e 
d e n s i t y and s u r f a c e p o t e n t i a l a s a f u n c t i o n o f s o l u t i o n pH 
h a v e b e e n g i v e n f o r a r a n g e o f p a r a m e t e r s t h a t a r e r e p r e s e n t a t i v e 
o f t h e o x i d e / a q u e o u s s o l u t i o n i n t e r f a c e (2_, 1 0 ) · A d i s t i n c t i v e 
f e a t u r e o f t h e s e c a l c u l a t i o n s i s t h a t w i t h a n a m p h o t e r i c m o d e l f o r 
t h e d e v e l o p m e n t o f a c h a r g e d o x i d e / s o l u t i o n i n t e r f a c e , t h e s u r f a c e 
p o t e n t i a l a s a f u n c t i o n o f s o l u t i o n c o n c e n t r a t i o n o f p o t e n t i a l 
d e t e r m i n i n g i o n s i s n o n - N e r n s t i a n . To i l l u s t r a t e t h i s r e s u l t , we 
u s e E q u a t i o n s 7 and 12 t o o b t a i n a n e x p r e s s i o n f o r t h e s l o p e o f 
t h e ψφ v s pH c u r v e 

c o s h ( e i j ; n / 2 k T ) [ l + 6 cosh[e( i|> M - i j O / k T ] 2 . 
( ι + ^ £! î£ \~l ( 13 ) 
U + 2 γ 6 [6 + c o s h ( e ^ N - i ^ / k T ) ] ' K L 3 J 

3 
w h e r e γ = ( 10 N g K / 4 N C ) , w i t h N^ b e i n g A v o g a d r o ' s c o n s t a n t and C 
t h e b u l k 1:1 e l e c t r o l y t e c o n c e n t r a t i o n i n m o l dm · F o r a 
N e r n s t i a n s y s t e m we h a v e άψ /dpH = 2 . 3 0 3 ( k T / e ) = 59.2mV a t 298K . 
I n F i g u r e 3 we h a v e d i s p l a y e d t h e s l o p e f u n c t i o n d i ^ / d p H g i v e n by 
E q u a t i o n 13 t o i l l u s t r a t e t h e d e g r e e o f n o n - N e r n s t i a n b e h a v i o u r . 

As m e n t i o n e d e a r l i e r t h e p o s s i b i l i t y o f t h e a d s o r p t i o n o f 
i o n i c s p e c i e s o f t h e s u p p o r t i n g e l e c t r o l y t e w i l l c o m p l i c a t e t h e 
e q u a t i o n o f s t a t e o f t h e s u r f a c e , b u t t h e g e n e r a l i d e a s d i s c u s s e d 
s o f a r r e m a i n v a l i d . 
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0 

F i g u r e 1 . T h e c h a r g e - p o t e n t i a l c u r v e s f o r a G o u y - C h a p m a n d i f f u s e 
l a y e r a n d a n a m p h o t e r i c s u r f a c e w h e r e ψ > 0 ( < 0 ) c o r r e s p o n d s t o 
p H < p H ( > p H ) . 
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I χ \ N 
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Surface Potential 

F i g u r e 2 . T h e c h a r g e - p o t e n t i a l c u r v e s f o r a G o u y - C h a p m a n d i f f u s e 

l a y e r a n d a n a m p h o t e r i c s u r f a c e : 1 0 1:1 e l e c t r o l y t e , Δ ρ Κ = 2 , 
1R —7 

N = 1 X 1 0 m . 
s 
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PHpzc " PH 

F i g u r e 3 . T h e f u n c t i o n <3ψ / d p H , E q u a t i o n 1 3 , f o r a n a m p h o t e r i c 
—2 1 8 —2 

s u r f a c e : 1 0 M 1 : 1 e l e c t r o l y t e , Ν = 5 X 1 0 m . 
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S i n c e t h e e q u a t i o n s o f s t a t e o f t h e s y s t e m a r e s u m m a r i z e d by 
t h e c u r v e s i n F i g u r e 2 , a l l i n t e r e s t i n g t h e r m o d y n a m i c p r o p e r t i e s o f 
t h e i n t e r f a c e w i l l h a v e a s i m p l e r e p r e s e n t a t i o n i n s u c h a d i a g r a m . 
We s h a l l c o n s i d e r t h e f r e e e n e r g y o f f o r m a t i o n o f a s i n g l e c h a r g e d 
s u r f a c e and t h e i n t e r a c t i o n f r e e e n e r g y due t o t h e o v e r l a p o f two 
i d e n t i c a l p l a n a r d o u b l e l a y e r s . 

F r e e E n e r g y o f F o r m a t i o n o f One S u r f a c e 

I n o r d e r t o c a l c u l a t e t h e f r e e e n e r g y c h a n g e a s s o c i a t e d w i t h t h e 
s p o n t a n e o u s f o r m a t i o n o f t h e e l e c t r i c a l d o u b l e l a y e r a t t h e 
o x i d e / s o l u t i o n i n t e r f a c e we c h o o s e a s t h e i n i t i a l s t a t e one i n 
w h i c h t h e a m p h o t e r i c s u r f a c e i s n e t n e u t r a l and t h e i o n i c p r o f i l e 
i n t h e e l e c t r o l y t e i s u n i f o r m up t o t h e s u r f a c e . C o n s i s t e n t w i t h 
t h e Gouy -Chapman m o d e l i m a g i n g o r f l u c t u a t i o n p o t e n t i a l e f f e c t s a r e 
n e g l e c t e d . The f i n a l s t a t e w i l l be a c h a r g e d i n t e r f a c e 
c h a r a c t e r i z e d by s u r f a c e p o t e n t i a l and s u r f a c e c h a r g e σ^ . 

The f r e e e n e r g y o
c a l c u l a t e d a s f o l l o w s (_3). S t a r t i n g f r o m t h e r e f e r e n c e s t a t e , 
i n f i n i t e s i m a l amounts o f p o t e n t i a l d e t e r m i n i n g i o n s a r e t r a n s f e r r e d 
f r o m t h e b u l k s o l u t i o n on t o t h e s u r f a c e . A f t e r e a c h s t e p , i o n s i n 
t h e s o l u t i o n a r e a l l o w e d t o r e - e s t a b l i s h e q u i l i b r i u m and t h e 
c o n f i g u r a t i o n o f t h e s u r f a c e g r o u p s i s a l s o a l l o w e d t o come t o t h e 
new e q u i l i b r i u m s t a t e . The c h a n g e i n f r e e e n e r g y p e r u n i t a r e a d f , 
i n t r a n s f e r r i n g dT m o l e s p e r u n i t a r e a o f p o t e n t i a l d e t e r m i n i n g 
i o n s f r o m t h e b u l k s o l u t i o n t o t h e s u r f a c e i s g i v e n by 

d f = [ u S - y b ] d r ( 14 ) 
g 

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

Γ = [ A H 2
+ ] - [A~] ( 15 ) 

a n d μ^ i s t h e c o n s t a n t c h e m i c a l p o t e n t i a l i n t h e b u l k s o l u t i o n . We 
f o r m a l l y s e p a r a t e t h e e l e c t r i c a l c o n t r i b u t i o n t o μ f r o m t h e 
c h e m i c a l p a r t : 

μ 8 = 7 ( Γ ) + e ψ 0 ( 16 ) 

w i t h t h e a s s u m p t i o n t h a t t h e c h e m i c a l p a r t μ ( Γ ) i s o n l y a f u n c t i o n 
o f Γ a n d n o t o f t h e m e a n - e l e c t r o s t a t i c p o t e n t i a l ΨΛ· T h i s 
a s s u m p t i o n i s met i n o u r mass a c t i o n / G o u y - C h a p m a n m o d e l o f t h e 
i n t e r f a c e a s w e l l a s i n a l l m o d e l s p r o p o s e d s o f a r i n t h e 
l i t e r a t u r e . 

T h e t o t a l c h a n g e i n f r e e e n e r g y p e r u n i t a r e a i n c h a r g i n g up 
t h e i n t e r f a c e i s o b t a i n e d by i n t e g r a t i n g E q u a t i o n 14 

σ Γ 
f - / 0 ψ π ( σ ^ σ + / 0 [ μ 8 ( Γ ) - P

b ] d r ( 17 ) 
0 0 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



6. C H A N Electrical Double Layers at the Oxide-Solution Interface 107 

where Ξ e l ^ i s t h e e q u i l i b r i u m s u r f a c e c h a r g e d e n s i t y , i s t h e 
t o t a l amount o f p o t e n t i a l d e t e r m i n i n g i o n s t r a n s f e r r e d t o t h e 
s u r f a c e a t e q u i l i b r i u m and i s d e t e r m i n e d by t h e c o n d i t i o n 

V - p S = 7(TQ) + e ψ 0 ( σ 0 ) ( 18 ) 

T h e f i r s t i n t e g r a l i n E q u a t i o n 17 i s i d e n t i f i e d a s t h e 
e l e c t r i c a l c o n t r i b u t i o n t o t h e c h a n g e i n f r e e e n e r g y i n f o r m i n g t h e 
c h a r g e d i n t e r f a c e (3 ) and may be e v a l u a t e d u s i n g E q u a t i o n 12 

Ψ 0 (σ ) = ψ 0
ά ( σ ) = ( 2 k T / e ) s i n h " " 1 ( σ ^ κ ε ^ Κ Γ ) (19 ) 

The s e c o n d i n t e g r a l i n E q u a t i o n 17 i s t h e c h e m i c a l c o n t r i b u t i o n due 
t o c h e m i c a l r e a c t i o n s o f t h e p o t e n t i a l d e t e r m i n i n g i o n s w i t h t h e 
s u r f a c e g r o u p s . T h i s t e r m may be r e c a s t a s f o l l o w s . C h e m i c a l 
e q u i l i b r i u m b e t w e e n p o t e n t i a l d e t e r m i n i n g i o n s bound o n t h e s u r f a c e 
a n d t h o s e i n t h e s o l u t i o n a d j a c e n t t o t h e s u r f a c e d u r i n g t h e 
c h a n g i n g p r o c e s s means t h a t t h e c h e m i c a l p a r t o f t h e c h e m i c a l 
p o t e n t i a l s a r e e q u a l , i . e

μ 3 ( Γ ) « μ Α + k T in Η (20 ) 
0 s 

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

p b - y Q + k T in H (21 ) 

we h a v e 

μ 8 ( Γ ) - p b = k T £n (H /H) (22 ) 
s 

Thus u s i n g E q u a t i o n s 5 - 7 , 15 and 22 t h e s e c o n d i n t e g r a l i n E q u a t i o n 
17 o v e r dF may be w r i t t e n a s an i n t e g r a l i n t e r m s o f t h e c h a r g e -
p o t e n t i a l c a r v e g i v e n by E q u a t i o n 7 . T h e e x p r e s s i o n f o r t h e f r e e 
e n e r g y p e r u n i t a r e a i n f o r m i n g t h e c h a r g e d i n t e r f a c e t h e n h a s t h e 
c o m p a c t f o r m 

σ σ 
f - S Ψη (σ )άσ - / ° ψ η

β (σ)<Ισ ( 23a ) 
0 0 

Ψ Ψ 
= - / 0 σ Αψ)άψ - / Ν σ η

β(ψ)άψ (23b ) 

0 * 0 

E q u a t i o n 23b f o l l o w s f r o m 23a u s i n g i n t e g r a t i o n by p a r t s - t h e 
i n t e g r a t e d t e r m s c a n c e l b e c a u s e o f t h e e q u i l i b r i u m c o n d i t i o n : 

* o S > • * o S ( V ( 2 4 ) 

We r e c a l l t h a t t h e f i r s t i n t e g r a l i n E q u a t i o n 23a r e p r e s e n t s 
t h e c h a n g e i n e l e c t r i c a l f r e e e n e r g y i n f o r m i n g t h e d i f f u s e d o u b l e 
l a y e r . T h i s c o n t r i b u t i o n t o f , t h e f r e e e n e r g y o f f o r m a t i o n o f t h e 
c h a r g e d i n t e r f a c e , i s p o s i t i v e and h e n c e r e p r e s e n t s a n u n f a v o u r a b l e 
component w h i c h o p p o s e s t h e f o r m a t i o n o f t h e c h a r g e d i n t e r f a c e . 
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T h i s p o i n t h a s b e e n n o t e d i n e a r l i e r t r e a t m e n t o f t h i s p r o b l e m ( 3 ) . 
The v a l u e o f t h i s c o n t r i b u t i o n d e p e n d s o n t h e m o d e l we a d o p t t o 
d e s c r i b e t h e d i f f u s e l a y e r . 

T h e s e c o n d t e r m i n E q u a t i o n 23a r e p r e s e n t s t h e c h a n g e i n f r e e 
e n e r g y due t o c h e m i c a l r e a c t i o n s a s s o c i a t e d w i t h t h e f o r m a t i o n o f 
a n a m p h o t e r i c s u r f a c e w i t h a n e t c h a r g e σ . T h i s c h e m i c a l 
c o n t r i b u t i o n i s n e g a t i v e and h e n c e f a v o u r s t h e f o r m a t i o n o f t h e 
c h a r g e d i n t e r f a c e . I n d e e d , i f t h e c h a r g e d i n t e r f a c e i s t o f o r m 
s p o n t a n e o u s l y , t h e l o w e r i n g o f t h e f r e e e n e r g y o f t h e s y s t e m due t o 
c h e m i c a l r e a c t i o n s must o u t w e i g h t h e u n f a v o u r a b l e c o n t r i b u t i o n 
n e c e s s a r y i n f o r m i n g t h e d i f f u s e d o u b l e l a y e r . I n o t h e r w o r d s , i t 
i s t h e c h e m i c a l r e a c t i o n s o f t h e s u r f a c e g r o u p s t h a t p r o v i d e s t h e 
m a i n d r i v i n g m e c h a n i s m f o r t h e f o r m a t i o n o f t h e c h a r g e d i n t e r f a c e . 
T h e m a g n i t u d e o f t h i s c h e m i c a l c o n t r i b u t i o n d e p e n d s s p e c i f i c a l l y o n 
t h e r e a c t i o n s t h a t c a n t a k e p l a c e a t t h e o x i d e s u r f a c e . 

A p a r t f r o m t h e a s s u m p t i o n
e x p r e s s i o n f o r t h e f r e
t y p e s o f r e a c t i o n s t h a t c a n t a k e p l a c e a t t h e s u r f a c e . 

As i t s t a n d s , E q u a t i o n 23a i s c u m b e r s o m e ^ t o u s e d i r e c t l y a s we 
n e e d t o s o l v e E q u a t i o n s 7 a n d 12 t o o b t a i n and a s f u n c t i o n s 
o f t h e s u r f a c e c h a r g e σ . H o w e v e r , g r a p h i c a l l y t h e two t e r m s c a n 
b e r e p r e s e n t e d a s a r e a s u n d e r t h e e q u a t i o n s o f s t a t e o f t h e s u r f a c e 
and t h e d i f f u s e l a y e r . The f i r s t t e r m i n E q u a t i o n 2 3 a , t h e 
p o s i t i v e e l e c t r i c a l c o n t r i b u t i o n t o t h e f r e e e n e r g y o f f o r m a t i o n o f 
t h e c h a r g e d i n t e r f a c e i s s i m p l y t h e a r e a i n t h e r e g i o n d e n o t e d by 
ORYO i n F i g u r e 2 . T h e n e g a t i v e c h e m i c a l c o n t r i b u t i o n , t h e s e c o n d 
t e r m i n E q u a t i o n 2 3 a , i s t h e n e g a t i v e o f t h e a r e a d e n o t e d by ONRYO 
i n F i g u r e 2 . 

We c a n o b t a i n a n e x p l i c i t e x p r e s s i o n f o r t h e change i n f r e e 
e n e r g y p e r u n i t a r e a i n f o r m i n g a n a m p h o t e r i c c h a r g e d s u r f a c e u s i n g 
E q u a t i o n s 7 , 12 a n d 2 3 a : 

f = - ( 4 κ ε 0 ε Γ ) ( ^ / β ) 2 [ ΰ θ 8 Μ β ψ 0 / 2 ^ ) - 1] 

" N k T An {[1 + 6 c o s h ( β ( ψ Ν - Ψ 0 ) / Μ ) ] / [ 1 + δ ] } ( 25 ) 

The g r a p h i c a l r e p r e s e n t a t i o n f o r f i s t h e n e g a t i v e o f t h e a r e a 
d e s i g n a t e d a s ORNO i n F i g u r e 2 . N o t e t h a t f i s a l w a y s n e g a t i v e 
i r r e s p e c t i v e o f t h e s i g n o f t h e c h a r g e o n t h e s u r f a c e . 

T h e r e s u l t f o r t h e f r e e e n e r g y o f f o r m a t i o n o f a c h a r g e d 
i n t e r f a c e a t a n a m p h o t e r i c s u r f a c e i s a g e n e r a l i z a t i o n o f r e s u l t s 
p r e v i o u s l y o b t a i n e d f o r s u r f a c e s w i t h o n l y one t y p e o f i o n i z a b l e 
g r o u p s ( \j 5). E q u a t i o n 25 a l s o d i f f e r s f r o m t h e e x p r e s s i o n f o r 
t h e f r e e e n e r g y o f f o r m a t i o n o f a c h a r g e d i n t e r f a c e g i v e n i n ( 3 ) 
due t o t h e p r e s e n c e o f t h e s e c o n d t e r m on t h e r i g h t h a n d s i d e . The 
e x p r e s s i o n g i v e n i n ( 3 ) i s p e r t i n e n t t o a ' c o n s t a n t p o t e n t i a l 1 

s u r f a c e . T h a t i s , t h e e q u a t i o n o f s t a t e o f t h e s u r f a c e i s t a k e n t o 
be o f t h e f o r m ( 3 ) : 
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7 ( Γ ) - y b = - β ψ 0 (26 ) 

where Ψη i s a s sumed t o be a c o n s t a n t , i n d e p e n d e n t o f t h e s u r f a c e 
c h a r g e d e n s i t y . T h e g r a p h i c a l r e p r e s e n t a t i o n o f t h e f r e e e n e r g y o f 
f o r m a t i o n o f a c h a r g e d i n t e r f a c e u n d e r t h e c o n s t a n t p o t e n t i a l 
a s s u m p t i o n i s t h e n e g a t i v e o f t h e a r e a g i v e n by ORXO i n F i g u r e 2 -
t h i s c o r r e s p o n d s t o t h e f i r s t t e r m on t h e r i g h t h a n d s i d e o f 
E q u a t i o n 2 5 . The s e c o n d t e r m o n t h e r i g h t h a n d s i d e o f E q u a t i o n 25 
i s r e p r e s e n t e d by t h e r e g i o n XRNX i n F i g u r e 2 . 

I n t e r a c t i o n F r e e E n e r g y B e t w e e n Two P l a t e s 

T h e i n t e r a c t i o n f r e e e n e r g y p e r u n i t a r e a b e t w e e n two p l a n a r d o u b l e 
l a y e r s V ( L ) i s j u s t t h e d i f f e r e n c e b e tween t h e c h a n g e i n f r e e 
e n e r g y p e r u n i t a r e a i n c h a r g i n g up two s u r f a c e s a t a d i s t a n c e L 
a p a r t and t h a t a t i n f i n i t e s e p a r a t i o n 

V ( L

The c h a n g e i n f r e e e n e r g y f i n c h a r g i n g up a s u r f a c e a t a g i v e n 
s e p a r a t i o n L c a n be d i f f e r e n t f r o m t h e c o r r e s p o n d i n g q u a n t i t y f w a t 
i n f i n i t e s e p a r a t i o n L = ° ° , ( g i v e n by E q u a t i o n 23) i f t h e e q u a t i o n s 
o f s t a t e o f t h e s u r f a c e a n d t h a t o f t h e d i f f u s e l a y e r v a r i e s w i t h 
s e p a r a t i o n . I n a l l m o d e l s p r o p o s e d s o f a r , t h e e q u a t i o n o f s t a t e 
o f t h e s u r f a c e ( t h e a d s o r p t i o n i s o t h e r m o f p o t e n t i a l d e t e r m i n i n g 
i o n s ) doe s n o t d e p e n d e x p l i c i t l y on t h e s e p a r a t i o n b e tween t h e 
s u r f a c e s . T h i s i s p h y s i c a l l y r e a s o n a b l e s i n c e we do n o t e x p e c t t h e 
p r o c e s s e s t h a t d e t e r m i n e t h e a s s o c i a t i o n and d i s s o c i a t i o n o f 
s u r f a c e g r o u p s t o d e p e n d o n L u n t i l t h e p l a t e s e p a r a t i o n i s o f t h e 
o r d e r o f a t o m i c o r m o l e c u l a r d i m e n s i o n s . I n t h i s r e g i m e , o t h e r 
e f f e c t s s u c h a s t h e m o l e c u l a r n a t u r e o f t h e s u r f a c e , t h e i o n s and 
s o l v e n t w h i c h h a d s o f a r b e e n n e g l e c t e d must a l s o be t a k e n i n t o 
a c c o u n t . On t h e o t h e r h a n d , t h e change i n f r e e e n e r g y i n f o r m i n g 
t h e d i f f u s e l a y e r w i l l c h a n g e w i t h s e p a r a t i o n when t h e p l a t e s a r e 
o f t h e o r d e r o f a few Debye l e n g t h s a p a r t . 

A n a l o g o u s t o E q u a t i o n 22 we c a n w r i t e t h e change i n f r e e 
e n e r g y i n f o r m i n g a s i n g l e c h a r g e d s u r f a c e a s 

( f L - f j = l°° [ ψ 0
ά ( σ , L ) - ψ 0

8 ( σ ) ] d a 

σ 

" J ΐΨη <σ, -) - Ψ η
8 ( σ )1 d c r <28> 

0 

whgre we h a v e a s sumed t h a t t h e e q u a t i o n o f s t a t e o f t h e s u r f a c e 
ψφ^ (σ ) i s i n d e p e n d e n t o f t h e p l a t e s e p a r a t i o n . The q u a n t i t y 
Ψ0 ( σ , L ) i s t h e c h a r g e - p o t e n t i a l r e l a t i o n s h i p f o r o v e r l a p p i n g 
d i f f u s e l a y e r s a t a s e p a r a t i o n L . F o r t h e Gouy -Chapman m o d e l t h i s 
c a n r e a d i l y be o b t a i n e d by s o l v i n g t h e P o i s s o n - B o l t z r a a n n e q u a t i o n 
( 3 ) . I n F i g u r e 4 we show t h e f u n c t i o n ψ ( σ , L ) f o r v a r i o u s v a l u e s 
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o f t h e p l a t e s e p a r a t i o n . N o t e t h a t a t a f i x e d s u r f a c e p o t e n t i a l 
t h e s u r f a c e c h a r g e d e c r e a s e s a s t h e s e p a r a t i o n d e c r e a s e s . T h i s i s 
a n e x p e c t e d r e s u l t s i n c e f r o m G a u s s ' s l aw t h e s u r f a c e c h a r g e i s 
p r o p o r t i o n a l t o t h e s l o p e o f t h e p o t e n t i a l p r o f i l e a t t h e s u r f a c e , 
a n d a t s m a l l s e p a r a t i o n s t h e p o t e n t i a l p r o f i l e w i l l be n e a r l y 
c o n s t a n t b e t w e e n t h e two s u r f a c e s . 

T h e g r a p h i c a l r e p r e s e n t a t i o n o f t h e two i n t e g r a l s on t h e r i g h t 
h a n d s i d e o f E q u a t i o n 28 i s g i v e n i n F i g u r e 5. The f i r s t i n t e g r a l 
i s t h e n e g a t i v e o f t h e a r e a o f t h e r e g i o n OSNO, t h e s e c o n d i n t e g r a l 
c o r r e s p o n d s t o t h e n e g a t i v e o f t h e a r e a ORNO and t h e d i f f e r e n c e i s 
s i m p l y t h e s h a d e d a r e a ORSO. T h i s a r e a i s a l w a y s p o s i t i v e , w h i c h 
c o r r e s p o n d s t o t h e w e l l known r e s u l t t h a t w i t h i n t h e Gouy -Chapman 
m o d e l t h e d o u b l e l a y e r i n t e r a c t i o n b e t w e e n i d e n t i c a l s u r f a c e s i s 
a l w a y s r e p u l s i v e . 

As t h e s e p a r a t i o n L a p p r o a c h e s z e r o , we n o t e t h a t t h e c h a r g e 
o f t h e d i f f u s e l a y e r
p o t e n t i a l s - s e e t h e c u r v
L 0 , i t i s e a s y t o s e e f r o m F i g u r e 5 t h a t t h e a r e a ORSO w i l l 
a p p r o a c h t h e a r e a ORNO. I n o t h e r words 

V ( L + 0 ) - 2 f e ( 29 ) 

w i t h f w g i v e n by E q u a t i o n 2 3 . T h i s r e s u l t s t a t e s t h a t t h e wo rk 
n e e d e d t o b r i n g two c h a r g e d s u r f a c e s f r o m i n f i n i t y t o z e r o 
s e p a r a t i o n (when t h e s u r f a c e s w i l l become u n c h a r g e d ) i s , a p a r t f r o m 
t h e s i g n , t w i c e t h e e n e r g y o f f o r m a t i o n o f two c h a r g e d s u r f a c e s a t 
i n f i n i t e s e p a r a t i o n . T h a t i s , t h e e n e r g y n e e d e d t o c o m p l e t e l y 
' d i s c h a r g e * two s u r f a c e s i s V ( 0 ) . F u r t h e r m o r e , a s t h e s u r f a c e 
c h a r g e σ r e d u c e s t o z e r o a s L > 0 , we c a n s e e f r o m F i g u r e 5 t h a t 
t h e s u r f a c e p o t e n t i a l w i l l a p p r o a c h t h e N e r n s t p o t e n t i a l 
( 8 ) · T h e s e o b s e r v a t i o n s a r e u s e f u l f o r c h e c k i n g t h e n u m e r i c a l 
a c c u r a c y o f i m p l e m e n t a t i o n s o f a l g o r i t h m s f o r c a l c u l a t i n g t h e 
d o u b l e l a y e r i n t e r a c t i o n (6) b e c a u s e E q u a t i o n s 25 and 29 g i v e s u s 
a n e x a c t a n a l y t i c a l r e s u l t on t h e v a l u e o f V ( 0 ) . 

We n o t e t h a t t h e i n t e r a c t i o n f r e e e n e r g y u n d e r t h e a s s u m p t i o n s 
o f c o n s t a n t c h a r g e o r c o n s t a n t p o t e n t i a l r a t h e r t h a n a t c h e m i c a l 
e q u i l i b r i u m c a n a l s o be r e p r e s e n t e d i n F i g u r e 5. The i n t e r a c t i o n 
f r e e e n e r g y a t c o n s t a n t p o t e n t i a l i s g i v e n by t h e a r e a d e s i g n a t e d 
by ORPO w h i l e t h e i n t e r a c t i o n f r e e e n e r g y u n d e r c o n s t a n t s u r f a c e 
c h a r g e c o r r e s p o n d s t o t h e r e g i o n ORCSPO. I t i s c l e a r f r o m F i g u r e 5 
t h a t t h e d o u b l e l a y e r r e p u l s i o n u n d e r c o n s t a n t c h a r g e i s h i g h e r 
t h a n t h a t u n d e r c h e m i c a l d i s s o c i a t i o n e q u i l i b r i u m i n o u r a m p h o t e r i c 
m o d e l ; w h i c h i n t u r n i s h i g h e r t h a n t h e r e p u l s i o n u n d e r c o n s t a n t 
p o t e n t i a l i n t e r a c t i o n . 

D e t a i l e d n u m e r i c a l e x a m p l e s o f t h e b e h a v i o u r o f t h e s u r f a c e 
c h a r g e and s u r f a c e p o t e n t i a l when t h e e l e c t r i c a l d o u b l e l a y e r o f 
two i d e n t i c a l a m p h o t e r i c s u r f a c e s o v e r l a p and i n t e r a c t a r e 
a v a i l a b l e i n t h e l i t e r a t u r e ( 8 ) . E x a m p l e s o f t h e d i f f e r e n c e s 
b e t w e e n t h e f o r m o f t h e i n t e r a c t i o n f r e e e n e r g y u n d e r c o n s t a n t 
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F i g u r e 4. T h e c h a r g e - p o t e n t i a l c u r v e s f o r o v e r l a p p i n g G o u y - C h a p m a n 
d i f f u s e l a y e r s a s a f u n c t i o n o f s e p a r a t i o n . 
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F i g u r e 5 . G r a p h i c a l r e p r e s e n t a t i o n o f t h e i n t e r a c t i o n f r e e e n e r g y 

f o r t w o a m p h o t e r i c s u r f a c e s : 1 0 1 M 1 :1 e l e c t r o l y t e , Δ ρ Κ = 2 , 
18 —9 

Ν = 1 X 1 0 m . 
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c h a r g e , c o n s t a n t p o t e n t i a l and d i s s o c i a t i o n e q u i l i b r i u m h a v e a l s o 
b e e n g i v e n ( 8 ) . The i n t e r a c t i o n i n v o l v i n g d i s s i m i l a r s u r f a c e s 
b e a r i n g i o n i z a b l e g r o u p s i s more cumbersome t o a n a l y s e . A me thod 
o f t r a c k i n g t h e c h a n g e s i n t h e s u r f a c e c h a r g e , t h e s u r f a c e 
p o t e n t i a l o f t h e two s u r f a c e s a s w e l l a s t h e f o r c e b e t w e e n t h e 
s u r f a c e s h a s b e e n g i v e n e a r l i e r ( 9 ) · 

C o n c l u d i n g Remarks 

U s i n g a s i m p l e a m p h o t e r i c m o d e l f o r t h e m i n e r a l s u r f a c e , we h a v e 
d e m o n s t r a t e d t h e r o l e s p e c i f i c c h e m i c a l b i n d i n g r e a c t i o n s o f 
p o t e n t i a l d e t e r m i n i n g i o n s i n d e t e r m i n i n g t h e e l e c t r i c a l p r o p e r t i e s 
a n d t h e r m o d y n a m i c s o f t h e o x i d e / s o l u t i o n i n t e r f a c e s . A b y - p r o d u c t 
o f o u r s t u d y i s t h a t u n d e r a p p r o p r i a t e c o n d i t i o n s , a n a m p h o t e r i c 
s u r f a c e c a n show m a r k e d d e v i a t i o n s f r o m i d e a l N e r n s t i a n 
b e h a v i o u r . T h e g r a p h i c a l me thod a l s o s e r v e s t o i l l u s t r a t e t h e 
d i f f e r e n c e b e t w e e n d o u b l e l a y e r i n t e r a c t i o n s u n d e r t h e a s s u m p t i o n s 
o f c o n s t a n t p o t e n t i a l , c o n s t a n

R e t u r n i n g t o o u r i n t r o d u c t o r y r e m a r k s a b o u t t h e e x i s t e n c e o f 
v a r i o u s m o d e l s f o r t h e o x i d e / s o l u t i o n i n t e r f a c e , i t may be 
a p p r o p r i a t e t o p o i n t o u t t h a t t h e r e s u l t s o f v e r y r e l e v a n t 
e x p e r i m e n t s b a s e d o n e l e c t r o k i n e t i c m e a s u r e m e n t s a r e o f t e n n o t u s e d 
i n c o n j u n c t i o n w i t h t i t r a t i o n d a t a . G r a n t e d t h a t t h e r e may be 
a d d i t i o n a l d i f f i c u l t i e s i n i d e n t i f y i n g t h e p r e c i s e l o c a t i o n t h e 
s l i p p i n g p l a n e a n d h e n c e t h e s i g n i f i c a n c e o f t h e e l e c t r o k i n e t i c ζ 
p o t e n t i a l may be o p e n t o d e b a t e , b o t h t i t r a t i o n and e l e c t r o k i n e t i c 
d a t a o u g h t t o be c o m b i n e d whe re p o s s i b l e t o e l u c i d a t e t h e b e h a v i o u r 
o f t h e o x i d e / s o l u t i o n i n t e r f a c e . 
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Mechanism of Lead Ion Adsorption 
at the Goethite-Water Interface 

Kim F. Hayes and James O. Leckie 

Environmental Engineering and Science Group, Department of Civil Engineering, Stanford 
University, Stanford, CA 94305-4020 

The pressure-jum
determine the mechanis
the goethite/solution interface. The kinetic study 
required three types of information to unambiguously 
specify the detailed reaction mechanism: (1) overall 
equilibrium, (2) reaction stoichiometry, and (3) reaction 
rate data. Electrical double layer models must be used 
in both equilibrium and time-dependent relationships for 
reactions occurring at charged interfaces. Based on the 
kinetic results of this study, a bimolecular adsorption/ 
desorption reaction has been postulated for Pb2 + adsorp-
tion/desorption at the goethite/solution interface. The 
desorption step associated with breaking the bond of the 
inner-sphere lead hydroxyl surface complex is the rate-
limiting step. Dependence of the rate constants with 
pressure-jump magnitude is consistent with adsorption/ 
desorption from sites with a distribution of bond ener
gies. 

Due to the fast kinetics of adsorption/desorption reactions of 
inorganic ions at the oxide/aqueous interface, few mechanistic 
studies have been completed that allow a description of the elemen
tary processes occurring (half lives < 1 sec). Over the past five 
years, relaxation techniques have been utilized in studying fast 
reactions taking place at electrified interfaces (1-7). In this 
paper we illustrate the type of information that can be obtained 
by the pressure-jump method, using as an example a study of Pb + 

adsorption/desorption at the goethite/water interface. 
Based on the pressure-jump relaxation results reported here, 

the following mechanism is postulated for the adsorption/desorption 
of Pb 2 + ion at the goethite/water interface (8): 

SOH + Pb2 + S0Pb+ + H+ (1) 
k - l 

0097-6156/ 86/ 0323-0114S08.00/ 0 
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i . e . , a b i m o l e c u l a r a d s o r p t i o n / d e s o r p t i o n r e a c t i o n , where k-^ and k _ ^ 
r e p r e s e n t t h e f o r w a r d a n d r e v e r s e r a t e c o n s t a n t s . I n o r d e r t o v e r 
i f y t h e above m e c h a n i s m , t h r e e t y p e s o f i n f o r m a t i o n a r e r e q u i r e d : 
(1) e s t a b l i s h t h e o v e r a l l e q u i l i b r i u m p a r t i t i o n i n g , (2) e s t a b l i s h 
t h e r e a c t i o n s t o i c h i o m e t r y , e . g . , t h e number o f p r o t o n s r e l e a s e d p e r 
Pb a d s o r b e d , a n d (3) d e t e r m i n e t h e r a t e l a w t h a t c o r r e c t l y r e l a t e s 
t h e o b s e r v e d p r o d u c t and r e a c t a n t c h a n g e s t o t h e i n v e r s e o f t h e 
r e l a x a t i o n t i m e c o n s t a n t . I n t h e d i s c u s s i o n t h a t f o l l o w s t h e m e c h a 
n i s m shown i n E q u a t i o n 1 i s v e r i f i e d t h r o u g h t h e d e v e l o p m e n t o f t h e 
r e q u i r e d r e l a t i o n s h i p s b a s e d on ( l ) - ( 3 ) a b o v e . 

E x p e r i m e n t a l M a t e r i a l s and M e t h o d s 

The g o e t h i t e u s e d i n t h i s s t u d y was p r e p a r e d a c c o r d i n g t o t h e p r o c e 
d u r e d e s c r i b e d b y A t k i n s o n e t a l . ( 9 ) . A d s o r p t i o n e x p e r i m e n t s we re 
p e r f o r m e d i n p o l y p r o p y l e n e t u b e s t h a t were m i x e d by e n d - o v e r - e n d 
r o t a t i o n a t 8 RPM a t 2 5 ° C . T h e amount o f m e t a l i o n a d s o r b e d was 
d e t e r m i n e d u s i n g t h e 2 1 0

s u p e r n a t a n t f o r 2 1 0 P b a c t i v i t
S o l i d / l i q u i d s e p a r a t i o n was a c c o m p l i s h e d by c e n t r i f u g a t i o n a t 22,000 
RCF f o r 1 h o u r a t 2 5 ° C . E q u i l i b r a t i o n t i m e s f o r p a r t i t i o n i n g e x p e r 
i m e n t s were v a r i e d f r o m 2 t o 24 h r s w i t h no s i g n i f i c a n t d i f f e r e n c e 
i n amount a d s o r b e d o b s e r v e d . 

A l l c h e m i c a l s u s e d were ACS r e a g e n t g r a d e q u a l i t y . I o n i c 
s t r e n g t h , p H , a n d m e t a l i o n c o n c e n t r a t i o n s were a d j u s t e d u s i n g 
NaN0 3, HNO3 a n d NaOH, and P b ( N 0 3 ) 2 , r e s p e c t i v e l y . F o r h i g h i o n i c 
s t r e n g t h s o l u t i o n s ( I = 1.0 o r 0.1M) t h e b a c k g r o u n d e l e c t r o l y t e c o n 
c e n t r a t i o n was a d j u s t e d t o g i v e t h e d e s i r e d i o n i c s t r e n g t h v a l u e ; 
f o r t h e 0.01M s y s t e m , t h e i o n i c s t r e n g t h was o n l y a p p r o x i m a t e l y 
0.01M. I n t h i s c a s e t h e n i t r a t e c o n c e n t r a t i o n was a d j u s t e d t o be 
e x a c t l y 0.01M ( e . g . , HNO3 + NaN0 3 + P b ( N 0 o ) 2 a d j u s t e d t o n i t r a t e -
0.01M). The s o l i d s c o n c e n t r a t i o n o f 30 g/1 f o r e a c h e x p e r i m e n t was 
o b t a i n e d by d i l u t i o n o f a 60 g/1 s t o c k s l u r r y . E a c h p o i n t o n a pH 
v e r s u s p e r c e n t a d s o r b e d c u r v e was o b t a i n e d f r o m a s e p a r a t e p o l y p r o p 
y l e n e t u b e . 

The c o n s t a n t s and p a r a m e t e r s r e q u i r e d f o r m a k i n g t r i p l e l a y e r 
m o d e l (TLM) c o m p u t a t i o n s ( e . g . , K * n t , Κ * £ ϋ , Κ * * * , K ^ f c , C l f C 2 , a n d 
N g ) were d e t e r m i n e d by t h e s t a n d a r d p r o c e d u r e s . ^ The s i t e d e n s i t y , 
N s , o f t h e g o e t h i t e was e s t i m a t e d f r o m i s o t h e r m d a t a a n d s u r f a c e 
a r e a m e a s u r e m e n t s . The s u r f a c e a r e a was m e a s u r e d by N 2 g a s a d s o r p 
t i o n a n d t h e BET m o d e l . A s i t e d e n s i t y o f 7.0 s i t e s / n m 2 was u s e d 
f o r a l l m o d e l c a l c u l a t i o n s ; t h i s v a l u e f a l l s b e tween t h e c a l c u l a t e d 
v a l u e o f 3.0 s i t e s / n m 2 f r o m c r y s t a l l o g r a p h i c a n a l y s i s o f g o e t h i t e 
(10) a n d t r i t i u m e x c h a n g e r e s u l t s o f 11.0 s i t e s / n m 2 m e a s u r e d i n t h i s 
l a b o r a t o r y . As shown i n F i g u r e 1, t h e v a l u e o f 7.0 s i t e s / n m gave a 
good m o d e l f i t t o e x p e r i m e n t a l d a t a o b t a i n e d o v e r a r a n g e o f s u r f a c e 
c o v e r a g e and s o l u t i o n c o n c e n t r a t i o n s o f l e a d . The a c i d i t y a n d e l e c 
t r o l y t e b i n d i n g c o n s t a n t s were e s t i m a t e d f r o m p o t e n t i o m e t r i c t i t r a 
t i o n s by t h e e x t r a p o l a t i o n t e c h n i q u e d e s c r i b e d i n D a v i s e t a l . (11). 
a s s u m i n g a s i t e d e n s i t y o f 7.0 s i t e s / n m 2 . C 2 was f i x e d a t 20 uF/cm 
i n a c c o r d a n c e w i t h l i t e r a t u r e e s t i m a t e s a n d C^ was o b t a i n e d f r o m a 
b e s t f i t o f m o d e l c a l c u l a t i o n s t o e x p e r i m e n t a l t i t r a t i o n d a t a . The 
TLM c o n s t a n t s a n d p a r a m e t e r s a r e s u m m a r i z e d i n T a b l e I . 
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Figure 1. TLM c a l c u l a t i o n s at v a r i a b l e P b 2 + concent ra t ion to get 
best estimate of s i t e d e n s i t y . 
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T a b l e I . T r i p l e L a y e r M o d e l P a r a m e t e r s and V a l u e s 

S u r f a c e A r e a = 5 2 . 0 m 2 / g 

( a ) s i t e D e n s i t y = 7 . 0 s i t e s / n m 2 

C a p a c i t a n c e : C-ĵ  = 110 y F / c n r ; C 2 = 20 y F / c m 

( b ) K * n t = - 5 . 8 0 

{ h ) A T = - 8 · 8 0 

(h)4nol - 7 

( a ^ B a s e d on m o d e l f i t t o i s o t h e r m d a t a ( F i g u r e 1 ) . 

( k ) p o r r e a c t i o n s as w r i t t e n i n T a b l e I I . 

K i n e t i c e x p e r i m e n t
r a t u s w i t h c o n d u c t i v i t y d e t e c t i o n . D e t a i l s o f t h e a p p a r a t u s and i t s 
o p e r a t i o n c a n be f o u n d i n A p p e n d i x A . Samp le e q u i l i b r a t i o n t i m e c a n 
h a v e an e f f e c t on t h e k i n e t i c r e s u l t s ( e . g . , s l o w p r o c e s s e s ( o n t h e 
o r d e r o f h o u r s - d a y s ) o c c u r r i n g c o n c u r r e n t l y b u t n o t m o n i t o r e d i n t h e 
t i m e f r ame o f t h e p - j ump t e c h n i q u e ( m i l l i s e c o n d s - s e c o n d s ) ) ; h e n c e , 
i t i s i m p o r t a n t t o r u n k i n e t i c e x p e r i m e n t s on s a m p l e s w i t h s i m i l a r 
e q u i l i b r a t i o n h i s t o r y . A l l s a m p l e s were e q u i l i b r a t e d b e t w e e n 3 and 
4 h o u r s f o r t h e p - j u m p k i n e t i c s t u d i e s . The t e m p e r a t u r e o f t h e 
p - j ump a p p a r a t u s , w h i c h i n c l u d e s s a m p l e and r e f e r e n c e s o l u t i o n 
c e l l s , was m a i n t a i n e d a t 2 5 . 0 ° C ± 0 . 1 ° C . 

E q u i l i b r i u m M o d e l 

A t e q u i l i b r i u m t h e r a t e o f a l l e l e m e n t a r y r e a c t i o n s t e p s i n t h e 
f o r w a r d and r e v e r s e d i r e c t i o n s a r e e q u a l ; t h e r e f o r e , t h i s c o n d i t i o n 
p r o v i d e s a c h e c k p o i n t f o r s t u d y i n g r e a c t i o n d y n a m i c s . Any p o s t u 
l a t e d m e c h a n i s m must b o t h s a t i s f y r a t e d a t a and t h e o v e r a l l e q u i l i b 
r i u m c o n d i t i o n . A d d i t i o n a l l y , f o r t h e c a s e o f r e a c t i o n s o c c u r r i n g 
a t c h a r g e d i n t e r f a c e s , t h e a p p r o p r i a t e m o d e l o f t h e i n t e r f a c e must 
be s e l e c t e d . A v a r i e t y o f s u r f a c e c o m p l e x a t i o n m o d e l s have b e e n 
u s e d t o s u c c e s s f u l l y p r e d i c t a d s o r p t i o n c h a r a c t e r i s t i c s when c e r t a i n 
a s s u m p t i o n s a r e made and m o d e l i n p u t p a r a m e t e r s s e l e c t e d t o g i v e t h e 
b e s t m o d e l f i t ( 1 2 ) . One i m p e t u s f o r t h i s work was t o e s t a b l i s h a 
s e l f - c o n s i s t e n t s e t o f e q u i l i b r i u m and k i n e t i c d a t a i n s u p p o r t o f a 
g i v e n m o d e l i n g a p p r o a c h . 

S u r f a c e c o m p l e x a t i o n m o d e l s a t t e m p t t o r e p r e s e n t on a m o l e c u l a r 
l e v e l r e a l i s t i c s u r f a c e c o m p l e x e s ; e . g . , m o d e l s a t t e m p t t o d i s t i n 
g u i s h b e tween i n n e r - o r o u t e r - s p h e r e s u r f a c e c o m p l e x e s , i . e . , t h o s e 
t h a t l o s e p o r t i o n s o f o r r e t a i n t h e i r p r i m a r y h y d r a t i o n s h e a t h , 
r e s p e c t i v e l y , i n f o r m i n g s u r f a c e c o m p l e x e s . The t y p e o f b o n d i n g i s 
a l s o u s e d t o c h a r a c t e r i z e d i f f e r e n t t y p e s o f s u r f a c e c o m p l e x e s ; 
e . g . , a d i s t i n c t i o n b e tween c o o r d i n a t i v e ( s h a r i n g o f e l e c t r o n s ) o r 
i o n i c b o n d i n g i s o f t e n made . W h i l e s u r f a c e c o o r d i n a t i o n c o m p l e x e s 
a r e a l w a y s i n n e r - s p h e r e , i o n - p a i r c o m p l e x e s c a n be e i t h e r i n n e r - o r 
o u t e r - s p h e r e . R e p r e s e n t i n g m o d e l a n a l o g u e s t o s u r f a c e c o m p l e x e s h a s 
two p a r t s : s t o i c h i o m e t r y and c l o s e n e s s o f a p p r o a c h o f m e t a l i o n t o 
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s u r f a c e s i t e . G e n e r a l l y , i n m u l t i - l a y e r m o d e l s , a c l o s e r d i s t a n c e 
o f a p p r o a c h o f t h e a d s o r b i n g i o n r e f l e c t s a s t r o n g e r i n t e r a c t i o n 
w i t h t h e s u r f a c e . Some m o d e l s assume t h e m e t a l i o n s a r e bonded 
d i r e c t l y t o t h e s u r f a c e ( 1 3 , 1 4 ) , w h i l e o t h e r s p l a c e t h e m e t a l i o n 
a t a p l a n e f a r t h e r away ( 1 1 , 1 5 ) . I n t h e T L M , a n a l o g u e s f o r e i t h e r 
s u r f a c e c o o r d i n a t i o n o r i o n - p a i r c o m p l e x c a n be c h o s e n . A l s o , b a c k 
g r o u n d e l e c t r o l y t e s u r f a c e r e a c t i o n s c a n be m o d e l e d a l l o w i n g t h e 
e f f e c t s o f c h a n g i n g i o n i c s t r e n g t h on m e t a l i o n a d s o r p t i o n t o be 
t e s t e d . B e c a u s e o f t h i s f l e x i b i l i t y , t h e TLM was c h o s e n t o e s t a b 
l i s h t h e o v e r a l l e q u i l i b r i u m b e h a v i o r i n t h i s s t u d y . 

T r i p l e L a y e r M o d e l 

The t r i p l e l a y e r m o d e l h a s b e e n d e s c r i b e d i n d e t a i l e l s e w h e r e ( 1 1 , 
1 6 , 1 7 ) ; h o w e v e r , t h e m o d e l a s r e p o r t e d h e r e h a s b e e n s l i g h t l y m o d i 
f i e d f r o m t h e o r i g i n a l v e r s i o n s ( 1 1 , 15) i n two w a y s : ( i ) m e t a l 
i o n s a r e a l l o w e d t o f o r m s u r f a c e c o m p l e x e s a t e i t h e r t h e o - o r 
3 - p l a n e i n s t e d o f a t t h
b a s i s o f t h e TLM h a s b e e
s h i p b e tween a c t i v i t y c o e f f i c i e n t s and i n t e r f a c i a l p o t e n t i a l s . The 
i m p l e m e n t a t i o n a n d b a s i s f o r t h e s e m o d i f i c a t i o n s a r e d e s c r i b e d b e l o w . 

TLM S u r f a c e C o m p l e x e s . A s t h e name i m p l i e s , t h e TLM i s composed o f 
t h r e e p l a n e s where c h a r g e and p o t e n t i a l a r e e v a l u a t e d . The c h a r g e 
a t t h e o - a n d 3 - p l a n e s d e p e n d s on t h e c o n c e n t r a t i o n and c h a r g e o f 
s p e c i e s a d s o r b e d a t t h e g i v e n p l a n e . The c o n c e n t r a t i o n and c h a r g e , 
i n t u r n , d e p e n d on t h e c o n s t a n t s o f t h e mass l aw e x p r e s s i o n s and 
r e a c t i o n s t o i c h i o m e t r i e s s p e c i f i e d . A s s u m i n g p r o t o n s bond t o t h e 
s u r f a c e p l a n e and b a c k g r o u n d e l e c t r o l y t e ( e . g . , N a + a n d NO3) f o r m 
i o n - p a i r s w i t h p r o t o n a t e d o r d e p r o t o n a t e d s u r f a c e h y d r o x y l s i t e s a t 
t h e 3 - p l a n e ( 1 1 ) , t h e f o l l o w i n g mass a c t i o n e x p r e s s i o n s c a n be 
w r i t t e n : 

S 0 H 2 2±U± S O H + H + K A L = i m U Ù . (2) 
[ S O H ' 

SOH - 5 * > S O " + H+ K A 2 . ISÛjgl ( 3 ) 

K N 0 o . [ S O H + - N O " ] 
SOH + H + + NOÔ ' *> SOHX-NOÔ K N O - _ (4) 

< 3 [ S O H ] [ H + ] [ N 0 3 ] 

SOH + N a + - ^ & ± S O - - * a + + H + K « = [ S 0 ^ a + ] [ H + ] ( 5 ) 

< [SOH] [Na J 

The c h a r g e b a l a n c e s b a s e d on t h e s e e x p r e s s i o n s a r e 

σ 0 - B ( [ S O H £ ] + [SOH^-NO^] " [ S O " " ] - [SO" " - t fa + ] ) ( 6 ) 

σ ρ = B ( [ S O " - ^ a + ] - [SOHI-NO3]) ( 7 ) 

whe re Β i s e q u a l t o 1 0 6 F / A , F i s f a r a d a y s c o n s t a n t , a n d A i s s u r f a c e 
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a r e a p e r u n i t vo lume o f s u s p e n s i o n ( e . g . , m 2 / l ) . F rom t h e e l e c t r o -
n e u t r a l i t y c o n d i t i o n , 

σ ο + σΒ + ° d = 0 < 8 ) 

The c h a r g e a t t h e d i f f u s e l a y e r p l a n e i s c a l c u l a t e d f r o m G o u y -
C h a p m a n - S t e r n - G r a h a m e t h e o r y , w h i c h f o r a s y m m e t r i c a l m o n o v a l e n t 
e l e c t r o l y t e o f c o n c e n t r a t i o n C g i s g i v e n by 

1 10 Ζ θ ψ Η ? 
σ , = - 1 1 . 7 4 C 1 s i n h i - ^ 1 i n yC/cm (9 ) 

α s v z k T y 

The r e l a t i o n s h i p b e tween c h a r g e and p o t e n t i a l a r e d e r i v e d by a s s u m 
i n g t h a t t h e p l a n e s c a n be t r e a t e d a s p l a t e s o f two p a r a l l e l p l a t e 
c a p a c i t o r s i n s e r i e s ( 18 ) w i t h 

% - Cl<*o " V <10> 
and 

I n t h e o r i g i n a l v e r s i o n s o f t h i s TLM ( 1 6 ) , m e t a l i o n r e a c t i o n s 
were w r i t t e n a s i o n - p a i r a n a l o g u e s w i t h t h e m e t a l i o n p l a c e d i n t h e 
$ - p l a n e : 

SOH + Me 2 + S O " - * e 2 + + H + 1 ^ - [ S O ^ M e 2 * ] [ H + ] ( χ 2 ) 

ς 1 [Me ] [SOH] 

w i t h c h a r g e b a l a n c e s , e . g . , i n t h e o - and β - p l a n e g i v e n by 

σ 0 - B ( [ S 0 H 2 ] + [ S O H ^ O ^ ] - [SO" ] - [ S O " - ^ i a + ] - [ S O " - M e 2 + ] ) ( 1 3 ) 

σ ρ = B ( [ S O " - N a + ] + 2 [ S O " - M e 2 + ] - [ S O H I - H ^ O ^ ] ) ( 14 ) 

H o w e v e r , a n a l t e r n a t i v e i s t o c o n s i d e r t h e TLM a n a l o g u e o f a n i n n e r -
s p h e r e s u r f a c e c o o r d i n a t i o n c o m p l e x by p l a c i n g t h e m e t a l i o n i n t h e 
o - p l a n e ( 1 9 ) , e . g . , 

SOH + M e 2 + -^zz± SOMe+ + H + ( 15 ) 

By a l l o w i n g m e t a l i o n s t o be p l a c e d i n t h e o - p l a n e , t h e s u r f a c e 
c h a r g e i s now g i v e n by ( 6 ) : 

σ ο = σ Η + a M e ( 1 6 ) 

where σ Η and o M e r e p r e s e n t t h e c o n t r i b u t i o n f r o m p r o t o n a t e d a n d d e -
p r o t o n a t e d s i t e s and m e t a l bound s i t e s , r e s p e c t i v e l y . T h i s l e a d s t o 

σ 0 - B ( [ S O H £ ] + [SOH^-NO^] + [ SOMe + ] - [SO" ] - [ S O " - N a + ] ) ( 17 ) 

σ 6 = B ( [ S O " - N a + ] - [SOH^-NO^] ) ( 18 ) 

w i t h 

a M e = B ( [SOMe+] ) ( 19 ) 
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F i g u r e 2 g i v e s a s c h e m a t i c i l l u s t r a t i o n o f t h e TLM w i t h e x a m p l e s o f 
i o n - p a i r and s u r f a c e c o o r d i n a t i o n c o m p l e x e s . 

I n r e p r e s e n t i n g TLM s u r f a c e c o m p l e x a n a l o g u e s , i t i s t e m p t i n g 
t o u s e i n t e r c h a n g e a b l y t h e t e r m s i o n - p a i r o r o u t e r - s p h e r e c o m p l e x 
when m e t a l i o n s a r e p l a c e d i n t h e 3 - p l a n e and s u r f a c e c o o r d i n a t i o n 
o r i n n e r - s p h e r e c o m p l e x when m e t a l i o n s a r e p l a c e d i n t h e o - p l a n e ; 
h o w e v e r , p l a c e m e n t o f m e t a l i o n s i n t h e s e p l a n e s o n l y i m p l i e s a 
r e l a t i v e c l o s e n e s s o f a p p r o a c h o f t h e i o n t o t h e s u r f a c e . H i s t o r i 
c a l l y t h e TLM ( i . e . , t h e G r a h a m e - S t e r n m o d e l ) (20) was d e v e l o p e d 
w i t h a d i s t i n c t p h y s i c a l p i c t u r e o f t h e i n t e r f a c e i n m i n d . The 
c l o s e s t a p p r o a c h i n g i o n s l o c a t e d a t t h e IHP ( i n n e r H e l m h o l t z p l a n e ) 
were c o n s i d e r e d t h o s e t h a t l o s t t h e i r p r i m a r y h y d r a t i o n s h e a t h o n 
t h e s i d e f a c i n g t h e s u r f a c e so t h a t t h e r a d i u s o f t h e c e n t r a l i o n 
t o u c h e d t h e s u r f a c e , OHP ( o u t e r H e l m h o l t z p l a n e ) i o n s a t t a c h e d t o 
t h e s u r f a c e r e t a i n i n g t h e i r p r i m a r y h y d r a t i o n s p h e r e , and d i f f u s e 
l a y e r i o n s , w h i c h a l s o r e t a i n e d t h e i r p r i m a r y h y d r a t i o n s h e a t h , 
a p p r o a c h e d no c l o s e r t h a n t h e o u t s i d e o f t h e h y d r a t i o n s p h e r e o f 
i o n s i n t h e OHP. I n t h i s h i s t o r i c a l c o n t e x t , t h e i n t e r p r e t a t i o n o f 
t h e TLM d i s c u s s e d h e r e w o u l
t h e 3 - p l a n e t o t h e OHP, and h a v e a n a d d i t i o n a l d i f f u s e l a y e r 
d - p l a n e . The n e e d f o r i d e n t i f y i n g t h e IHP w i t h t h e s u r f a c e p l a n e 
a r i s e s f r o m c o n s i d e r i n g t h a t " s u r f a c e " c h a r g e r e s u l t s f r o m s u r f a c e 
p r o t o l y s i s and c o o r d i n a t i o n r e a c t i o n s . I n t h i s m o d e l c o n s t r u c t , t h e 
terras i n n e r - and o u t e r - s p h e r e h a v e t h e i r i m p l i e d s t r u c t u r a l m e a n i n g ; 
h o w e v e r , d e p e n d i n g on t h e v a l u e s o f i n t e r f a c i a l c a p a c i t a n c e , TLM 
e s t i m a t e s o f t h e d i s t a n c e o f i o n a p p r o a c h may d i f f e r somewhat f r o m 
t h e G r a h a m e - S t e r n p h y s i c a l m o d e l . T h i s s e r v e s as a w a r n i n g t h a t 
m o d e l a n a l o g u e s s h o u l d n o t be t a k e n l i t e r a l l y t o i m p l y a g i v e n t y p e 
o f c o m p l e x . M o d e l r e s u l t s c a n , h o w e v e r , a l l o w d i r e c t c o n c l u s i o n s t o 
be d r awn a b o u t t h e r e l a t i v e c l o s e n e s s o f a p p r o a c h a n d t h e b e s t 
c h o i c e o f p l a n e s i n w h i c h t o p l a c e i o n s r e g a r d l e s s o f t h e a c t u a l 
s t r u c t u r e o f s u r f a c e c o m p l e x e s . 

F i n a l j u s t i f i c a t i o n f o r u s i n g t e r m s s u c h as i n n e r - o r o u t e r -
s p h e r e a w a i t s d i r e c t s p e c t r o s c o p i c c o n f i r m a t i o n . E l e c t r o n S p i n 
R e s o n a n c e , M o s s b a u e r , and F o u r i e r T r a n s f o r m I n f r a r e d - C y l i n d r i c a l 
I n t e r n a l R e f l e c t i o n S p e c t r o s c o p i c t e c h n i q u e s a r e b e i n g u s e d t o 
e s t a b l i s h t h e s t r u c t u r e o f s u r f a c e c o m p l e x e s ( s e e , e . g . , M c B r i d e , 
Ambe e t a l . , a n d Z e l t n e r e t a l . , t h i s v o l u m e ) . T h e p o t e n t i a l f o r 
u s i n g EXAFS ( e x t e n d e d x - r a y a b s o r p t i o n f i n e s t r u c t u r e ) t o e s t a b l i s h 
t h e t y p e o f s u r f a c e c o m p l e x f o r P b 2 + a d s o r b i n g o n t o g o e t h i t e i s 
c u r r e n t l y b e i n g u n d e r t a k e n i n o u r l a b o r a t o r y . 

TLM A c t i v i t y C o e f f i c i e n t s . I n t h e v e r s i o n o f t h e TLM a s d i s c u s s e d 
b y D a v i s e t a l . (11), mass a c t i o n e q u a t i o n s r e p r e s e n t i n g s u r f a c e 
c o m p l e x a t i o n r e a c t i o n s were w r i t t e n t o i n c l u d e " c h e m i c a l " a n d 
" c o u l o m b i c " c o n t r i b u t i o n s t o t h e o v e r a l l f r e e e n e r g y o f r e a c t i o n , 
e . g . , t h e e q u i l i b r i u m c o n s t a n t f o r t h e d e p r o t o n a t i o n r e a c t i o n 
r e p r e s e n t e d by E q u a t i o n 2 ha s b e e n g i v e n as 

κ: i n t ' 
al 

[SOHHH^I Y S0H Y H+ 

[S0H+] YsOH+ 
exp ( -eT j>7kT ) (20) 

where K * n t f i s d e f i n e d a s t h e i n t r i n s i c a c i d i t y c o n s t a n t i n a b s e n c e 
o f e l e c t r i c a l d o u b l e l a y e r e f f e c t s , the γ | a r e a c t i v i t y c o e f f i c i e n t s , 
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and t h e e x p o n e n t i a l t e r m r e p r e s e n t s t h e c o u l o m b i c c o n t r i b u t i o n t o 
t h e o v e r a l l e q u i l i b r i u m . T h e t h e r m o d y n a m i c b a s i s o f t h e a c t i v i t y 
c o e f f i c i e n t s and e x p o n e n t i a l t e r m d e s c r i b e d by E q u a t i o n 20 ha s b e e n 
a t t r i b u t e d t o s h o r t - and l o n g - r a n g e i n t e r a c t i o n s by C h a n e t a l . ( 21 ) 
and S p o s i t o ( 1 0 ) . In t h e m o d e l i n g a p p r o a c h u s e d f o r c a l c u l a t i o n s i n 
t h i s p a p e r , no d i s t i n c t i o n i s made b e t w e e n s h o r t - a n d l o n g - r a n g e 
c o n t r i b u t i o n s , l e a d i n g t o t h e r e s u l t t h a t 

w i t h 

K i n t . [ S 0 H ] [ H ] β χ ρ ( _ β φ / k T ) ( 2 1 ) 

[SOlÇ] ° 

Y S 0 H Y H + 
= β χ ρ ( - β ψ / k T ) ( 22 ) 

Y S 0 H + ° 

where t h e s e r e p r e s e n t a c t i v i t y c o e f f i c i e n t s due t o b o t h s h o r t -
and l o n g - r a n g e i n t e r a c t i o n s ( 1 9 ) . I n a p p l y i n g E q u a t i o n 20 D a v i s e t 
a 1 , ( u ) a ssume Ï S O H ^

- J f S J f 1 * e x K - e ^ T ) ( 23 ) 

C o m p a r i n g E q u a t i o n s 21 and 23 i t i s a p p a r e n t t h a t t h e m a i n d i f f e r 
e n c e c o m p u t a t i o n a l l y l i e s i n t h e a p p e a r a n c e o f γ ' + i n E q u a t i o n 2 3 . 
The TLM has b e e n m o d i f i e d a c c o r d i n g l y t o e l i m i n a t e a c t i v i t y c o r r e c 
t i o n s l i k e γ ' + i n E q u a t i o n 23 f o r t h e m o d e l i n g c o m p u t a t i o n s r e p o r t e d 
h e r e . A detSiled d i s c u s s i o n o f t h e t h e r m o d y n a m i c b a s i s f o r m a k i n g 
t h i s c h a n g e c a n be f o u n d i n H a y e s (8 ) and H a y e s and L e c k i e ( 1 9 ) . 
T h i s c h a n g e h a s two a t t r a c t i v e f e a t u r e s : ( 1 ) I t e l i m i n a t e s t h e 
s e p a r a t i o n o f a c t i v i t y c o e f f i c i e n t s i n t o s h o r t - and l o n g - r a n g e 
i n t e r a c t i o n s , w h i c h c a n n o t be e v a l u a t e d s e p a r a t e l y i n p r a c t i c e , and 
( 2 ) i m p l i c i t l y i n c o r p o r a t e s a n e x p e c t e d e f f e c t o f s u r f a c e p o t e n t i a l 
on s o l u t i o n a c t i v i t y t h r o u g h t h e a c t i v i t y c o e f f i c i e n t r e l a t i o n s h i p 
o f E q u a t i o n 2 2 . T a b l e I I s u m m a r i z e s t h e r e l e v a n t r e a c t i o n a n d 
a c t i v i t y c o e f f i c i e n t t e r m s b a s e d on t h e a bove m o d i f i c a t i o n s o f 
t h e T L M . 

E q u i l i b r i u m R e s u l t s 

R e s u l t s o f a two o r d e r - o f - m a g n i t u d e c h a n g e i n i o n i c s t r e n g t h ( I -
1 . 0 M - 0 . 0 1 M ) o n t h e a d s o r p t i o n o f l e a d ( 2 . 0 χ 1 0 _ 3 M t o t a l Pb ) o n t o 
g o e t h i t e ( 3 0 . 0 g/1 ) a r e shown i n F i g u r e 3 . As shown , t h e r e i s r e l a 
t i v e l y l i t t l e e f f e c t o f c h a n g e s i n b a c k g r o u n d e l e c t r o l y t e c o n c e n t r a 
t i o n on t h e p o s i t i o n o f t h e a d s o r p t i o n e d g e . The i o n i c s t r e n g t h 
d e p e n d e n c e d a t a f o r P b 2 + i o n a d s o r p t i o n a t t h e g o e t h i t e / w a t e r i n t e r 
f a c e was m o d e l e d u s i n g t h e TLM as d e s c r i b e d a b o v e . M o d e l i n g r e s u l t s 
f o r t h e i n n e r - a n d o u t e r - s p h e r e c a s e s a r e shown i n F i g u r e s 4 a n d 5 , 
r e s p e c t i v e l y . The s u r f a c e p r o t o l y s i s and b a c k g r o u n d e l e c t r o l y t e 
c o n s t a n t s and m o d e l p a r a m e t e r s shown i n T a b l e I we re u s e d f o r a l l 
c o m p u t a t i o n s . The g e n e r a l a p p r o a c h was t o f i t 0 . 1 M i o n i c s t r e n g t h 
a d s o r p t i o n d a t a u s i n g e i t h e r t h e l e a d i n n e r - o r o u t e r - s p h e r e m o d e l 
a n a l o g u e a s s u m i n g a r e a c t i o n s t o i c h i o m e t r y o f 1 o r 2 p r o t o n s r e 
l e a s e d p e r l e a d i o n a d s o r b e d . U s i n g t h e r e a c t i o n s t o i c h i o m e t r y and 
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F i g u r e 2. S c h e m a t i c r e p r e s e n t a t i o n o f T L M . 
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F i g u r e 3 . The d e p e n d e n c e o f P b 2 + a d s o r p t i o n on g o e t h i t e as a 
f u n c t i o n o f b a c k g r o u n d e l e c t r o l y t e c o n c e n t r a t i o n . 
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F i g u r e 5 . O u t e r - s p h e r e TLM c a l c u l a t i o n s a s a f u n c t i o n o f b a c k 
g r o u n d e l e c t r o l y t e c o n c e n t r a t i o n . 
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c o n s t a n t t h a t f i t b e s t a t i o n i c s t r e n g t h o f 0 . 1 M , m o d e l c o m p u t a t i o n s 
were t h e n made a t d i f f e r e n t i o n i c s t r e n g t h s and c o m p a r e d t o t h e 
a d s o r p t i o n d a t a . 

As shown i n F i g u r e 5, t h e m o d e l i n g s i m u l a t i o n s f o r t h e o u t e r -
s p h e r e c a s e do n o t compare w e l l w i t h t h e o b s e r v e d d a t a . I t i s a l s o 
i m p o r t a n t t o n o t e t h a t t h e b e s t f i t a t I = 0 . 1M (NaNOo) r e q u i r e d a 
r e a c t i o n s t o i c h i o m e t r y o f two p r o t o n s r e l e a s e d per l e a d i o n a d s o r b e d . 
On t h e o t h e r h a n d , t h e m o d e l i n g r e s u l t s a s s u m i n g an i n n e r - s p h e r e 
s u r f a c e c o m p l e x , shown i n F i g u r e 4 , a g r e e q u i t e w e l l w i t h t h e 
o b s e r v e d e x p e r i m e n t a l r e s u l t t h a t i o n i c s t r e n g t h c h a n g e s h a v e l i t t l e 
e f f e c t on t h e a d s o r p t i o n b e h a v i o r o f l e a d i o n a d s o r p t i o n a t t h e 
g o e t h i t e / w a t e r i n t e r f a c e . I n t h e i n n e r - s p h e r e c a s e a r e a c t i o n 
s t o i c h i o m e t r y o f one p r o t o n r e l e a s e d p e r l e a d i o n a d s o r b e d i s 
r e q u i r e d t o o b t a i n a good m o d e l f i t . 

P o t e n t i o m e t r i c t i t r a t i o n s o f s u s p e n s i o n s o f 3 0 . 0 g/1 g o e t h i t e 
i n 0 . 01M (NaNO^) were c o n d u c t e d i n t h e p r e s e n c e and a b s e n c e o f 
2 . 0 mM l e a d t o d e t e r m i n e t h e number o f p r o t o n s r e l e a s e d p e r l e a d i o n 
a d s o r b e d . The n e t numbe
( s t o i c h i o m e t r y o f r e a c t i o
d i x B . F o l l o w i n g t h e a p p r o a c h o f H o h l and Stumm ( 2 2 ) , t h e l i g a n d 
number was f o u n d t o be 1 ( F i g u r e 6 ) . As d i s c u s s e d i n A p p e n d i x B , i t 
i s n o t c o r r e c t t o e q u a t e t h e n e t number o f p r o t o n s r e l e a s e d t o t h e 
l i g a n d n u m b e r . The α v a l u e s i n t h e d e n o m i n a t o r o f t h e t e r m o f t h e 
o r d i n a t e a x i s i n F i g u r e 6 r e f l e c t t h e n e e d t o a c c o u n t f o r t h e r e d i s 
t r i b u t i o n o f s u r f a c e s p e c i e s i n t h e p r e s e n c e o f a d s o r b e d l e a d . The 
l i g a n d number o f 1 o b t a i n e d f r o m t h e s l o p e o f t h e l i n e i n F i g u r e 6 
a g r e e s w i t h t h e i n n e r - s p h e r e r e a c t i o n s t o i c h i o m e t r y r e q u i r e d t o 
m o d e l d a t a shown i n F i g u r e 4 . T h i s a n a l y s i s e s t a b l i s h e s t h e i n n e r -
s p h e r e a n a l o g u e a s t h e p r o p e r c h o i c e f o r m o d e l i n g t h e o v e r a l l 
e q u i l i b r i u m b e h a v i o r o f l e a d i o n a d s o r p t i o n a t t h e g o e t h i t e / w a t e r 
i n t e r f a c e and e s t a b l i s h e s t h e r e a c t i o n s t o i c h i o m e t r y o f 1 p r o t o n p e r 
l e a d i o n a d s o r b e d . What now r e m a i n s i s t h e d e s c r i p t i o n o f t h e 
k i n e t i c m o d e l and m e c h a n i s m c o n s i s t e n t w i t h b o t h t h e o v e r a l l e q u i 
l i b r i u m and k i n e t i c r e s u l t s . 

K i n e t i c M o d e l 

H a v i n g c h o s e n a p a r t i c u l a r m o d e l f o r t h e e l e c t r i c a l p r o p e r t i e s o f 
t h e i n t e r f a c e , e . g . , t h e T L M , i t i s n e c e s s a r y t o i n c o r p o r a t e t h e 
same m o d e l i n t o t h e k i n e t i c a n a l y s i s . J u s t a s e l e c t r i c a l d o u b l e 
l a y e r ( EDL ) p r o p e r t i e s i n f l u e n c e e q u i l i b r i u m p a r t i t i o n i n g b e t w e e n 
s o l i d and l i q u i d p h a s e s , t h e y c a n a l s o be e x p e c t e d t o a f f e c t t h e 
r a t e s o f e l e m e n t a r y r e a c t i o n s t e p s . An i l l u s t r a t i o n o f t h e e f f e c t 
o f t h e EDL on a d s o r p t i o n / d e s o r p t i o n r e a c t i o n s t e p s i s shown s c h e 
m a t i c a l l y i n F i g u r e 7 . I n t h e c a s e o f l e a d i o n a d s o r p t i o n o n t o a 
p o s i t i v e l y c h a r g e d s u r f a c e , t h e r a t e o f a d s o r p t i o n i s d i m i n i s h e d and 
t h e r a t e o f d e s o r p t i o n e n h a n c e d r e l a t i v e t o t h e c a s e where t h e r e a r e 
no EDL e f f e c t s . 

As an examp l e o f t h e manner i n w h i c h EDL e f f e c t s a r e i n c o r 
p o r a t e d i n t o t h e k i n e t i c a n a l y s i s , c o n s i d e r t h e f o l l o w i n g b i m o l e c u -
l a r a d s o r p t i o n / d e s o r p t i o n m e c h a n i s m : 

SOH + M e 2 + S 0 M e + + H + ( 24 ) 

k - l 
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* ki* > k, 

desorption 
more favorable 

G 

Reaction Coordinate 

F i g u r e 7. Change i n a c t i v a t i o n e n e r g y o f a d s o r p t i o n / d e s o r p t i o n 
due t o E D L . T h e s o l i d and d a s h e d l i n e s i n t h e f r e e e n e r g y d i a g r a m 
r e p r e s e n t t h e f r e e e n e r g y p a t h i n t h e p r e s e n c e and a b s e n c e o f t h e 
EDL a c t i v a t i o n p o t e n t i a l . 
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Κ - - [ S O M e + ] [ H + ] , 2 5 x 
1 k 2+ 

- 1 [SOH] [Me ] 

U s i n g t h e T L M , t h e i n t r i n s i c e q u i l i b r i u m c o n s t a n t i s d e f i n e d u s i n g 
t h e a c t i v i t y c o e f f i c i e n t s , a s d e s c r i b e d p r e v i o u s l y , i . e . , 

K i n t s K l β χ ρ ( β ψ 0 / Μ ) ( 26 ) 

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

k i n t k 

4 n t « T Ï S t " Γ 7 « * < · • < / » > ( 2 7 ) 

k - i - 1 

What r e m a i n s i s t o r e l a t e t h e s u r f a c e p o t e n t i a l t o a c t i v a t i o n 
p o t e n t i a l s f o r t h e a d s o r p t i o n / d e s o r p t i o
t h e a c t i v a t i o n p o t e n t i a l
o v e r c o m e t h e EDL p o t e n t i a l f o r t h e a d s o r p t i o n , d e s o r p t i o n s t e p s , 
r e s p e c t i v e l y , a l l o w s t h e i n t r i n s i c r a t e c o n s t a n t s t o be d i r e c t l y 
r e l a t e d t o t h e r a t e c o n s t a n t s k ^ , k _ ^ ( 4 ) , i . e . , 

k i n t * k l exp(ei|ij;/kT) ( 28 ) 

k i n t - k _ x β χ ρ ζ β φ ^ / Μ ) ( 29 ) 

S i n c e 

i n , k ^ n t k β χ ρ ( β φ * / Μ ) 
K * n t = - L - = _ ± 1 = Κ. β χ ρ ( β φ /kT ) ( 30 ) 

k _ ^ k _ x β χ ρ ί β ψ ^ / Μ ) 

a n d 

β χ ρ ( β φ * / Μ ) 
\ = β χ ρ ( β φ / k T ) ( 31 ) 

e x p ^ ^ / k T ) " V T ° 

t h e n 

φ* = - ψ * χ = ψ ο /2 ( 32 ) 

I n a r r i v i n g a t E q u a t i o n 32 i t i s a s sumed t h a t t h e m a g n i t u d e o f t h e 
a c t i v a t i o n p o t e n t i a l s f o r a d s o r p t i o n a n d d e s o r p t i o n a r e e q u a l a n d 
o p p o s i t e i n s i g n ( a r e a s o n a b l e a s s u m p t i o n i f t h e s u r f a c e p o t e n t i a l 
i s r e l a t i v e l y u n c h a n g e d d u r i n g t h e c o u r s e o f t h e r e a c t i o n , w h i c h 
w o u l d be t h e c a s e f o r s m a l l p e r t u r b a t i o n o f t h e e q u i l i b r i u m ) . I n 
t h i s manner t h e E D L p r o p e r t i e s a r e d e v e l o p e d c o n s i s t e n t l y f o r b o t h 
t h e e q u i l i b r i u m a n d k i n e t i c a n a l y s i s b a s e d o n t h e T L M . 

K i n e t i c R e s u l t s 

T h e e q u i l i b r i u m a n d i n n e r - s p h e r e m o d e l i n g r e s u l t s d i s c u s s e d a bove 
a r e c o n s i s t e n t w i t h t h e f o l l o w i n g o v e r a l l e q u i l i b r i u m 
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- F e O H + P b 2 + - ^ - > - F e O P b + + H + ( 33 ) 

m [ -FeOPb+ ] [H+ ] ( 3 4 ) 

[ - F e O H ] [ P b ] 

P r e s s u r e - j u m p k i n e t i c e x p e r i m e n t s were c o n d u c t e d o v e r t h e same pH 
r a n g e a s t h e e q u i l i b r i u m r e s u l t s , a t 2 . 0 mM t o t a l l e a d , I » 0 . 0 1 M , 
a n d 3 0 . 0 g/1 α-FeOOH ( s e e , e . g . , F i g u r e 4 ) . A t y p i c a l r e l a x a t i o n 
c u r v e f r o m t h e p r e s s u r e - j u m p k i n e t i c e x p e r i m e n t s i s shown i n F i g 
u r e 8 ( f o r a d i s c u s s i o n o f t h e p - j u m p a p p a r a t u s w i t h c o n d u c t i v i t y 
d e t e c t i o n , i n c l u d i n g t h e r e l a t i o n s h i p b e t w e e n c o n d u c t i v i t y a n d 
r e a c t a n t c o n c e n t r a t i o n s , s ee A p p e n d i x A ) . D e t e r m i n a t i o n o f t h e 
r e l a x a t i o n t i m e c o n s t a n t s f r o m t h e s e m i - l o g p l o t o f t h e r e l a x a t i o n 
c u r v e o f F i g u r e 8 ( 23 ) shows two r e l a x a t i o n e v e n t s o c c u r f o l l o w i n g 
t h e p r e s s u r e p e r t u r b a t i o n ( s e e F i g u r e 9 ) . I n t h e f o l l o w i n g d i s c u s 
s i o n o n l y an i n t e r p r e t a t i o n o f t h e f a s t p r o c e s s i s g i v e n i n t e r m s o f 
a m e c h a n i s m . The a n a l y s i
d e p e n d e n c e o f τ ^ 1 o n ΔΡ , i s t h e s u b j e c t o f a f u t u r e p a p e r ( 2 4 ) . 

The pH d e p e n d e n c e o f t h e i n v e r s e o f t h e f a s t r e l a x a t i o n t i m e 
c o n s t a n t , τ ^ , i s shown i n F i g u r e 10 ( e r r o r b a r s r e p r e s e n t 95% c o n 
f i d e n c e l e v e l ) f o r p r e s s u r e - j u m p m a g n i t u d e s o f 7 0 - 1 4 0 a t m o s p h e r e s . 
A m e c h a n i s m i s d e t e r m i n e d f r o m t h e s e d a t a by c h o o s i n g one w h i c h i s 
c o n s i s t e n t w i t h t h e o v e r a l l e q u i l i b r i u m b e h a v i o r a n d w h i c h c o r r e c t l y 
m a t c h e s t h e r a t e r e l a t i o n s h i p s d e r i v e d f o r t h e p o s t u l a t e d m e c h a n i s m ; 
e . g . , a s s u m i n g t h e b i m o l e c u l a r a d s o r p t i o n / d e s o r p t i o n r e a c t i o n m e c h a 
n i s m , as g i v e n i n E q u a t i o n 1, and u s i n g t h e k i n e t i c m o d e l d e s c r i b e d 
a b o v e , t h e f o l l o w i n g r e l a t i o n s h i p b e t w e e n τ ΰ 1 and r e a c t a n t a n d 
p r o d u c t c o n c e n t r a t i o n s c a n be d e r i v e d ( s e e A p p e n d i x C ) : 

τ " 1 - k^ n t f ( e x p ( - e i f , o / 2 k T ) χ ( [ - F e O H ] + [ P b 2 + ] ) + 

( K ^ ) " 1 χ exp ( e i | ; o /2kT ) χ ( [ - F e O P b + ] + [H + ] ) } ( 35 ) 

I f t h i s m e c h a n i s m i s c o n s i s t e n t w i t h t h e e x p e r i m e n t a l r e l a x a t i o n 
d a t a , t h e n a p l o t o f v e r s u s t h e e x p r e s s i o n i n t h e b r a c k e t s o f 
E q u a t i o n 35 w i l l g i v e a s t r a i g h t l i n e w i t h a s l o p e o f k j ; n t a n d a n 
i n t e r c e p t a t t h e o r i g i n . As shown i n F i g u r e 1 1 , t h e d a t a f i t t h i s 
p r o p o s e d m e c h a n i s m q u i t e w e l l . V a l u e s f o r ψ 0 ι r e a c t a n t and p r o d u c t 
c o n c e n t r a t i o n s , and K ^ n t i n p u t i n t o E q u a t i o n 35 a r e f r o m t h e e q u i 
l i b r i u m m o d e l i n g r e s u l t s c a l c u l a t e d a t e a c h pH v a l u e f o r w h i c h 
k i n e t i c r u n s were made . N o r m a l l y a v a r i e t y o f d i f f e r e n t m e c h a n i s m s 
a r e t e s t e d a g a i n s t t h e e x p e r i m e n t a l d a t a . S e v e r a l o t h e r more 
c o m p l e x m e c h a n i s m s were t e s t e d , i n c l u d i n g t h o s e p o s t u l a t e d f o r m e t a l 
i o n a d s o r p t i o n o n t o γ - Α ^ Ο β (7) ; h o w e v e r , o n l y t h e a b o v e m e c h a n i s m 
was c o n s i s t e n t w i t h t h e e x p e r i m e n t a l d a t a . Hence i t was c o n c l u d e d 
t h a t t h e b i m o l e c u l a r a d s o r p t i o n / d e s o r p t i o n r e a c t i o n was t h e mos t 
p l a u s i b l e m e c h a n i s m f o r P b 2 + i o n a d s o r p t i o n o n t o a - F e O O H . 

No m e n t i o n h a s y e t b e e n made o f t h e v a r i a t i o n o f Ίψ^ w i t h t h e 
p r e s s u r e - j u m p m a g n i t u d e a s shown i n F i g u r e s 10 and 1 1 . I n f a c t , 
t h i s r e s u l t i s q u i t e s u r p r i s i n g . F o r s m a l l p e r t u r b a t i o n s , o n l y t h e 
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G o e t h i t o i 30 g/1 
Lead: 2.0xlOE-3M 
Sal t s Sodium N i t r a t e 
It 0.01M 

5 
5 

i 
5 

5 

1 

Ο

p H 

F i g u r e 1 0 . The pH d e p e n d e n c e o f τΖι a s f u n c t i o n o f ΔΡ . 

Ο 

(IÔ 3 mol Γ1) 

F i g u r e 1 1 . P l o t o f τ γ v e r s u s t h e t e r m i n b r a c k e t s o n t h e r i g h t -
h a n d s i d e o f E q u a t i o n 35 ( d e n o t e d C * i n f i g u r e ) a t ΔΡ » 7 0 , 1 0 0 , 
a n d 140 a t m o s p h e r e s . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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a m p l i t u d e o f t h e r e l a x a t i o n c u r v e s h o u l d c h a n g e as t h e p r e s s u r e - j u m p 
m a g n i t u d e i s v a r i e d ( 2 3 ) . T h i s v a r i a t i o n i s i n t e r p r e t e d a s a n i n d i 
c a t i o n t h a t a d i s t r i b u t i o n o f s i t e t y p e s e x i s t s f o r t h e a d s o r p t i o n 
o f P b 2 + o n t o o x i d e s u r f a c e s (8_, 24 ) . The r e s u l t s o f t h e a n a l y s i s o f 
t h e d a t a i n F i g u r e 11 a r e s u m m a r i z e d i n T a b l e I I I . The t r e n d i n t h e 
i n t r i n s i c r a t e c o n s t a n t s k l n t , k £ n t w i t h p r e s s u r e - j u m p m a g n i t u d e a r e 
c o n s i s t e n t w i t h t h e n o t i o n t h a t a t h i g h e r p r e s s u r e , more h i g h e r -
e n e r g y s i t e s a r e p e r t u r b e d . T h i s i s r e f l e c t e d i n t h e l o w e r v a l u e o f 
t h e r a t e c o n s t a n t s a t h i g h e r ΔΡ , w h i c h i m p l i e s a h i g h e r a c t i v a t i o n 
e n e r g y and a s l o w e r o v e r a l l r a t e . E q u i l i b r i u m e v i d e n c e t h a t a d i s 
t r i b u t i o n o f s i t e t y p e s e x i s t f o r m e t a l i o n a d s o r p t i o n ha s b e e n 
p r e v i o u s l y r e p o r t e d ( 2 5 ) . 

T a b l e I I I . I n t r i n s i c R a t e C o n s t a n t s 

ΔΡ ( a tm ) k{nt ( m o l " • W e " 1 ) k l n t ( m o l " W e " 1 ) K l 

140 1.7 χ 

100 2 . 4 χ 1 0 5 6 . 1 x 1 0 2 ·· 
70 3 .6 χ 1 0 5 8 . 9 χ 1 0 2 

I n an i n t e r e s t i n g a n a l y s i s o f t h e e f f e c t s o f r e d u c t i o n o f 
d i m e n s i o n a l i t y on r a t e s o f a d s o r p t i o n / d e s o r p t i o n r e a c t i o n s ( 2 6 ) , t h e 
b i m o l e c u l a r r a t e o f 1 0 5 M " " 1 s " 1 h a s b e e n r e p o r t e d as t h e l o w e r l i m i t 
o f d i f f u s i o n c o n t r o l . B a s e d o n t h i s v a l u e , t h e r a t e s g i v e n i n T a b l e 
I I I i n d i c a t e t h e d e s o r p t i o n s t e p i s c h e m i c a l - r e a c t i o n - c o n t r o l l e d , 
l i k e l y c o n t r o l l e d by t h e c h e m i c a l a c t i v a t i o n e n e r g y o f b r e a k i n g t h e 
s u r f a c e c o m p l e x b o n d . On t h e o t h e r h a n d , t h e c o u p l e d a d s o r p t i o n 
s t e p i s p r o b a b l y d i f f u s i o n c o n t r o l l e d . 

Summary 

R e l a x a t i o n t e c h n i q u e s c a n be u s e d i n d e t e r m i n i n g m e c h a n i s m s o f r e a c 
t i o n s a t t h e m i n e r a l / w a t e r i n t e r f a c e . I n t h i s p a p e r t h e p r e s s u r e -
jump k i n e t i c s t u d y o f l e a d i o n a d s o r p t i o n a t t h e g o e t h i t e / w a t e r 
i n t e r f a c e was r e p o r t e d . A t l e a s t t h r e e p i e c e s o f i n f o r m a t i o n a r e 
r e q u i r e d t o e s t a b l i s h a p l a u s i b l e m e c h a n i s m : ( 1 ) o v e r a l l e q u i l i b 
r i u m , ( 2 ) s t o i c h i o m e t r y o f r e a c t i o n , and ( 3 ) r a t e d a t a . F o r r e a c 
t i o n s o c c u r r i n g a t c h a r g e d i n t e r f a c e s , e l e c t r i c a l d o u b l e l a y e r 
m o d e l s must be i n c o r p o r a t e d i n e q u i l i b r i u m and r a t e r e l a t i o n s h i p s . 
The e q u i l i b r i u m r e s u l t s s u g g e s t an i n n e r - s p h e r e s u r f a c e c o m p l e x i s 
f o r m e d . B a s e d o n t h e k i n e t i c r e s u l t s f o r l e a d a d s o r p t i o n o n g o e 
t h i t e o f t h i s s t u d y , a b i m o l e c u l a r a d s o r p t i o n / d e s o r p t i o n r e a c t i o n 
h a s b e e n p o s t u l a t e d f o r P b 2 + a d s o r p t i o n / d e s o r p t i o n a t t h e g o e t h i t e / 
w a t e r i n t e r f a c e . The r a t e - l i m i t i n g s t e p i s t h e d e s o r p t i o n s t e p 
a s s o c i a t e d w i t h b r e a k i n g t h e s u r f a c e bond o f t h e i n n e r - s p h e r e l e a d 
h y d r o x y l c o m p l e x . The v a r i a t i o n o f t h e r a t e c o n s t a n t s w i t h p r e s 
s u r e - j u m p m a g n i t u d e i s s u g g e s t e d as e v i d e n c e o f a d s o r p t i o n / d e s o r p 
t i o n f r o m s i t e s w i t h a d i s t r i b u t i o n o f b o n d i n g e n e r g i e s . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



7. HAYES A N D LECKIE Mechanism of Lead Ion Adsorption 133 

APPENDIX A 

P r e s s u r e - J u m p A p p a r a t u s w i t h C o n d u c t i v i t y D e t e c t i o n 

A p p a r a t u s . The p r i n c i p l e o f t h e p r e s s u r e - j u m p method i s b a s e d o n 
t h e p r e s s u r e d e p e n d e n c e o f t h e e q u i l i b r i u m c o n s t a n t , i . e . , 

where AV i s t h e s t a n d a r d m o l a r vo l ume c h a n g e o f t h e r e a c t i o n , P , t h e 
p r e s s u r e , R, t h e u n i v e r s a l gas c o n s t a n t , a n d T , t h e t e m p e r a t u r e . A 
p r e s s u r e p e r t u r b a t i o n r e s u l t s i n t h e s h i f t i n g o f t h e e q u i l i b r i u m ; 
t h e r e t u r n o f t h e s y s t e m t o t h e o r i g i n a l e q u i l i b r i u m s t a t e ( i . e . , 
t h e r e l a x a t i o n ) i s r e l a t e d t o t h e r a t e s o f a l l t h e e l e m e n t a r y r e a c 
t i o n s t e p s . The r e l a x a t i o n t i m e c o n s t a n t a s s o c i a t e d w i t h t h e 
r e l a x a t i o n c a n be u s e d t o e v a l u a t e t h e m e c h a n i s m o f r e a c t i o n . 

S e c t i o n v i e w s o f t h e p r e s s u r e - j u m p a p p a r a t u s u s e d i n t h i s 
i n v e s t i g a t i o n a r e shown
t h e c e n t r a l p r e s s u r e - j u m
s a m p l e and r e f e r e n c e c e l l s , b a y o n e t s o c k e t , and vacuum pump. P r e s -
s u r i z a t i o n o f t h e a u t o c l a v e i s a c c o m p l i s h e d w i t h t h e p r e s s u r e pump. 
The a u t o c l a v e ha s p o r t s f o r b o t h a s a m p l e and r e f e r e n c e c e l l . The 
c a p s o f t h e c e l l s h a v e a p l a s t i c membrane w h i c h e f f e c t i v e l y t r a n s 
m i t s p r e s s u r e . The c o n f i n e d vo lume o f t h e a u t o c l a v e i s f i l l e d w i t h 
w a t e r w h i c h t r a n s m i t s t h e p r e s s u r e c h a n g e s t o t h e c e l l s . A p i e c e o f 
b r a s s s h i m s t o c k i s c l a m p e d o n t o one w a l l o f t h e a u t o c l a v e w i t h t h e 
b a y o n e t s o c k e t . When t h e p r e s s u r e i n t h e a u t o c l a v e g e t s h i g h e n o u g h 
t h e s h i m s t o c k b u r s t s and t h e p r e s s u r e r e t u r n s t o a m b i e n t p r e s s u r e 
" s p o n t a n e o u s l y , " i . e . , i n l e s s t h a n 100 u s . A f t e r t h e s h i m s t o c k 
b u r s t s , t h e s a m p l e s o l u t i o n h a v i n g e q u i l i b r a t e d a t t h e h i g h e r 
p r e s s u r e i s o u t o f e q u i l i b r i u m due t o t h e " i n s t a n t a n e o u s " p r e s s u r e -
jump ( i n s t a n t a n e o u s r e l a t i v e t o c h e m i c a l r e l a x a t i o n p r o c e s s e s 
o c c u r r i n g s l o w e r t h a n 1 m i l l i s e c o n d ) . The c h e m i c a l r e l a x a t i o n o f 
t h e s a m p l e s o l u t i o n b a c k t o t h e e q u i l i b r i u m c o n d i t i o n o f a m b i e n t 
p r e s s u r e i s m o n i t o r e d by c o n d u c t i v i t y d e t e c t i o n . The r e f e r e n c e c e l l 
i s f i l l e d w i t h a b a c k g r o u n d e l e c t r o l y t e s o l u t i o n w h i c h has no 
r e l a x a t i o n i n t h e t i m e r a n g e o f t h e p r e s s u r e - j u m p a p p a r a t u s . W a t e r 
i s c i r c u l a t e d a r o u n d t h e a u t o c l a v e and t h r o u g h a c o n s t a n t -
t e m p e r a t u r e b a t h t o m a i n t a i n t h e t e m p e r a t u r e a t 25 °C db 0 . 1 ° C . I n 
t h e p r e s s u r e - j u m p e x p e r i m e n t s d e s c r i b e d i n t h i s p a p e r t h r e e 
d i f f e r e n t t h i c k n e s s e s o f b r a s s s h i m s t o c k were u s e d t o o b t a i n 
p r e s s u r e - j u m p s o f 7 0 , 1 0 0 , and 140 a t m o s p h e r e s . 

C o n d u c t i v i t y D e t e c t i o n . The c o n d u c t i v i t y d e t e c t o r o f t h e p r e s s u r e -
jump a p p a r a t u s i s b a s e d on a s i m p l e W h e a t s t o n e b r i d g e c i r c u i t . The 
s a m p l e a n d r e f e r e n c e c e l l make up two arms o f t h e b r i d g e ; t h e o t h e r 
two arms a r e made up o f v a r i a b l e r e s i s t o r s and c a p a c i t o r s . A 
n o n r e l a x i n g s o l u t i o n ( e . g . , s o d i u m c h l o r i d e ) w i t h n e a r l y t h e same 
c o n d u c t i v i t y as t h e s a m p l e i s p l a c e d i n t h e r e f e r e n c e c e l l . The 
r e s i s t a n c e s a n d c a p a c i t a n c e s a r e a d j u s t e d t o b a l a n c e t h e b r i d g e . 
D u r i n g p r e s s u r i z a t i o n o f t h e a u t o c l a v e , t h e c h e m i c a l e q u i l i b r i u m o f 
t h e s a m p l e s o l u t i o n s h i f t s , r e s u l t i n g i n a c h a n g e i n c o n d u c t i v i t y 
and an u n b a l a n c i n g o f t h e b r i d g e . A f t e r t h e b r a s s s h i m s t o c k b u r s t s 
t h e s a m p l e s o l u t i o n i s o u t o f e q u i l i b r i u m w i t h r e s p e c t t o a m b i e n t 
p r e s s u r e and must " r e l a x " t o t h e e q u i l i b r i u m s t a t e d e f i n e d by 

I 3p J T RT 
( A - l ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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a m b i e n t p r e s s u r e ; t h i s r e l a x a t i o n p r o c e s s i s m o n i t o r e d by t h e c o n 
d u c t i v i t y b r i d g e a s a v o l t a g e c h a n g e . The e l e c t r i c a l s i g n a l i s 
s t o r e d by a T e k t r o n i x 7612AD P r o g r a m m a b l e D i g i t i z e r . The d i g i t i z e d 
d a t a i s s e n t t o a n HP9836 c o m p u t e r f o r a n a l y s i s . 

The c o n d u c t i v i t y c h a n g e m e a s u r e d by t h e W h e a t s t o n e b r i d g e 
a r r a n g e m e n t i s d i r e c t l y r e l a t e d t o t h e e x t e n t o f r e a c t i o n . The c o n 
d u c t i v i t y and c h a n g e i n c o n d u c t i v i t y f o l l o w i n g a p r e s s u r e p e r t u r b a 
t i o n a r e g i v e n by 

σ = î ô u ô Σ s h h = ÏÔM P Σ - j h h ( A " 2 ) 

Δ Σ = TÔUÔ (P Σ i z j i v m j + p 1 h h ^ j + 1 i z j i m j y j A p ) ( A " 3 ) 

where σ i s t h e s p e c i f i c c o n d u c t i v i t y ( Q - ^ c m " 1 ) , F i s F a r a d a y ' s c o n 
s t a n t , z , t h e v a l e n c e o f i o n j , m a n d C , t h e m o l a l a n d m o l a r c o n c e n 
t r a t i o n o f i o n j , r e s p e c t i v e l y ; u i s t h e e l e c t r i c a l m o b i l i t y ( i n 
c m ^ V " 1 s e c ~ 1 ) , a n d ρ t h
E q u a t i o n A - 3 i s due t o
two terras a r e f r o m p h y s i c a l e f f e c t s r e s u l t i n g f r o m p r e s s u r e a n d t e m 
p e r a t u r e c h a n g e s w h i c h o c c u r d u r i n g a p r e s s u r e - j u m p . T h e b r i d g e 
a r r a n g e m e n t d e s c r i b e d a b o v e f u l l y c o m p e n s a t e s f o r t h e p h y s i c a l 
e f f e c t s and t h u s t h e c o n d u c t i v i t y c h a n g e i s d i r e c t l y r e l a t e d t o 
c h a n g e s f r o m c h e m i c a l r e l a x a t i o n , i . e . , t h e f i r s t t e r m i n E q u a t i o n 
A - 3 . T a k i n g a s an examp l e t h e b i m o l e c u l a r m e c h a n i s m p o s t u l a t e d f o r 
l e a d , i . e . , 

- F e O H + P b 2 + ^ ± - F e O P b + + H + ( A - 4 ) 

t h e n 

Δσ = ( 2 p p b ( A [ P b 2 + l ) + μ Η ( Δ [ Η + ] ) ) ( A - 5 ) 

S i n c e 

( A [ P b 2 + ] ) = - ( Δ [ Η + 1 ) = X ( A - 6 ) 

t h e n E q u a t i o n A - 5 c a n be r e w r i t t e n a s f o l l o w s : 

Δ σ - ï é ô ( 2 l J P b - V x ( A _ 7 ) 

a n d so Δσ i s d i r e c t l y r e l a t e d t o X , t h e c h a n g e i n c o n c e n t r a t i o n o f 
t h e r e a c t i n g s p e c i e s . I n t h e c a s e o f t h e l e a d a d s o r p t i o n / d e s o r p t i o n 
s t u d i e s , t h e c o n d u c t i v i t y d e c r e a s e s as t h e s y s t e m r e l a x e s ( s e e F i g 
u r e 8 ) . T h i s c a n be e x p l a i n e d a s r e s u l t i n g f r o m a s h i f t i n t h e 
e q u i l i b r i u m t o t h e r i g h t f o r t h e r e a c t i o n w r i t t e n a b o v e i n E q u a t i o n 
A - 4 . A s h i f t o f t h e e q u i l i b r i u m t o t h e r i g h t f a v o r s d e s o r p t i o n o f 
p r o t o n s and a d s o r p t i o n o f l e a d . S i n c e p r o t o n s have a h i g h e r m o b i l 
i t y a n d t h u s h i g h e r c o n d u c t a n c e t h a n l e a d , t h i s r e s u l t s i n a n 
i n c r e a s e i n t h e c o n d u c t i v i t y and s u b s e q u e n t d e c r e a s e d u r i n g t h e 
r e l a x a t i o n i n a c c o r d a n c e w i t h t h e o b s e r v e d r e s u l t s o f F i g u r e 8 . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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APPENDIX Β 

Net Proton Release and Ligand Number 

The determination of the ligand number (27) for adsorption reactions 
has been discussed by Hohl and Stumm (22). The following example 
i l lustrates the relationship between the net proton release and 
ligand number. 

Consider the sodium nitrate/goethite suspension titrated in the 
presence and absence of lead ion. The following equations governing 
the t itrations are easily derived from the charge and mass balance 
equations: 

(C B - C A + [H+] - [OH"]) = ([SO"] - [SOH2] + [SO"-^a+] 

- [SOH^-NO^]) ( B - l ) 

(Cg - C^+ [H+] - [OH"]

- [SOH2-NO3]* - [SOPb+] - 2[(SO)2Pb]) ( B - 2 ) 

where the superscript * represents the concentration of surface 
species in the presence of lead, and where two types of lead surface 
complexes are allowed that would release 1 and 2 protons respec
t ive ly . In order to find the number of protons released in the 
presence and absence of Pb 2 + , Equation B - l is subtracted from B - 2 . 
When the following relationships are substituted into B - l and B - 2 

[SOHj] = S T a Q [ S O H J ] * = S*,aQ ( B - 3 ) 

[SOH] = S T a t [SOH]* - S*,^ ( B - 4 ) 

[SO"] = S T a 2 [ S O " ] * = S^a2 (B-5) 

[SO"-^a+] = S T a 3 [SO"-^a +]* = S*,a3 ( B - 6 ) 

[SOHJ-NO3] = S T a 4 [SOH^-NO^]* » s£a4 ( B - 7 ) 

where 

S T - ([SOliJ] + [SOH] + [SO"] + [SO"-Na+] + [SOHJ-NO3]) ( B - 8 ) 

s£ - ( [ S O H J ] * + [SOH]* + [SO"]* + [SO"-Na+]* 

+ [SOH^-NO^]* ) ( B - 9 ) 

S T = S*, + [SOPb+] + 2[(SO)2Pb] (B -10 ) 

and when Equation B - l is subtracted from B - 2 

Δ 0 Β = ( α ο " a 2 " a 3 + a 4 + 1 ) x ([SOPb+] + 2[(SO)2Pb]) ( B - l l ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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where 

- « £ - Φ - ( C . - C A ) " "A' V ^ B ^A 

The a r e d e f i n e d a s f o l l o w s : 

a 0 

Κ Κ . Κ „ Κ . t , [ N a + ] , 
( 1 + _ a l + + a l ^ a + ^ - ^ - 1 ( Β _ χ 2 ) 

[ Η + ] [ Η + Γ [ Η + Γ 3 1 Ν 0 3 J 

. „ + . Κ , Κ„ [ N a + ] , τ 
α. = ( i 5 _ L + 1 + + N a + κ [ Η + ] [NO"] Γ ( Β - 1 3 ) 

K a l [ Η + ] [ Η + ] Ν 0 3 

α 2 = ( - I S J - + i i L L + ι  2!s±—^
K a l K a 2 K a 2 K a 2 a 2 

Χ Ν 0 3 Π Η + ] 2 - ι 

( _ L Î L J + [ H ] + _ _ ^ 2 _ + 1 + _ J } 1 
t N a ^ a l ^ a S a l 1 1 * 1 [ N a ] K N a ] 

( B - 1 5 ) 

a 3 

α 
1 1 . K a 2 

4 κ
& Λ ο 3 [ Ν 0 3 ΐ ^ ^ V , K N o 3 I H + l 2 t l , 0 I 1 

[ N a + ] K . , . 
+ — J l f — . + l ) - 1 ( B - 1 6 ) 

S i n c e t h e l i g a n d number i s d e f i n e d a s 

Ε, ( ( S O ) . P b 2 i ) 

where P b T i s t o t a l bound l e a d , t h e n 

A C B / P b T 

(1 + a Q - a 2 - a 3 + o4> 
( B - 1 8 ) 

As c a n be s e e n by E q u a t i o n B - 1 8 , η d o e s n o t s i m p l y e q u a l A C g / P b T b u t 
i s l o w e r e d by t h e f a c t o r (1 + a 0 - o 2 - C13 + 014) » w h i c h r e f l e c t s t h e 
r e d i s t r i b u t i o n o f s u r f a c e s p e c i a t i o n due t o Pb a d s o r p t i o n . 
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APPENDIX C 

D e r i v a t i o n o f t h e T i m e C o n s t a n t R e l a t i o n s h i p o f E q u a t i o n 35 

T h e r e l a t i o n s h i p b e t w e e n t h e i n v e r s e o f t h e r e l a x a t i o n t i m e 
c o n s t a n t , τ , and t h e c o n c e n t r a t i o n o f t h e r e a c t i n g s p e c i e s shown by 
E q u a t i o n 35 i s d e v e l o p e d a s f o l l o w s . F o r t h e b i m o l e c u l a r r e a c t i o n 

k . 
- F e O H + P b 2 + - F e O P b + + H + ( C - l ) 

t h e r a t e i s d e f i n e d a s 

r - - d [ - F e 0 H l - - <*[Pb^] . d [ - F e O P b " ] d [ lT ] ( r _ 
d t ~ d t d t d t K } 

k - l 

2+ + + 

o r 

r = - ^ [ - F e O H l i P b " " ] + k _ [ - F e O P b " ] [ H ] ( C - 3 ) 

A t e q u i l i b r i u m r = 0 a n d E q u a t i o n C - 3 becomes 

0 = - k 1 [ - F e 0 H ] [ P b ] + k [ - F e O P b + ] [ H + ] ( C - 4 ) 

whe re t h e o v e r b a r d e n o t e s 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 r e l a t e d by t h e 
mass l aw e x p r e s s i o n 

[ -FeOPb+HH* ] = ^ _ . ^ ( c _ 5 ) 

2+ - 1 
[ - F e O H ] [ P b ] 

F o l l o w i n g a s m a l l p e r t u r b a t i o n , e . g . , a p r e s s u r e - j u m p , 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 a r e s h i f t e d some s m a l l amount Δ , and t h e t i m e -
d e p e n d e n t c o n c e n t r a t i o n s a r e g i v e n by 

[ -FeOH] = [ -FeOH] + ( Δ [ - F e O H ] ) ( C - 6 ) 

[ P b 2 + ] - [ P b 2 + ] + ( Δ [ Ρ ο 2 + ] > ( C - 7 ) 

[ - F e O P b + ] = [ - F e O P b + ] + ( A [ F e O P b + ] ( C - 8 ) 

[ H + ] = [ H + ] + ( Δ [ Η + ] ) ( C - 9 ) 

A c c o r d i n g t o t h e l aw o f mass c o n s e r v a t i o n 

( A [ - F e O H ] ) = ( A [ P b 2 + ] ) - - ( A [ - F e O P b + ] ) = ~ ( Δ [ Η + ] ) - X ( C - 1 0 ) 

o r f r o m E q u a t i o n s C - 6 t h r o u g h C - 9 

[ -FeOH] - [ -FeOH] + X ( C - l l ) 

[ P b 2 + ] = [ P b 2 + ] + X ( C - 1 2 ) 
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[ - F e O P b + ] = [ - F e O P b + ] - X ( C - 1 3 ) 

[ H + ] = [ H + ] - X ( C - 1 4 ) 

S u b s t i t u t i n g C - l l t h r o u g h C - 1 4 i n t o C - 3 

r - ^ - - k ^ I - F e O H ] + X ) ( [ P b 2 + ] + X) + k ^ ( [ - F e O P b + ] - X ) ( [ H + ] - X ) 

= - ^ ( [ - F e O H l f P b 2 " 1 " ] ) + k _ 1 ( [ - F e O P b + ] [ H + ] ) 

- [k^ ( [ -FeOH] + [ P b 2 + ] ) + k ^ [ - F e O P b + ] + [ H + ] ) ] X - k ^ 2 + k ^ X 2 

( C - 1 5 ) 

T h e f i r s t two t e r m s sum
t u r b a t i o n ( i . e . , s m a l l X )
s m a l l l e a d i n g t o 

g - - I X ( C - 1 6 ) 

w i t h 

τ " 1 - ^ ( [ - F e O H ] + [ P b 2 + ] ) + k ^ ( [ - F e O P b + ] + [ H + ] ) ( C - 1 7 ) 

C o m b i n i n g t h e f o l l o w i n g r e l a t i o n s h i p s based o n E q u a t i o n s 2 8 - 3 2 , i . e . , 

k l = k i n t β χ ρ ( - β φ 0 / 2 Μ ) ( C - 1 8 ) 

and 

k _ x = k ^ u exp(ei|> 0/2kT) ( C - 1 9 ) 

a n d E q u a t i o n C - 1 7 

τ " 1 = k ^ n t [ ( e x p ( - e i | , o / 2 k T ) χ ( [ - F e O H ] + [ P b 2 + ] ) 

+ ( K ^ V 1 x β χ ρ ( β ψ ο / 2 Μ ) x ( [ - F e O P b + ] + [ H + ] ) ] ( C - 2 0 ) 

L e g e n d o f Symbo l s 

A = s u r f a c e a r e a / 1 
Β = 1 0 6 F / A 
^ A E c o n c e n t r a t i o n o f a c i d 
C B = c o n c e n t r a t i o n o f b a s e 
C g = c o n c e n t r a t i o n o f s y m m e t r i c a l e l e c t r o l y t e 
C^ Ξ i n t e r - l a y e r c a p a c i t a n c e 
Q>2 - o u t e r - l a y e r c a p a c i t a n c e 
e = e l e c t r o s t a t i c c h a r g e 
F = F a r a d a y ' s c o n s t a n t 
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k = B o l t z r a a n n ' s c o n s t a n t 
T = t e m p e r a t u r e 
ζ Ξ c h a r g e o f i o n 

= d i s t r i b u t i o n c o e f f i c i e n t 
γ.£ = a c t i v i t y c o e f f i c i e n t o f s p e c i e s i 
ψ 0 = p o t e n t i a l a t o - p l a n e 
ψρ = p o t e n t i a l a t 3 - p l a n e 

= p o t e n t i a l a t d - p l a n e 

ψ* = a c t i v a t i o n p o t e n t i a l o f a d s o r p t i o n 

ψΪ^ = a c t i v a t i o n p o t e n t i a l o f d e s o r p t i o n 
σ 0 = c h a r g e d e n s i t y i n o - p l a n e 

= c h a r g e d e n s i t y i n 3 - p l a n e 
= c h a r g e d e n s i t y i n d - p l a n e 

τ-ρ = r e l a x a t i o n t i m e c o n s t a n t f o r f a s t s t e p 
* = s u p e r s c r i p t t o i n d i c a t e c o n c e n t r a t i o n o f g i v e n s p e c i e s i n 

p r e s e n c e o f l e a d i o n 

A c k n o w l e d g m e n t s 

T h i s r e s e a r c h was s u p p o r t e d by t h e E n v i r o n m e n t a l P r o t e c t i o n A g e n c y 
( G r a n t N o . EPA 8 0 9 5 6 1 ) . K . F . H . g r a t e f u l l y a c k n o w l e d g e s t h e J a p a n e s e 
M i n i s t r y o f E d u c a t i o n f o r a r e s e a r c h s c h o l a r s h i p . A l s o t h i s work 
w o u l d n o t h a v e b e e n c o m p l e t e d w i t h o u t t h e k i n d n e s s a n d s u p p o r t o f 
P r o f e s s o r T . Y a s u n a g a and D r s . M . S a s a k i , T . I k e d a , and N . M i k a m i o f 
H i r o s h i m a U n i v e r s i t y . T h e a u t h o r s w i s h t o t h a n k D r . V . T r i p a t h i f o r 
h i s h e l p i n t h e c o m p u t e r m o d e l i n g o f t h e e q u l i b r i u m d a t a . 
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Characterization of A n i o n Binding on Goethite 
Using Titration Calorimetry and Cylindrical Internal 
Reflection-Fourier Transform Infrared Spectroscopy 

W. A. Zeltner, E. C. Yost, M. L. Machesky, M. I. Tejedor-Tejedor, and M. A. Anderson 

Water Chemistry Program, University of Wisconsin, Madison, WI 53706 

Titration calorimetry and cylindrical internal 
reflection-Fourier transform infrared (CIR-FTIR) 
spectroscopy ar  tw  technique  which hav  seldo
been applied t
interface. I  paper,
techniques and their application to the investigation 
of salicylate ion adsorption in aqueous goethite 
(α-FeOOH) suspensions from pH 4 to 7. Evidence 
suggests that salicylate adsorbs on goethite by 
forming a chelate structure in which each salicylate 
ion replaces two hydroxyls attached to a single iron 
atom at the surface. 

Lucio Forni ( 1 ) , while discussing catalysis research, commented 
that: "Each technique, in fact, taken by itself, allows some 
useful information to be collected, but can give rise to 
criticisms. The combination of information obtainable by two or 
more of them can often be the only way to give a complete picture 
of the surface acid properties of the solid." 

To a certain extent a similar statement could be made 
about research on the chemistry of mineral-water interfaces. Some 
theoretical models (2»3) developed to date have focused primarily 
on their ability to fit data collected from one experimental 
technique, namely potentiometric titration. While these models 
have done much to improve our understanding of the oxide-water 
interface, we do not have a complete picture of the interfacial 
region at present. Although potentiometric titrations can sti l l 
provide new insights, failure to utilize other techniques 
may result in the problem mentioned in Forni1s statement above. 

Several alternative methods for examining the chemistry of 
interfacial reactions are currently being developed, as evidenced 
by the many fine chapters in this volume. While it is certainly 
not necessary to utilize all techniques described, many can be 
employed in a given system to better understand the reaction 
chemistry involved in these complicated interfacial processes. 

0097-6156/ 86/ 0323-0142506.00/ 0 
© 1986 American Chemical Society 
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To p u t t h i n g s i n t o p e r s p e c t i v e , we c a n b r o a d l y c l a s s i f y t h e s e 
a n a l y t i c a l m e t h o d s i n t o b u l k , d r y s u r f a c e , and i n s i t u i n t e r f a c i a l 
t e c h n i q u e s . T h i s c h a p t e r f o c u s e s on t h e l a s t c a t e g o r y , 
i l l u s t r a t i n g two i n s i t u t e c h n i q u e s u s e d t o s t u d y a n i o n b i n d i n g a t 
t h e g o e t h i t e ( α - F e O O H ) - w a t e r i n t e r f a c e : t i t r a t i o n c a l o r i m e t r y a n d 
c y l i n d r i c a l i n t e r n a l r e f l e c t i o n - F o u r i e r t r a n s f o r m i n f r a r e d 
( C I R - F T I R ) s p e c t r o s c o p y . I n f a c t , C I R - F T I R c o u l d p r o v e t o be 
e x t r e m e l y p o w e r f u l , s i n c e i t a l l o w s d i r e c t s p e c t r o s c o p i c 
o b s e r v a t i o n o f i o n s a d s o r b e d a t t h e m i n e r a l - w a t e r i n t e r f a c e . 
B o t h o f t h e s e i n s i t u t e c h n i q u e s h a v e p r o v e n v e r y b e n e f i c i a l i n 
o u r r e s e a r c h . 

B a c k g r o u n d 

S e v e r a l g e n e r a l e x p e r i m e n t a l p o i n t s w i l l be p r e s e n t e d b e f o r e 
d i s c u s s i n g t h e s e two m e t h o d s i n d e t a i l . A l l e x p e r i m e n t s d e s c r i b e d 
i n t h i s c h a p t e r w e r e p e r f o r m e d u s i n g g o e t h i t e p r e p a r e d i n 
p o l y e t h y l e n e v e s s e l s b
OH/Fe r a t i o o f 2 a n d 5
d e t e r m i n e d b y e l e c t r o n m i c r o s c o p y , w h i c h showed t h a t t h e p r i m a r y 
p a r t i c l e s we re n e e d l e s h a p e d , w i t h t h e 100 p l a n e a s t h e p r e d o m i n a n t 
f a c e . The n e e d l e s a v e r a g e d 50 nm i n l e n g t h and 20 nm i n w i d t h , and 
B . E . T . a n a l y s i s o f n i t r o g e n g a s a d s o r p t i o n i n d i c a t e d a s u r f a c e a r e a 
o f 81 m / g . 

A n i o n a d s o r p t i o n d e n s i t i e s a r e d i r e c t l y a f f e c t e d by t h e n e t 
s u r f a c e p r o t o n b a l a n c e ( o f t e n r e f e r r e d t o a s s u r f a c e " c h a r g e " i n 
t h e t h e o r e t i c a l m o d e l s ) o f h y d r a t e d m e t a l o x i d e s u r f a c e s . S u r f a c e 
p r o t o n b a l a n c e s a r e d e t e r m i n e d by p o t e n t i o m e t r i c t i t r a t i o n (5-7_) , 
w h i c h a l s o y i e l d s t h e pH v a l u e f o r t h e z e r o p o i n t o f c h a r g e ( Z P C ) . 
Our g o e t h i t e t i t r a t i o n s g ave a ZPC o f pH 8 . 1 ± 0 . 1 u s i n g s o d i u m 
p e r c h l o r a t e . a s t h e i n e r t e l e c t r o l y t e . T h i s i s h i g h e r t h a n o t h e r 
r e p o r t e d g o e t h i t e ZPC v a l u e s o f 7 . 5 - 7 . 6 ( 8 - K 0 b u t i n e x c e l l e n t 
a g r e e m e n t w i t h t h a t o f K a v a n a g h e t a l . ( 1 1 ) , who f o u n d a ZPC o f 
8 . 2 . A l l a n i o n a d s o r p t i o n m e a s u r e m e n t s we re made a t pH v a l u e s a t 
l e a s t 1.5 pH u n i t s b e l o w t h e ZPC t o e n s u r e t h a t i n i t i a l a n i o n 
a d s o r p t i o n was o c c u r r i n g on p o s i t i v e l y c h a r g e d s u r f a c e s . 

T h e p r i m a r y a n i o n s t u d i e d i n b o t h t h e t i t r a t i o n c a l o r i m e t r y 
and C I R - F T I R e x p e r i m e n t s r e p o r t e d h e r e was t h e s a l i c y l a t e 
( 2 - h y d r o x y b e n z o a t e ) i o n ( S A L ) . A c i d i t y c o n s t a n t s f o r s a l i c y l i c 
a c i d a r e pK = 3 . 0 and pK = 13 (12) , and t h e a q u e o u s s o l u b i l i t y 
o f s a l i c y l i c a c i d i s 2 . 4 g / L , w h i l e t h a t o f NaSAL i s 975 g / L . SAL 
h a s b e e n shown t o a d s o r b o n b o t h i r o n o x i d e s (13) and a l u m i n u m 
o x i d e s ( 1 4 ) . S e v e r a l o t h e r a n i o n s w e r e a l s o s t u d i e d , a n d r e s u l t s 
f o r t h e s e a n i o n s a r e g i v e n a s n e e d e d t o i l l u m i n a t e c e r t a i n f e a t u r e s 
o f t h e s a l i c y l a t e - g o e t h i t e a d s o r p t i o n p r o c e s s . 

T i t r a t i o n C a l o r i m e t r y 

T i t r a t i o n c a l o r i m e t r y i n v o l v e s t h e m e a s u r e m e n t o f h e a t e v o l v e d 
w h i l e a d d i n g a t i t r a n t . T h i s t e c h n i q u e i s w e l l e s t a b l i s h e d f o r 
d e t e r m i n i n g r e a c t i o n e n t h a l p i e s i n homogeneous s o l u t i o n ( s e e r e f s . 
15 and 16_ f o r g e n e r a l r e v i e w s o f t h e method ) b u t h a s b e e n u s e d f a r 
l e s s o f t e n t o m e a s u r e a d s o r p t i o n e n t h a l p i e s i n h e t e r o g e n e o u s 
s u s p e n s i o n s . I n s t e a d , a d s o r p t i o n s t u d i e s h a v e r e l i e d m a i n l y on t h e 
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d e t e r m i n a t i o n a n d i n t e r p r e t a t i o n o f a d s o r p t i o n f r e e e n e r g i e s 
( u s u a l l y t h r o u g h a d s o r p t i o n i s o t h e r m e x p e r i m e n t s ) u s i n g one o f 
s e v e r a l a v a i l a b l e m o d e l s . W h i l e t h e u n d e r s t a n d i n g o f t h e o v e r a l l 
a d s o r p t i o n p r o c e s s h a s i n c r e a s e d w i t h t h i s a p p r o a c h , e n t h a l p i c and 
e n t r o p i e c o m p o n e n t s o f a d s o r p t i o n f r e e e n e r g i e s h a v e r a r e l y b e e n 
d e t e r m i n e d . R e a c t i o n e n t h a l p i e s c a n p r o v i d e i m p o r t a n t i n f o r m a t i o n 
on s i t e h e t e r o g e n e i t y a n d t e m p e r a t u r e d e p e n d e n c e o f a d s o r p t i o n 
r e a c t i o n s , w h i l e e n t r o p i e s r e f l e c t i n c r e a s e d s y s t e m o r d e r i n g o r 
d i s o r d e r i n g a s a d s o r p t i o n o c c u r s . 

M o s t p r e v i o u s a d s o r p t i o n s t u d i e s e m p l o y i n g c a l o r i m e t r y h a v e 
i n v e s t i g a t e d c a t i o n e x c h a n g e phenomena o n z i r c o n i u m p h o s p h a t e s 
( 1 7 - 2 1 ) , t i t a n i u m p h o s p h a t e (22) a n d c l a y m i n e r a l s ( 2 3 , 2 4 ) . 
P r o t o n e x c h a n g e w i t h a l k a l i m e t a l c a t i o n s on z i r c o n i u m p h o s p h a t e s 
i s i n i t i a l l y e x o t h e r m i c , b u t s u b s e q u e n t l y becomes p r o g r e s s i v e l y 
e n d o t h e r m i c a f t e r r e a c h i n g some c r i t i c a l e x c h a n g e f r a c t i o n . T h i s 
t r a n s i t i o n d e p e n d s on t h e c r y s t a l l i n i t y o f t h e e x c h a n g e r a s w e l l a s 
t h e n a t u r e o f t h e a l k a l i c a t i o n . E n t r o p i e s we re g e n e r a l l y 
n e g a t i v e when c a l c u l a t e
e n e r g i e s . T h i s was l a r g e l
s t r u c t u r i n g r e s u l t i n g f r o m e x c h a n g e o f t h e m e t a l c a t i o n , w h i c h may 
k e e p a l l o r p a r t o f i t s h y d r a t i o n s h e a t h i n t a c t . D u r i n g i n v e s t i 
g a t i o n s o f c a t i o n e x c h a n g e phenomena o n c l a y m i n e r a l s , r e g i o n s o f 
r e l a t i v e l y d i s c r e t e e x c h a n g e e n t h a l p i e s we re o b s e r v e d w h i c h we re 
e x p l a i n e d a s b e i n g due t o t h e h e t e r o g e n e o u s n a t u r e o f t h e 
a l u m i n o s i l i c a t e s u r f a c e s s t u d i e d ( a l s o s e e G o u l d i n g , t h i s v o l u m e ) . 

C a l o r i m e t r i c i n v e s t i g a t i o n s o f h y d r o u s m e t a l o x i d e s u s p e n s i o n s 
a r e more s c a r c e . A s t u d y o f s t a r c h a d s o r p t i o n o n h e m a t i t e r e v e a l e d 
t h a t t h e a d s o r p t i o n p r o c e s s became l e s s e x o t h e r m i c a s s u r f a c e 
c o v e r a g e i n c r e a s e d ( 2 5 ) . T h i s was a t t r i b u t e d t o a r e a r r a n g e m e n t o f 
s t a r c h m o l e c u l e s t o l e s s f a v o r a b l e c o n f i g u r a t i o n s . 

F r e e e n e r g y v a r i a t i o n s w i t h t e m p e r a t u r e c a n a l s o be u s e d t o 
e s t i m a t e r e a c t i o n e n t h a l p i e s . H o w e v e r , few s t u d i e s d e v o t e d t o t h e 
t e m p e r a t u r e d e p e n d e n c e o f a d s o r p t i o n phenomena h a v e b e e n p u b l i s h e d . 
I n one s u c h s t u d y o f p o t a s s i u m o c t y l h y d r o x a m a t e a d s o r p t i o n on 
b a r i t e , c a l c i t e a n d b a s t n a e s i t e , i t was o b s e r v e d t h a t a d s o r p t i o n 
i n c r e a s e d m a r k e d l y w i t h t e m p e r a t u r e , w h i c h s u g g e s t e d t h e e n t h a l p i e s 
w e r e e n d o t h e r m i c ( 2 6 ) . The r e s u l t i n g l a r g e p o s i t i v e e n t r o p i e s w e r e 
a t t r i b u t e d t o l o o s e n i n g o f o r d e r e d w a t e r s t r u c t u r e , b o t h a t t h e 
m i n e r a l s u r f a c e and i n t h e s o l v e n t s u r r o u n d i n g o c t y l h y d r o x a m a t e 
i o n s d u r i n g t h e a d s o r p t i o n p r o c e s s , a s w e l l a s h y d r o p h o b i c c h a i n 
a s s o c i a t i o n e f f e c t s . 

The m a j o r c o n c l u s i o n s w h i c h c a n be d rawn f r o m p r e v i o u s w o r k 
a r e : 

1) A d s o r p t i o n e n t h a l p i e s v a r y w i t h s u r f a c e c o v e r a g e and 
a d s o r b e n t t y p e b u t a r e u s u a l l y e x o t h e r m i c - a t l e a s t 
d u r i n g i n i t i a l s t a g e s o f t h e a d s o r p t i o n p r o c e s s . 

2) A l a r g e p o r t i o n o f t h e c a l c u l a t e d e n t r o p y c h a n g e (+ o r - ) 
r e s u l t s f r o m t h e r e l a t i v e o r d e r i n g o r d i s r u p t i n g o f w a t e r 
s t r u c t u r e d u r i n g a d s o r p t i o n . 

3) H e a t c h a n g e s o c c u r o v e r a p e r i o d o f m i n u t e s i n c o n t r a s t t o 
mos t s o l u t i o n p h a s e r e a c t i o n s ( s e c o n d s ) . 

M e t h o d s . The e q u i p m e n t u s e d c o n s i s t s o f a TRONAC M o d e l 450 
(TRONAC, I n c . , O r em, U t a h ) i s o p e r i b o l t i t r a t i o n c a l o r i m e t e r w h i c h 
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has been modified by adding (1) a high p r e c i s i o n buret driven by a 
stepping motor and (2) micro g l a s s and reference pH electrodes 
(Microelectrodes, Inc., Londonberry, NH). This system i s 
i n t e r f a c e d to an Apple H e computer through an ISAAC 41A (Cyborg, 
Inc., Newton, MA) data a c q u i s i t i o n and c o n t r o l system equipped with 
a 2 channel, 16 b i t A/D converter to d i g i t i z e temperature and pH 
data, as w e l l as a binary I/O card that permits automated t i t r a n t 
d e l i v e r y and heater c a l i b r a t i o n . Operator c o n t r o l i s obtained by 
s e t t i n g required input parameters before s t a r t i n g data a c q u i s i t i o n . 
These parameters include: (1) a threshold d i g i t a l value to i n i t i a t e 
data a c q u i s i t i o n , (2) the number and length of t i t r a n t a d d i t i o n s , 
(3) time between a d d i t i o n s , and (4) a " d i g i t a l window" that i s used 
i n the pH s t a t mode to a c t i v a t e a second buret containing standard 
a c i d or base. These inputs allow experimental conditions to be 
e a s i l y a l t e r e d and optimized. 

In order to adequately resolve the yV l e v e l thermistor 
s i g n a l s , 16 b i t A/D conversion i s necessary, rather than the more 
conventional 12 b i t . A l s o
averaging 90 A/D conversion
averaging time w e l l w i t h i n the thermistor (̂ 3 sec) and pH 
electrode ('νΊΟ sec) response times. 

D i g i t i z e d thermistor and pH data (stored on floppy disk) are 
converted to temperature and pH values using a p r e v i o u s l y 
determined thermistor constant (°C/digital value) and d i g i t i z e d pH 
b u f f e r values. Several c o r r e c t i o n s must be included, however, 
before temperature data can be converted c o r r e c t l y to heat content 
values ( i n Joules) corresponding to the i n t e r v a l i n c l u d i n g and 
fo l l o w i n g each t i t r a n t a d d i t i o n . This data reduction process 
must account f o r such p h y s i c a l e f f e c t s as heat produced by s t i r r i n g 
the suspension, heat l o s t to the surroundings, and r e s i s t a n c e 
heating of the thermistor. The heat of water formation which 
r e s u l t s from acid-base n e u t r a l i z a t i o n as the system pH i s changed 
must also be determined. This i s p a r t i c u l a r l y important outside 
the pH range of 5 to 9. D e t a i l e d explanations and equations f o r 
these c o r r e c t i o n s are published elsewhere (16,27,28). 

The standard c a l o r i m e t r i c r e a c t i o n of tris(hydroxymethyl) 
aminomethane (THAM) n e u t r a l i z a t i o n with HC1 was used i n s e v e r a l 
i n i t i a l experiments to determine both p r e c i s i o n and accuracy f o r 
the data a c q u i s i t i o n and reduction process. Three to f i v e minutes 
were allowed between a c i d a d d i t i o n s , since t h i s same time frame was 
used f o r a l l l a t e r suspension t i t r a t i o n s i n order to minimize the 
e f f e c t s of slow surface r e a c t i o n s which occur during a t i t r a t i o n 
(9,29,30). The amount of a c i d added i n each experiment was v a r i e d 
to generate heat changes of 40-400 mJ ( t y p i c a l heat changes 
observed i n our adsorption studies with goethite suspensions). 

P r e c i s i o n (% Standard Deviation (SD)) estimates at 400, 160, 
80 and 40 mJ are 3.1, 6.4, 11.1 and 19.3% r e s p e c t i v e l y . The 
corresponding accuracy values (%) are +0.6, +4.3, +1.5 and -13.0%. 
Thus, p r e c i s i o n and accuracy decrease as heat evolved decreases, 
and the magnitude of t h i s decrease permits e r r o r estimates to be 
obtained. 

Suspensions were prepared i n 500 mL polycarbonate b o t t l e s by 
u l t r a s o n i c a l l y d i s p e r s i n g f r e e z e - d r i e d goethite i n d i l u t e n i t r i c 
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a c i d ( w i t h e n o u g h s o ] i d N a N O ^ a d d e d t o g i v e a 0 . 0 5 M s o l u t i o n ) f o r 
λ^24 h o u r s . T h i s g a v e a s u s p e n s i o n c o n c e n t r a t i o n o f 1 0 g / L a t a p H 
b e t w e e n 4 . 2 a n d 4 . 5 , f o l l o w i n g w h i c h a l l s u s p e n s i o n s w e r e a g e d a t 
l e a s t o n e w e e k ( o n e m o n t h m a x i m u m ) . S u s p e n s i o n s k e p t a t p H 4 f o r 
t w o m o n t h s s h o w e d u n d e t e c t a b l e ( <1 μ g / L ) d i s s o l v e d F e l e v e l s i n 
t h e f i l t e r e d ( 0 . 0 5 J im N u c l e p o r e f i l t e r s ) s u p e r n a t e w h e n a n a l y z e d 
b y g r a p h i t e f u r n a c e , a t o m i c a b s o r p t i o n . F i f t y mL a l i q u o t s o f t h e 
s u s p e n s i o n s w e r e u s e d f o r a l l t i t r a t i o n s , w i t h t h e o n l y a d d i t i o n 
b e i n g n i t r i c a c i d t o a d j u s t t h e s y s t e m t o t h e d e s i r e d s t a r t i n g p H . 

P r o t o n A d s o r p t i o n R e s u l t s . T h e c a p a b i l i t y o f m e a s u r i n g p H a s w e l l 
a s t e m p e r a t u r e c h a n g e a l l o w e d u s t o p e r f o r m c o m b i n e d p o t e n t i o m e t r i c -
c a l o r i m e t r i c t i t r a t i o n s o n s u s p e n s i o n s . D a t a r e p r e s e n t a t i v e o f 
s u c h t i t r a t i o n s a r e p r e s e n t e d i n F i g u r e 1 . A l l t i t r a t i o n s w e r e 
b e g u n a t p H ^ 3 . 8 ( 0 . 0 5 M N a N O ^ ) a n d e q u a l v o l u m e s o f s t a n d a r d N a O H 
w e r e a d d e d e v e r y f i v e m i n u t e s " u n t i l p H M 0 . S t a n d a r d U N O ^ w a s 
t h e n s i m i l a r l y d i s p e n s e d u n t i l t h e p H r e t u r n e d t o % 4 . O v e r t h e 
e n t i r e p H r a n g e , h e a t s w e r
e n d o t h e r m i c f o r p r o t o n d e s o r p t i o n
t b e s e h e a t s w e r e l a r g e l y i d e n t i c a l w h e n p a r t i t i o n e d a c c o r d i n g t o 
t h e f o l l o w i n g s c h e m e : 

A d s o r p t i o n 

1 ) MOH + H + = M 0 H „ + e x o t h e r m i c 
ζ 

D e s o r p t i o n 

1 ) M 0 H 2
+ + OH = MOH + H 2 0 e x o t h e r m i c 

2 ) H 2 0 = H + + O H " e n d o t h e r m i c 

3 ) M 0 H 2
+ = MOH + H + e n d o t h e r m i c 

D a t a f r o m d i f f e r e n t e x p e r i m e n t s e x h i b i t e d c o n s i d e r a b l e 
v a r i a t i o n a t a p a r t i c u l a r p H v a l u e , b u t t h e o v e r a l l t r e n d w a s f o r 
p r o t o n a d s o r p t i o n - d e s o r p t i o n h e a t s t o i n c r e a s e o v e r t h e p H r a n g e 
4 - 9 . A b o v e p H 9 , a d s o r p t i o n - d e s o r p t i o n h e a t s m a y d e c r e a s e , b u t 
t h e d i f f i c u l t y i n o b t a i n i n g d a t a a b o v e p H 1 0 p r e c l u d e d f u r t h e r 
d e l i n e a t i o n o f t h i s t r e n d . A t p r e s e n t o u r c a l o r i m e t r y s y s t e m i s 
n o t e q u i p p e d f o r n i t r o g e n p u r g i n g d u r i n g t i t r a t i o n , s o c a r b o n a t e 
i n t e r f e r e n c e i s p o s s i b l e a t p l l v a l u e s a b o v e 7 . H o w e v e r , c a r b o n a t e 
c o n t a m i n a t i o n e f f e c t s w e r e p r o b a b l y s m a l l , s i n c e s u s p e n s i o n s w e r e 
a g e d a t p H 4 a n d h e l d u n d e r b a s i c c o n d i t i o n s f o r l e s s t h a n o n e h o u r 
d u r i n g a t i t r a t i o n . A s m e n t i o n e d e a r l i e r , o u r g o e t h i t e s u s p e n s i o n s 
h a d a z e r o p o i n t o f c h a r g e a t p b 8 . 1 . T h u s , o v e r t h e p H r a n g e 4 t o 
8 , we a r e l i k e l y m e a s u r i n g h e a t s a s s o c i a t e d w i t h o n l y o n e g e n e r a l 
t y p e o f r e a c t i o n ( i . e . , M0H„ = MOH + Η ) , a n d e l e c t r o s t a t i c 
c o n s i d e r a t i o n s c a n j u s t i f y t h e d a t a t r e n d . A s t h e g o e t h i t e s u r f a c e 
b e c o m e s l e s s p o s i t i v e ( t i t r a t i n g f r o m l o w t o h i g h p H ) , p r o t o n 
d e s o r p t i o n b e c o m e s l e s s f a v o r a b l e , w h i c h l e a d s t o m o r e e n d o t h e r m i c 
r e a c t i o n h e a t s a s o b s e r v e d . S u r f a c e s i t e h e t e r o g e n e i t y c o u l d a l s o 
e x p l a i n t h e d a t a , b u t " s t e p - l i k e " d i s c o n t i n u i t i e s a r e n o t 
a p p a r e n t ( i n c o n t r a s t t o t h e c l a y m i n e r a l s t u d y ( 2 3 ) d i s c u s s e d 
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e a r l i e r ) , s h o w i n g t h a t s u r f a c e s i t e h e t e r o g e n e i t y w i t h r e s p e c t t o 
p r o t o n r e a c t i o n s i n t h e s e s y s t e m s may n o t be e x t r e m e . T h e r e i s 
a l s o a n unknown i n f l u e n c e o f c a r b o n a t e c o n t a m i n a t i o n and p a r t i c l e -
p a r t i c l e a g g r e g a t i o n phenomena o n t h e d a t a a t a l l pH v a l u e s . 

A n i o n A d s o r p t i o n R e s u l t s . To i n v e s t i g a t e h e a t c h a n g e s a s s o c i a t e d 
w i t h t h e a d s o r p t i o n o f v a r i o u s a n i o n s on g o e t h i t e i t was n e c e s s a r y 
t o f i x a l l o t h e r i m p o r t a n t s y s t e m p a r a m e t e r s . T h e c o n d i t i o n s 
c h o s e n w e r e : a g o e t h i t e s u s p e n s i o n c o n c e n t r a t i o n o f 10 g / L , a n 
i o n i c s t r e n g t h o f 0 . 0 5 M NaNO^, a n d a pH o f 4 . 0 ί 0 . 1 . S i n c e 
a d d i n g a n a l i q u o t o f a n i o n i n v a r i a b l y r e s u l t e d i n a pH i n c r e a s e , 
i t was n e c e s s a r y t o add a c i d t o m a i n t a i n t h e pH a t 4 . 0 . T h i s was 
done by d i s p e n s i n g s t a n d a r d HNO^ f r o m a c a l o r i m e t e r b u r e t one 
m i n u t e a f t e r t h e a n i o n a d d i t i o n and s u b s e q u e n t pH r i s e . T h e n t h e 
s y s t e m was a l l o w e d an a d d i t i o n a l f o u r m i n u t e s f o r t e m p e r a t u r e 
e q u i l i b r a t i o n b e f o r e a d d i n g t h e n e x t a n i o n a l i q u o t . S e p a r a t e 
a d s o r p t i o n i s o t h e r m e x p e r i m e n t s were p e r f o r m e d i n a s i m i l a r manner 
o u t s i d e o f t h e c a l o r i m e t e
p a r t i c u l a r a l i q u o t a d s o r b e d
i s o t h e r m e x p e r i m e n t s we re n e c e s s a r y t o r e d u c e t h e d a t a t o k J 
p r o d u c e d / m o l e a d s o r b e d . B e c a u s e t h e s e e x p e r i m e n t s we re 
c o n s t r a i n e d t o f i v e m i n u t e i n t e r v a l s b e t w e e n a n i o n a d d i t i o n s , 
r e s u l t i n g a d s o r p t i o n i s o t h e r m s we re n o t t r u e e q u i l i b r i u m 
i s o t h e r m s . S i n c e t h e e x p e r i m e n t a l r e a c t i o n e n t h a l p i e s d i d n o t 
n e c e s s a r i l y r e p r e s e n t e q u i l i b r i u m c o n d i t i o n s , t h e s e e n t h a l p i e s 
we re n o t u s e d t o d e r i v e any a d d i t i o n a l t h e r m o d y n a m i c i n f o r m a t i o n . 

E v i d e n c e f r o m p r e s s u r e jump k i n e t i c s t u d i e s ( 3 1 , 3 2 ) h a s 
s u g g e s t e d t h a t a n i o n a d s o r p t i o n p r o c e e d s a c c o r d i n g t o t h e 
f o l l o w i n g m e c h a n i s m : 

S t e p 1: M-OH + H + = M - 0 H 2
+ 

S t e p 2 : M - 0 H 2
+ + A~ = M-A + H 2 0 

P r o t o n a b s t r a c t i o n f r o m s o l u t i o n i s t h o u g h t t o a c t i v a t e a s i t e f o r 
s u b s e q u e n t l i g a n d e x c h a n g e ^ Our a d s o r p t i o n i s o t h e r m e x p e r i m e n t s 
h a v e i n d i c a t e d t h a t t h e [H ] a b s t r a c t e d t o a n i o n a d s o r b e d r a t i o 
m e a s u r e d d u r i n g a n a n i o n a d s o r p t i o n e x p e r i m e n t i s l e s s t h a n one and 
c a n v a r y w i t h s u r f a c e c o v e r a g e (28 ) . T h i s i s p o s s i b l e b e c a u s e t h e 
s u s p e n s i o n h a s b e e n p r e e q u i l i b r a t e d n e a r pH 4 f o r a t l e a s t one week 
b e f o r e u s e , so t h a t many s u r f a c e s i t e s h a v e a l r e a d y b e e n a c t i v a t e d 
by t h e S t e p 1 r e a c t i o n b e f o r e a n i o n a d s o r p t i o n e x p e r i m e n t s a r e 
b e g u n . B e c a u s e o f e l e c t r o s t a t i c a t t r a c t i o n , t h e s e s i t e s w o u l d be 
e x p e c t e d t o r e a c t w i t h a d s o r b i n g a n i o n s by S t e p 2 a b o v e . H o w e v e r , 
S t e p 2 d o e s n o t p r o v i d e a d i r e c t m e c h a n i s m f o r p r o t o n a b s t r a c t i o n 
f r o m t h e s u p e r n a t e . T h i s o c c u r s i n d i r e c t l y , s i n c e S t e p 2 p r o d u c e s 
a l e s s c h a r g e d s u r f a c e w h i c h t h e n c a n a d s o r b more p r o t o n s f r o m t h e 
s u p e r n a t e a t pH 4 . A f t e r t h i s , f u r t h e r a n i o n a d s o r p t i o n i s 
p o s s i b l e . B e c a u s e o u r s y s t e m s h a v e b e e n p r e e q u i l i b r a t e d a t pH 4 , 
t h e number o£ p r o t o n s a b s t r a c t e d f o r i n i t i a l s i t e a c t i v a t i o n h a s 
n o t b e e n m e a s u r e d . C o n s e q u e n t l y , a l t h o u g h t h i s p o s t u l a t e d 
m e c h a n i s m w o u l d l e a d t o a p r o t o n a b s t r a c t e d t o a n i o n a d s o r b e d r a t i o 
o f one on t h e m i c r o s c o p i c l e v e l , o u r m e a s u r e d r a t i o s o f l e s s t h a n 
one a p p e a r r e a s o n a b l e . 
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The s u r f a c e p r o t o n a d s o r p t i o n w h i c h o c c u r s a f t e r S t e p 2 , 
h o w e v e r , c o m p l i c a t e s t h e d e t e r m i n a t i o n o f t h e h e a t c o n t e n t c h a n g e 
r e s u l t i n g f r o m a n i o n a d s o r p t i o n . I n o r d e r t o make t h i s c o r r e c t i o n , 
t h e h e a t a s s o c i a t e d w i t h p r o t o n a d s o r p t i o n mus t be d e t e r m i n e d f r o m 
t h e p r e v i o u s p o t e n t i o m e t r i c - c a l o r i m e t r i c t i t r a t i o n s . P r o t o n 
a d s o r p t i o n on g o e t h i t e i s e x o t h e r m i c , and F i g u r e 1 p r o v i d e s a n 
a v e r a g e v a l u e o f - 2 9 . 6 k J / m o l n e a r pH 4 . T h i s v a l u e , when 
m u l t i p l i e d b y t h e m o l e s o f p r o t o n s r e q u i r e d t o r e t u r n t o pH 4 a f t e r 
a n i o n a d s o r p t i o n , a l l o w s c o r r e c t i o n f o r t h e h e a t a s s o c i a t e d w i t h 
p r o t o n a d s o r p t i o n . T h i s c o r r e c t i o n , h o w e v e r , i s b a s e d on t h e 
a s s u m p t i o n t h a t t h e p r o p o s e d t w o - s t e p a n i o n a d s o r p t i o n m e c h a n i s m 
d e s c r i b e d a b o v e r e p r e s e n t s t h e o n l y s u r f a c e r e a c t i o n s w h i c h o c c u r 
d u r i n g a n i o n a d s o r p t i o n . A s s u c h , t h e r e s u l t s o b t a i n e d b y t h i s 
p r o c e d u r e a r e m o d e l d e p e n d e n t and a r e b e s t u s e d f o r c o m p a r a t i v e 
p u r p o s e s . 

F i g u r e 2 d e p i c t s t h e d i f f e r e n t i a l a d s o r p t i o n h e a t s a s a 
f u n c t i o n o f s u r f a c e c o v e r a g e f o r H ^ P O , " and s a l i c y l a t e ( S A L ) . The 
l a r g e e n t h a l p y (^24 k J / m o l
a t v e r y l ow s u r f a c e c o v e r a g
b i d e n t a t e b o n d i n g , a s t h i s e n t h a l p y i s s i m i l a r t o t h a t o f 
p h o s p h a t e , w h i c h i s t h o u g h t t o a d s o r b a s a b i d e n t a t e c o m p l e x a t l ow 
s u r f a c e c o v e r a g e s ( 3 3 - 3 5 ) . F l u o r i d e i o n s , o n t h e o t h e r h a n d , w h i c h 
w o u l d n o t be e x p e c t e d t o show b i d e n t a t e b o n d i n g , g a ve a maximum 
a d s o r p t i o n e n t h a l p y o f o n l y i»7 k J / m o l a t l ow s u r f a c e c o v e r a g e 
( 2 8 ) , a l t h o u g h t h i s i s n o t i l l u s t r a t e d h e r e . H o w e v e r , t h e 
c o n c l u s i o n t h a t p h o s p h a t e u n d e r g o e s b i d e n t a t e a d s o r p t i o n on 
g o e t h i t e a t l ow c o v e r a g e s , a s m e n t i o n e d a b o v e , i s b a s e d o n i n f r a r e d 
s t u d i e s o f d r y o r s l i g h t l y m o i s t g o e t h i t e i n v a c u u m , r a t h e r t h a n i n 
a q u e o u s s u s p e n s i o n s . F u r t h e r s u p p o r t f o r t h e b i d e n t a t e b o n d i n g o f 
p h o s p h a t e on s u s p e n d e d g o e t h i t e comes f r o m c o m p a r i n g t h e maximum 
a d s o r p t i o n d e n s i t i e s o f p h o s p h a t e and f l u o r i d e on o u r g o e t h i t e a t 
pH 4 , w h i c h we re 220 and 550 μιηοΐ/g r e s p e c t i v e l y (28) . S i n c e 
m o n o d e n t a t e S A L - g o e t h i t e b o n d s c o u l d h a v e a n e n e r g y o f 24 k J / m o l , 
t h o u g h , t h e c o n c l u s i o n t h a t S A L - g o e t h i t e b o n d i n g i s b i d e n t a t e mus t 
be c o n s i d e r e d s p e c u l a t i v e w i t h o u t a d d i t i o n a l e v i d e n c e . 

A s h a r p d e c r e a s e i n a d s o r p t i o n e n t h a l p y b e t w e e n 10 and 30% 
s u r f a c e c o v e r a g e o f SAL c a n a l s o b e s e e n i n F i g u r e 2 . T h i s 
d e c r e a s e may i n d i c a t e t h a t o n l y a s m a l l number o f s u r f a c e s i t e s a r e 
f a v o r a b l y o r i e n t e d f o r S A L - g o e t h i t e b o n d f o r m a t i o n , a l t h o u g h 
p o s s i b l e S A L - S A L i n t e r a c t i o n s on t h e s u r f a c e may a l s o h a v e an 
e f f e c t . S e p a r a t e m e a s u r e m e n t s o f SAL a d s o r p t i o n o n g o e t h i t e , g a v e 
r e l a t i v e l y s m a l l a d s o r p t i o n maxima (when c o m p a r e d t o t h e p h o s p h a t e 
a n d f l u o r i d e a d s o r p t i o n maxima d i s c u s s e d a b o v e ) o f 22 and 11 y m o l / g 
a t pH 4 . 8 and 6 . 3 , r e s p e c t i v e l y , i n e i t h e r 0 . 0 0 1 M NaNO o r 0 . 0 0 1 M 
KC1 ( 3 6 ) . 

A t h i g h s u r f a c e c o v e r a g e (>30%), b o n d i n g e n t h a l p i e s f o r SAL 
a r e l ow and c o m p a r a b l e t o e n t h a l p i e s o b s e r v e d f o r f l u o r i d e ( 2 8 ) , 
w h i c h s u g g e s t s t h a t l i t t l e , i f a n y , S A L - g o e t h i t e s u r f a c e b o n d i n g 
o c c u r s . I n s t e a d , e l e c t r o s t a t i c a t t r a c t i o n s c o u l d a c c o u n t f o r t h e 
s m a l l e x o t h e r m i c h e a t s f o u n d i n t h i s r e g i o n , e s p e c i a l l y g i v e n t h e 
l a r g e measu r ement e r r o r s shown by t h e e r r o r b a r s . S u c h a t t r a c 
t i o n s w o u l d a l s o a c c o u n t f o r t h e h i g h e r a d s o r p t i o n maximum o f SAL 
on g o e t h i t e a t pH 4 . 8 , a s m e n t i o n e d a b o v e , b e c a u s e t h e g o e t h i t e 
s u r f a c e w o u l d h a v e a l a r g e r p o s i t i v e c h a r g e a t t h e l o w e r p H . 
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I t may prove p o s s i b l e to apply t i t r a t i o n calorimetry data i n 
one f u r t h e r d i r e c t i o n . I f AG can be estimated f o r SAL-goethite 
complexation and r e a c t i o n enthalpies can be obtained under 
e q u i l i b r i u m c o n d i t i o n s , then an entropy change f o r t h i s r e a c t i o n 
can a l s o be derived. This can only be done, however, i i the 
adsorption r e a c t i o n can be shown to be r e v e r s i b l e . Since t h i s has 
not been proven as yet i n our systems, such thermodynamic 
extensions of t i t r a t i o n calorimetry can only be spe c u l a t i v e at 
t h i s time. 

We have shown that t i t r a t i o n calorimetry, by measuring the 
heat change r e s u l t i n g from adsorption r e a c t i o n s , can provide u s e f u l 
information on the strength of adsorbate-adsorbent i n t e r a c t i o n s . 
This information, i n turn, provides i n d i r e c t evidence which can 
i n d i c a t e p o s s i b l e adsorption mechanisms. Our t i t r a t i o n calorimetry 
r e s u l t s , when combined with other evidence, suggest that s a l i c y l a t e 
ions bind to goethite by forming some type of bidentate complex on 
only r e l a t i v e l y few surface s i t e s . However, t h i s i s a t e n t a t i v e 
conclusion which s t i l l r equire
below, d i r e c t CIR-FTIR
i n t e r f a c i a l region provides even more u s e f u l information about the 
bonding mechanism. 

C y l i n d r i c a l I n t e r n a l R e f l e c t i o n - Fo u r i e r Transform Infrared 
(CIR-FTIR) Spectroscopy 

CIR-FTIR spectroscopy provides a d i r e c t technique f o r studying i n 
s i t u hydrous metal oxide surfaces and molecules adsorbed on these 
surfaces (37). By i t s e l f , FTIR spectrometry i s a w e l l e s t a b l i s h e d 
technique which o f f e r s numerous advantages over d i s p e r s i v e 
(grating) IR spectrometry: (1) improved accuracy i n frequency 
measurements through the use of a HeNe l a s e r ; (2) simultaneous 
frequency viewing; (3) r a p i d , r e p e t i t i v e scanning which allows many 
spectra to be c o l l e c t e d i n a small time i n t e r v a l ; (4) minimal 
thermal e f f e c t s from IR beam; and (5) no det e c t i o n of sample IR 
emissions (38). 

C y l i n d r i c a l i n t e r n a l r e f l e c t i o n (CIR) i s accomplished by 
using polished c r y s t a l rods (ZnSe i n t h i s study) with cone-shaped 
ends (39). In CIR, the i n f r a r e d beam enters the c r y s t a l 
o b l i q u e l y , passes a f r a c t i o n of a wavelength beyond the c r y s t a l 
i n t o a l e s s dense medium (e.g., water), and then " r e f l e c t s " back 
i n t o the c r y s t a l . Thus, f o r a c y l i n d r i c a l rod, the i n f r a r e d beam 
"bounces" from edge to edge while t r a v e l i n g i n the d i r e c t i o n of 
the r o d 1 s diameter, providing m u l t i p l e r e f l e c t i o n s through the 
c r y s t a l . (Harrick (40) provides a more d e t a i l e d explanation of 
i n t e r n a l r e f l e c t i o n spectroscopy.) Because of the s l i g h t beam 
penetration i n t o a medium l i k e water, only the v i b r a t i o n s of 
groups that are near the c r y s t a l surface KO.4 - 2.4 μ m depending 
on wavelength) can be detected. The advantages of CIR over 
transmission IR include small i n f r a r e d beam penetration i n t o water 
(a strong IR absorber), easy sample a d d i t i o n or withdrawal, and 
very reproducible sample path lengths. CIR-FTIR can thus be used 
to i d e n t i f y surface groups and adsorbed molecules i n the aqueous 
i n t e r f a c i a l region. This technique has s u c c e s s f u l l y been applied 
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q u a l i t a t i v e l y and q u a n t i t a t i v e l y i n aqueous s o l u t i o n (41,42) and 
aqueous c o l l o i d a l suspensions (37). 

Our studies have focused on using CIR-FTIR to examine the 
aqueous goethite i n t e r f a c e and adsorption of organic substrates 
with IR a c t i v e v i b r a t i o n s (simple s u b s t i t u t e d benzoic a c i d and 
phenolic compounds). Except f o r i n v e s t i g a t i o n s of electrode 
surfaces (43) , very l i t t l e research has been published to date 
concerning i n s i t u aqueous-solid i n t e r f a c e s studied by FTIR. This 
paucity of data i s e s p e c i a l l y s i g n i f i c a n t i n both geochemistry and 
environmental chemistry, where s o i l matrix components, such as 
goethite, and organic adsorbates are (and have been) r e c e i v i n g 
much a t t e n t i o n (3,44-48). 

P a r f i t t and co-workers have published several IR studies which 
examined oxalate and benzoate adsorption on goethite (49); 
phosphate, oxalate and benzoate adsorption on g i b b s i t e (50); and 
humic-fulvic a c i d adsorption on goethite, g i b b s i t e and imogolite 
(51). However, they u t i l i z e d a technique of drying the organic and 
metal oxide on AgCl p l a t e
d i s p e r s i v e IR instrumen
Schindler (52) analyzed hydroxycarboxylic a c i d (e.g., l a c t a t e ) 
adsorption on goethite and amorphous Fe(III) hydroxides using a 
d i s p e r s i v e JR. system and s o l i d KBr and AgCl d i s c s , r e s p e c t i v e l y 
(except f o r l a c t a t e where a l i q u i d f i l m was used). L i q u i d f i l m s of 
Na benzoates i n water and deuterium oxide have been analyzed by 
d i s p e r s i v e IR spectrometers with c e l l s having path lengths l e s s 
than 100 μπι (53,54). Grating spectrometers have a l s o been used to 
examine s a l i c y l i c a c i d (55-57) and N0 ? s u b s t i t u t e d phenolic 
compounds i n water f i l m s (55) , i n carbon t e t r a c h l o r i d e (56-58) and 
i n dioxane (57). A FTIR study of c r y s t a l l i n e s a l i c y l i c a c i d has 
been performed using KBr d i s c s (59). This b r i e f l i t e r a t u r e review 
i l l u s t r a t e s that simple s u b s t i t u t e d benzoic a c i d and phenolic 
compounds ( l i k e s a l i c y l i c and benzoic acid) have not been 
i n v e s t i g a t e d i n s i t u i n aqueous s o l u t i o n s or i n systems with s o i l 
component s o l i d s using the advantageous FTIR method. 

Methods. CIR-FTIR analyses u t i l i z e d a Barnes A n a l y t i c a l (CIRCLE) 
ZnSe rod, 80 mm long and 6 mm i n diameter. The system i s designed 
so that the l i g h t beam s t r i k e s the c r y s t a l at a 35° average angle 
of incidence, providing 5 r e f l e c t i o n s w i t h i n the sample holder. 
The holder i s a s t a i n l e s s s t e e l "open boat" with a 3 mL c a v i t y 
25 mm i n length. 

Spectra were recorded i n t e r f e r o m e t r i c a l l y with e i t h e r a 60SX 
or 170SX N i c o l e t F o u r i e r Transform I n f r a r e d spectrometer and a 
Hg-Cd-Te (MCT) detector. Single beam spectra were obtained by 
adding e i t h e r 1000 or 2000 i n d i v i d u a l scans, g i v i n g 4 wave number 
r e s o l u t i o n i n the 600-4000 cm 1 range. T y p i c a l spectrometer 
parameters included s e t t i n g the i r i s aperture at 8.7mm and using 
1.57 cm/sec t o t a l o p t i c a l mirror v e l o c i t y . Happ-Genzel apodization 
was used f o r a l l spectra. 

Spectra of KC1 s o l u t i o n s (reference) were subtracted from 
spectra of aqueous organic s o l u t i o n s (sample), both at the same pH 
value and both p r e v i o u s l y r a t i o e d against the empty c e l l spectrum, 
to y i e l d aqueous s o l u t i o n spectra of the organic compounds. 
Goethite spectra were obtained s i m i l a r l y by s u b t r a c t i n g supernatant 
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s p e c t r a ( r e f e r e n c e ) f r o m s u s p e n s i o n s p e c t r a ( s a m p l e ) , b o t h 
p r e v i o u s l y r a t i o e d a g a i n s t s p e c t r a o f t h e empty c e l l . E a c h 
r e f e r e n c e a n d c o r r e s p o n d i n g s a m p l e we re c l o s e l y m a t c h e d i n pH a n d 
i o n i c s t r e n g t h . T h e c e l l r e m a i n e d u n t o u c h e d t h r o u g h a l l s p e c t r a l 
s c a n s t o k e e p i t s t r a n s m i t t a n c e and a v e r a g e a n g l e o f i n c i d e n c e 
c o n s t a n t . 

C o n c e n t r a t i o n s o f t h e b e n z o i c a c i d o r p h e n o l i c compounds w e r e 
0 . 0 5 t o 0 . 1 M , w i t h 1M KC1 u s e d as a swamping i n e r t e l e c t r o l y t e . 
T h i s h i g h i o n i c s t r e n g t h was u s e d t o b e t t e r m a t c h r e f e r e n c e and 
s a m p l e s o l u t i o n s , t h u s m i n i m i z i n g i o n i c s t r e n g t h e f f e c t s o n t h e 
r e s u l t i n g a q u e o u s s o l u t i o n s p e c t r a o f t h e o r g a n i c c o m p o u n d s . 
G o e t h i t e s p e c t r a , h o w e v e r , w e r e o b t a i n e d u s i n g s u s p e n s i o n s b e t w e e n 
30 a n d 100 g/L c o n c e n t r a t i o n w i t h b a c k g r o u n d e l e c t r o l y t e 
c o n c e n t r a t i o n s o f 0 . 0 0 1 t o 0 . 0 1 M K C 1 . H e r e t h e i o n i c s t r e n g t h was 
k e p t a s l ow a s p o s s i b l e b e c a u s e we o b s e r v e d t h a t l e s s c o a g u l a t e d 
s y s t e m s p r o v i d e d more i n t e n s e s p e c t r a (37) . A l s o , g o e t h i t e 
s u s p e n s i o n c o n c e n t r a t i o n s n e e d e d t o b e h i g h e r t h a n f o r t h e 
c a l o r i m e t r i c t i t r a t i o n
g o e t h i t e p a r t i c l e s i n c l o s
c r y s t a l t o p r o d u c e good q u a l i t y s p e c t r a . A l l pH a d j u s t m e n t s w e r e 
made f a r e n o u g h i n a d v a n c e , u s i n g HC1 o r K O H , t h a t t h e s a m p l e s 
we re a t s t e a d y s t a t e c o n d i t i o n s b e f o r e C I R - F T I R a n a l y s i s . 

G o e t h i t e s u s p e n s i o n s w e r e a l s o e x a m i n e d by C I R - F T I R u s i n g D^O 
a s t h e s o l v e n t t o f a c i l i t a t e g r o u p a s s i g n m e n t s i n r e g i o n s w h e r e 
H^O i s a s t r o n g a b s o r b e r . F o r D^O s u s p e n s i o n s , t h e s o l i d was 
s e p a r a t e d by c e n t r i f u g a t i o n f r o m t h e f i r s t D « 0 s u s p e n s i o n 
p r e p a r e d , t h e n t r e a t e d a g a i n w i t h a n o t h e r D 2 U a l i q u o t t o e l i m i n a t e 
r e s i d u a l H^O. A l l D^O e x p e r i m e n t a l m a n i p u l a t i o n s we re p e r f o r m e d 
u n d e r n i t r o g e n a t m o s p h e r e . 

R e s u l t s . I n f r a r e d a b s o r b i n g g o e t h i t e s u r f a c e g r o u p s we re e a s i l y 
o b s e r v a b l e i n H^O and D^O u s i n g C I R - F T I R ( 3 7 ) . F i g u r e ^ ( a and b ) 
shows t h e p r e d o m i n a n t IR p e a k s o f H^O (3305 and 1633 cm ) , w h i l e 
t h e s u b t r a c t e d s p e c t r u m ( F i g u r e 3 c ) c o n t a i n s b a n d s o b t a i n e d f r o m 
b u l k ( o r s u b s u r f a c e l a t t i c e ) g o e t h i t e g r o u p s a s w ç l l a s h y d r a t e d 
s u r f a c e g r o u p s . T h e b a n d a s s i g n m e n t s a r e ( i n cm ) : 3 4 0 0 - 3 5 0 0 
s u r f a c e OH s t r e t c h i n g f r o m F e - O H g r o u p s ; 3045 b u l k OH s t r e t c h i n g ; 
1 6 0 0 - 1 6 5 0 s u r f a c e II 0 b e n d i n g ; 895 and 800 b u l k F e - O - F e a n d / o r 
ό ( F e -OH ) v i b r a t i o n s (37_ ,60 ) . R u s s e l l e t a l . (61 ) a n d R o c h e s t e r 
and Topham ( 6 2 , 6 3 ) h a v e r e p o r t e d IR b a n d s a t 3660 and 3480 c m " 
f o r s u r f a c e OH g r o u p s on s a m p l e s o f d r y ( e v a c u a t e d ) ^ g o e t h i t e . 
T h e s e f r e q u e n c i e s a r e h i g h e r t h a n t h e 3 4 0 0 - 3 5 0 0 cm b a n d f o u n d 
f o r g o e t h i t e i n a q u e o u s s u s p e n s i o n ( F i g u r e 3c ) b e c a u s e h y d r o g e n 
b o n d i n g o f OH s u r f a c e g r o u p s t o i n t e r f a c i a l w a t e r m o l e c u l e s i n o u r 
s y s t e m r e d u c e s s t r e t c h i n g v i b r a t i o n a l e n e r g y ( 3 7 ) . T h e p r e s e n c e 
o f t h e 1 6 0 0 - 1 6 5 0 cm b a n d i s i m p o r t a n t f o r two r e a s o n s : i t shows 
s t r u c t u r e d w a t e r on t h e s u r f a c e and i t o v e r l a p s i m p o r t a n t 
a b s o r p t i o n p e a k s f o r o u r t e s t o r g a n i c a d s o r b a t e s . 

F i g u r e 4 i l l u s t r a t e s t h e p o s i t i o n s a n d r e l a t i v e i n t e n s i t i e s o f 
a b s o r p t i o n b a n d s g i v e n b y f u n c t i o n a l g r o u p s when D « 0 i s t h e 
s o l v e n t . A l t h o u g h t h e b u l k F e - O - F e a n d / o r δ ( F e - O H ) v i b r a t i o n 
p e a k s a t 895 and 800 cm a r e t h e same , t h r e e new b a n d s . a p p e a r 
( 1 1 8 8 - 1 2 1 9 , 2 2 5 6 , a n d 2604 c m " ) . T h e b a n d a t 3145 cm c a u s e d by 
b u l k OH s t r e t c h i n g i s now i n c l o s e r a g r e e m e n t w i t h t h e p o s i t i o n a n d 
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F i g u r e 3 . C I R - F T I R s p e c t r a o f g o e t h i t e ( α -FeOOH) a t 100 g / L 
s o l i d c o n c e n t r a t i o n s u s p e n d e d i n w a t e r a t pH 6 . 5 : (a ) s p e c t r u m 
o f s u s p e n s i o n , (b) s p e c t r u m o f s u p e r n a t a n t , ( c ) d i f f e r e n c e 
s p e c t r u m a - b . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 3 7 . 
C o p y r i g h t 1986 ; A m e r i c a n C h e m i c a l S o c i e t y . 
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WAVENUMBERS (cm1) 

F i g u r e 4 . C I R - F T I R s p e c t r a o f g o e t h i t e a t 1 0 0 g / L s o l i d 
c o n c e n t r a t i o n s u s p e n d e d i n D o 0 a t p D 7 : ( a ) s u s p e n s i o n , ( b ) 
s u p e r n a t a n t , ( c ) d i f f e r e n c e a - b . R e p r o d u c e d w i t h p e r m i s s i o n 
f r o m R e f . 37_, C o p y r i g h t 1 9 8 6 ; A m e r i c a n C h e m i c a l S o c i e t y . 
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r e l a t i v e i n t e n s i t y ( c o m p a r e d t o 8 0 0 c m r e g i o n p e a k s ) o f t h e 
s i m i l a r b a n d s e e n i n d r y g o e t h i t e t r a n s m i s s i o n s p e c t r a ( 3 7 ) . T h e 
t h r e e n e w b a n d s p r o d u c e d b y D^O t r e a t m e n t r e s u l t f r o m i n t e r a c t i o n s 
a t t h e s o l i d - l i q u i d i n t e r f a c e , s i n c e b a n d s f r o m t h e s o l u t i o n p h a s e 
h a v e b e e n e l i m i n a t e d b y s u b t r a c t i n g t h e s u p e r n a t a n t ( r e f e r e n c e ) 
s p e c t r u m ( 3 7 ) . T h e s e f r e q u e n c i e s a g r e e w i t h r e p o r t e d h y d r o g e n 
b o n d e d F e O - D s t r e t c h i n g v i b r a t i o n a n d h y d r o g e n b o n d e d D ? 0 
s t r e t c h i n g an<ji b e n d i n g v i b r a t i o n s ( r e s p e c t i v e l y t h e 2 6 0 Î , 2 2 5 6 , a n d 
1 1 8 8 - 1 2 1 9 c m b a n d s s h o w n i n F i g u r e 4 c ) ( 6 2 , 6 4 ) . 

F i g u r e 5 ( u p p e r ) s h o w s a C I R - F T I R s p e c t r u m o f t h e a q u e o u s 
s a l i c y l a t e a n i o n ( S ^ L ) a t p H 5 . 5 . A l t h o u g h V o l o v s e k e t a l . ( 5 7 ) 
a t t r i b u t e d 1 3 8 6 cm t o a p h e n o l i c 0 - H i n n e r p l a n e b e n d o f 
s a l i c y l i c a c i d i n C C l ^ , t h e s a m e s t r o n g p e a k i s o b s e r v e d i n 
a q u e o u s b e n z o a t e s o l u t i o n ( F i g u r e 5 , m i d d l e ) w h i c h h a s n o p h e n o l i c 
g r o u p , i n d i c a t i n g t h a t 1 3 8 6 cm i s m o r e l i k e l y a c a r b o x y l i c 
v i b r a t i o n . We a s s i g n t h e 1 2 5 3 c m p e a k t o a C - 0 p h e n o l i c s t r e t c h 
a f t e r a n a l y z i n g a q u e o u s p h e n o l s o l u t i o n s a t t w o p H v a l u e s . F i g u r e 
5 ( l o w e r ) s h o w s t h e p h e n o
u n c h a r g e d . H o w e v e r , a
e x i s t s a j t h e p h e n o l a t e i o n , s h o w s n o b a n d n e a r 1 3 7 8 c m w h i l e t h e 
1 2 4 0 cm b a n d s h i f t s t o 1^70 c m . T h e s e t w o o b s e r v a t i o n s 
i n d i c a t e t h a t t h e 1 3 7 8 c m p e a k c o r r e s p o n d s t o a C - O H b e n d i n g , ^ 
s i n c e t h e 0 - H p r o t o n i s n o t p r e s e n t a t p H 1 1 . 4 , w h i l e t h e 1 2 4 0 c m 
p e a k i s a C - 0 p h e n o l i c s t r e t c h i n w h i c h t h e C - 0 s t r e t c h i n g 
v i b r a t i o n a l e n e r g y i s g r e a t e r t h a n f o r t h e C - O H g r o u p . T h e r e f o r ç , 
i f t h e 1 2 4 0 cm b a n d i s t h e p h e n o l i c O H i n p h e n o l , t h e 1 2 5 3 cm 
b a n d s h o u l d b e t h e c o r r e s p o n d i n g v i b r a t i o n i n S A L ( i n t h i s c a s e 
m o r e e n e r g y i s n e e d e d f o r v i b r a t i o n d u e t o i n t e r n a l h y d r o g e n 
b o n d i n g ) . B y s t u d y i n g o t h e r a q u e o u s s o l u t i o n s o f b e n z o i c a c i d a n d 
p h e n o l i c ^ c o m p o u n d s , w e h a v e a s s i g n e d t h e S A L d o u b l e t a t 1 4 8 7 a n d 
1 4 5 8 c m t o C=C s k e l e t a l r i n g s t r e t c h i n g s . T h e f o r m e r a s s i g n m e n t 
m a t c h e s r e s e a r c h p e r f o r m e d o n s o l i d s a l i c y l a t e ( 6 5 ) a s w e l l a s a 
s t u d y o f s a l i c y l i c a c i d i n C C I , a n d d j . o x a n e s o l u t i o n s ( 5 7 ) , 
b o t h o f w h i c h a t t r i b u t e d t h e 1 4 8 7 c m p e a k t o a r i n g v i b r a t i o n . 

W h e n t h e a q u e o u s S A L s p e c t r u m ( r e p e a t e d i n F i g u r e 6 , u p p e r ) i s 
c o m p a r e d t o t h e s p e c t r u m o f S A L a d s o r b e d o n g o e t h i t e ( F i g u r e 6 , 
m i d d l e ) , w h e r e D^O i s u s e d a s t h e ^ s o l v e n t t o r e d u c e w a t e r 
i n t e r f e r e n c e i n t h e 1 5 7 0 - 1 6 5 0 c m r e g i o n , a c l e a r d i f f e r e n c e i n 
t h e t w o s p e c t r a c a n b e o b s e r v e d , i n d i c a t i n g t h a t s o m e i n t e r a c t i o n 
b e t w e e n S A L a n d t h e g o e t h i t e s u r f a c e h a s o c c u r r e d . F u r t h e r 
i n f o r m a t i o n a b o u t t h e i n t e r a c t i o n c a n b e o b t a i n e d b y c o m p a r i n g 
F i g u r e 6 ( m i d d l e ) w i t h t h e s p e c t r u m o f S A L i n a q u e o u s F e ( I I I ) 
s o l u t i o n a t p H 1 . 8 ( F i g u r e 6 , l o w e r ) . E v e n t h o u g h t h e s u p e r n a t a n t 
p H v a l u e s d i f f e r b y 3 u n i t s i n t h e t w o s y s t e m s , t h e i r a s s o c i a t e d 
s p e c t r a a r e v e r y s i m i l a r . E s s e n t i a l l y i d e n t i c a l b a n d s o c c u r a t 
1 3 6 9 c m ( m i d d l j ) a n d 1 3 5 9 c m ( l o w e r ) ( p r o b a b l e c a r b o x y l i c 
g r o u p ) , 1 2 3 9 c m ( p h e n o l i c g r o u p o b s e r v e d w h e n S A L a d s o r b e d o n 
g o e t h i t e i n ^ 0 ) , a n d t h e 1 4 5 6 , 1 4 6 7 cm d o u b l e t (C=C r i n g 
v i b r a t i o n s ) . E v e n t h e 1 5 4 0 , 1 5 7 3 , a n d 1 6 0 1 cm _ ^ b a n d s a r e s i m i l a r , 
a l t h o u g h t h e a q u e o u s F e ( I I I ) - S A L s y s t e m 1 6 0 1 cm b a n d d o e s h a v e a 
l o w e r r e l a t i v e i n t e n s i t y . _ ^ 

T h e r e i s a s l i g h t d i s c r e p a n c y b e t w e e n t h e 1 3 6 9 ^ a n d 1 3 5 9 c m 
p e a k p o s i t i o n s s i n c e o u r s y s t e m r e s o l u t i o n i s 4 c m . T h i s 
d i s c r e p a n c y m a y b e d u e t o t h e d i f f e r e n c e i n r e s i d u a l i r o n c h a r g e 
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F i g u r e 5 . C I R - F T I R s p e c t r a o f t h r e e 0 . 1 M o r g a n i c compounds 
i n 1 M KC1 a t pH 5 . 5 . ( u p p e r ) s a l i c y l a t e (SAL ) - C .H .OHCOO"" ; 

Ο Η 

( m i d d l e ) b e n z o a t e = C .H^COO"" ; ( l o w e r ) p h e n o l = C . H . . 0 H . 

b e t w e e n a s o l u t i o n c o m p l e x and a S A L - g o e t h i t e s u r f a c e c o m p l e x o r 
may be r e l a t e d t o t h e 3 pH u n i t d i f f e r e n c e b e t w e e n s u p e r n a t a n t pH 
v a l u e s . H o w e v e r , t h i s s m a l l s h i f t i n p e a k p o s i t i o n s i s n o t a 
s o l v e n t ç f f e c t , b e c a u s e S A L - g o e t h i t e s p e c t r a i n H^O h a v e a 
1370 cm p e a k a s c o m p a r e d t o t h e 1369 cm p e a k m 1^0· 

P r e v i o u s s t u d i e s p r o p o s e t h a t F e ( I I I ) a n d SAL f o r m a 1:1 
c h e l a t e a t l ow pH i n a q u e o u s s y s t e m s ( 6 6 , 6 7 ) . S u c h a c h e l a t e w o u l d 
be h i g h l y c o n j u g a t e d a n d h a v e t h e f o l l o w i n g s t r u c t u r e : 

I n o r d e r t o e x p l a i n t h e s i m i l a r i t y b e t w e e n t h e S A L - g o e t h i t e 
s p e c t r u m and t h e a q u e o u s S A L - F e ( I I I ) s p e c t r u m , a c h e l a t e s t r u c t u r e 
s i m i l a r t o t h a t d r awn a b o v e must be a s sumed t o f o r m d u r i n g SAL 
a d s o r p t i o n on g o e t h i t e . 
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F i g u r e 6 . C I R - F T I R s p e c t r a o f SAL and i r o n : S A L c o m p l e x i n 
s o l u t i o n a n d SAL on g o e t h i t e . ( u p p e r ) 0 . 1 M SAL i n 1 M KC1 
a t pH 5 . 5 ; ( m i d d l e ) SAL o n g o e t h i t e i n D„0 w i t h g o e t h i t e 
s u r f a c e g r o u p s s u b t r a c t e d a t pD 4 . 5 , O.of M KC1 and 100 g / L 
s o l i d c o n c e n t r a t i o n ; ( l o w e r ) a q u e o u s i r o n : S A L c o m p l e x a t pH 
1 . 6 . 

To f a c i l i t a t e s u c h c h e l a t e f o r m a t i o n , e a c h SAL i o n w o u l d h a v e 
t o d i s p l a c e two s u r f a c e h y d r o x y l g r o u p s f r o m one i r o n a t o m i n t h e 
g o e t h i t e c r y s t a l . T h i s d o e s a s s u m e , h o w e v e r , t h a t t h e g o e t h i t e 
s u r f a c e i s f u l l y h y d r a t e d b e f o r e SAL a d s o r p t i o n o c c u r s , so t h a t a l l 
i r o n a toms n e a r t h e s u r f a c e a r e c o o r d i n a t e d t o s i x o x y g e n a t o m s . 
T h i s a s s u m p t i o n seems r e a s o n a b l e c o n s i d e r i n g t h a t a l l s u s p e n s i o n s 
u s e d t o o b t a i n s p e c t r a i n D^O were e q u i l i b r a t e d w i t h D^O f o r a t 
l e a s t f o u r d a y s b e f o r e u s e , a n d some u l t r a s o n i c d i s p e r s i o n was 
p e r f o r m e d d u r i n g t h i s t i m e . S t e r i c c o n s t r a i n t s m i g h t b e e x p e c t e d 
t o l i m i t t h e number o f i r o n a toms a t t h e g o e t h i t e s u r f a c e w h i c h c a n 
f o r m s u c h c h e l a t i o n s t r u c t u r e s . T h i s w o u l d e x p l a i n t h e r e l a t i v e l y 
low maximum a d s o r p t i o n d e n s i t i e s f o r SAL on g o e t h i t e r e p o r t e d 
e a r l i e r . A l s o , i f S A L - g o e t h i t e s u r f a c e c h e l a t e s do f o r m , p o s s i b l e 
s t o i c h i o m e t r i e s f o r t h i s r e a c t i o n a r e l i m i t e d b e c a u s e t h e y mus t 
p r o v i d e a p r o t o n a b s t r a c t e d t o a n i o n a d s o r b e d r a t i o l e s s t h a n o n e , 
a s d i s c u s s e d p r e v i o u s l y i n t h e t i t r a t i o n c a l o r i m e t r y s e c t i o n u n d e r 
a n i o n a d s o r p t i o n r e s u l t s . S i n c e t h i s a d s o r p t i o n r e a c t i o n i s 
o c c u r r i n g i n a d e u t e r a t e d s y s t e m a l r e a d y p r e e q u i l i b r a t e d a t pD 4 . 5 , 
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one p o s s i b l e s u r f a c e r e a c t i o n w h i c h p r o v i d e s a p r o t o n a b s t r a c t e d t o 
a n i o n a d s o r b e d r a t i o l e s s t h a n one i s t h e f o l l o w i n g : 

S i m i l a r b o n d i n g m e c h a n i s m s h a v e b e e n p r o p o s e d p r e v i o u s l y f o r 
a d s o r p t i o n o f b e n z o i c a c i d and p h e n o l i c d e r i v a t i v e s o n i r o n o x i d e s 
(51 ) and a l u m i n u m o x i d e s ( 1 4 ) . C o r n e l l and S c h i n d l e r (52) h a v e 
a l s o s u g g e s t e d t h a t COOH g r o u p s a r e i n v o l v e d i n a l i p h a t i c 
h y d r o x y c a r b o x y l i c a c i d a d s o r p t i o n on g o e t h i t e . P a r f i t t e t a l . (49) 
p r o p o s e d t h a t o x a l a t e a d s o r p t i o n (pH 3 . 4 ) o n g o e t h i t e i n v o l v e d 
r e p l a c i n g two s i n g l y c o o r d i n a t e
b e n z o a t e a d s o r p t i o n r e q u i r e
o x y g e n . H o w e v e r , m o s t o f t h e s e e a r l i e r s t u d i e s d i d n o t i n v e s t i g a t e 
a q u e o u s s u s p e n s i o n s due t o l i m i t a t i o n s i n t h e t e c h n i q u e s u s e d . 

As we h a v e shown , t h e C I R - F T I R t e c h n i q u e c a n be u s e d t o e x t e n d 
t h e s e m e c h a n i s t i c b i n d i n g i n v e s t i g a t i o n s i n t o t h e a q u e o u s s o l u t i o n 
o r s u s p e n s i o n p h a s e . By e x a m i n i n g C I R - F T I R p e a k a s s i g n m e n t s and 
s h i f t s , i n s i t u b o n d i n g o f a n o r g a n i c i o n ( s a l i c y l a t e ) t o a m e t a l 
o x i d e ( g o e t h i t e ) c a n be i n v e s t i g a t e d d i r e c t l y , c o m p l e m e n t i n g 
t h e r m o d y n a m i c i n f o r m a t i o n o b t a i n e d f r o m a n e n t i r e l y s e p a r a t e 
t e c h n i q u e , t i t r a t i o n c a l o r i m e t r y . 

T i t r a t i o n c a l o r i m e t r y and C I R - F T I R a r e v a l u a b l e t o o l s f o r s t u d y i n g 
p r o c e s s e s w h i c h a f f e c t a d s o r p t i o n r e a c t i o n s a t s o l i d - l i q u i d 
i n t e r f a c e s . S i n c e C I R - F T I R . c a n be u s e d f o r d i r e c t , i n s i t u 
i n v e s t i g a t i o n s o f m e t a l o x i d e - w a t e r i n t e r f a c e s , i t h a s t r e m e n d o u s 
p o t e n t i a l f o r e l u c i d a t i n g a d s o r p t i o n r e a c t i o n m e c h a n i s m s . We h a v e 
u s e d t h e s e t e c h n i q u e s t o o b t a i n e v i d e n c e s u g g e s t i n g t h a t s a l i c y l a t e 
i o n s b i n d t o g o e t h i t e i n a c h e l a t e d s t r u c t u r e b y d i s p l a c i n g two 
s u r f a c e h y d r o x y l s f r o m s i n g l e i r o n a t o m s . H o w e v e r , n e i t h e r me thod 
s h o u l d b e c o n s i d e r e d a " s t a n d - a l o n e " t e c h n i q u e . J u s t a s F o r n i 1 s 
s t a t e m e n t (J_) i m p l i e s , i n f o r m a t i o n o b t a i n e d u s i n g s e v e r a l m e t h o d s 
( e . g . , t i t r a t i o n c a l o r i m e t r y , e l e c t r o p h o r e s i s , a d s o r p t i o n 
i s o t h e r m s , C I R - F T I R ) mus t be c o m b i n e d i n o r d e r t o d e v e l o p a 
r e a s o n a b l y c o m p l e t e p i c t u r e o f i n t e r f a c i a l r e a c t i o n s i n m e t a l 
o x i d e and o t h e r m i n e r a l s y s t e m s . Our c h a l l e n g e now i s t o a p p l y 
t h e s e t e c h n i q u e s i n g e o c h e m i c a l i n v e s t i g a t i o n s o f t h e f a c t o r s 
c o n t r o l l i n g s u c h p r o c e s s e s a s m i n e r a l d i s s o l u t i o n a n d 
p r e c i p i t a t i o n , a d s o r p t i o n o f o r g a n i c a n d i n o r g a n i c m o l e c u l e s on 
m i n e r a l s u r f a c e s , a n d i n t e r f a c i a l r e d o x r e a c t i o n s . Many o f t h e s e 
t e c h n i q u e s c a n a l s o be e x t e n d e d t o s t u d i e s o f t h e i n t e r f a c i a l 
c h e m i s t r y o f b i o l o g i c a l s y s t e m s a s w e l l . 
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Macroscopic Partitioning Coefficients for Meta l Ion 
Adsorpt ion 

Proton Stoichiometry at Variable pH and Adsorption Density 

Bruce D. Honeyman1 and James O. Leckie 
Environmental Engineering and Science Group, Department of Civil Engineering, Stanford 
University, Stanford, CA 94305-4020 

This paper addresse f th  proble f 
extending laborator
emphasis is on macroscopic, semi-empirica  description
of metal-ion adsorption and their use in the 
"predictive" modeling of adsorption over a range of pH 
values and adsorption densities. Two methods for 
determining the net release or consumption of protons 
during adsorption, Kurbatov plots and isotherm analy
sis, are critically evaluated. Isotherm analysis shows 
that the net proton stoichiometry is dependent on pH 
and metal adsorption density. Kurbatov's method is 
insensitive to these dependencies. Macroscopic proton 
coefficients, χ, are only rarely observed to have inte
ger values although geochemists have often, arbitrar
ily, given χ a value of 1.0 or 2.0 in adsorption 
models. Comparison of macroscopic adsorption stoichio-
raetries with the specific microscopic subreactions of a 
surface coordination model (Triple Layer) indicates 
that protolytic and electrolyte ion reactions appear 
important in determining the macroscopic proton coeffi
cient. In addition, macroscopic partitioning coeffi
cients provide ambiguous information on the existence 
and nature of surface-site heterogeneity. 

Several different approaches can be used to model the interaction of 
solutes with reactive mineral surfaces. The conceptual approaches 
differ in the degree to which they account for observed or postu
lated solution and surface reactions. Whatever the approach, the 
description of interactions at the particle/solution interface must 
inevitably take into account the effect of pH on solute adsorption. 

The advent of surface-complexation models brought the concepts 
and formalisms of coordination chemistry to the study of 

7Current address: Swiss Federal Institute for Water Resources and Water Pollution 
(EAWAG), CH-8600 Dubendorf, Switzerland. 
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i n t e r a c t i o n s a t t h e s o l i d / s o l u t i o n i n t e r f a c e . The o b j e c t i v e i s an 
u n d e r s t a n d i n g o f o b s e r v a t i o n s o f m a c r o s c o p i c a d s o r b a t e b e h a v i o r 
t h r o u g h t h e u s e o f m u l t i p l e , c o m p e t i n g m i c r o s c o p i c s u b r e a c t i o n s , 
b o t h f o r t h e s u r f a c e and b u l k s o l u t i o n . The e m p h a s i s i s on e l e m e n 
t a r y e q u i l i b r i u m r e a c t i o n s w i t h an a c c o u n t i n g f o r t h e e f f e c t s o f t h e 
e l e c t r i f i e d i n t e r f a c e e i t h e r by e x p l i c i t l y c o n s i d e r i n g e l e c t r o s t a t i c 
e f f e c t s (_lj"_3) o r by t h e i n c o r p o r a t i o n o f f i e l d e f f e c t s i n t o t h e 
r a t i o n a l a c t i v i t y c o e f f i c i e n t s ( 4 ) . F o r e x a m p l e , a s u b s e t o f t h e 
s u i t e o f m i c r o s c o p i c r e a c t i o n s n e e d e d t o d e s c r i b e t h e m a c r o s c o p i c 
r e m o v a l o f a m e t a l i o n f r o m s o l u t i o n by a h y d r o u s m e t a l o x i d e may 
i n c l u d e t h e s u r f a c e and s o l u t i o n r e a c t i o n s shown i n T a b l e I ( S O " 
r e p r e s e n t s a b r o k e n o x y g e n bond on t h e o x i d e s u r f a c e and M a m e t a l 
o f c h a r g e z + ) . 

T a b l e I . E x a m p l e s o f S u b - R e a c t i o n s Needed t o D e s c r i b e O v e r a l l 
M e t a l A d s o r p t i o n U s i n g S u r f a c e C o o r d i n a t i o n M o d e l s . 

a d s o r b a t e s u r f a c e r e a c t i o n

SO"* + M  - S O M "

SO"" + M O H 2 " " 1 = S0M0H 2" 2 

o t h e r s u r f a c e r e a c t i o n s 

p r o t o l y s i s SOH = H + + S0~ 

SOH + H + = SOH2 
e x c h a n g e SOH + N a + » S O " — N a + + H 4 

SOH + NOÔ + HoO - SOHÎ---NOÔ + OH" 

S O " — N a + + M O H 2 " 1 = S O " — M O H 2 " 1 + N a + 

3 2 2 — 3 

s o l u t i o n - p h a s e r e a c t i o n s 

h y d r o l y s i s M z + + H 2 0 - M O H 2 " 1 + H + 

c o m p l e x f o r m a t i o n M 2 + + C l " = M C I 2 " 1 

S u r f a c e - c o m p l e x a t i o n m o d e l s r e q u i r e a h i g h d e g r e e o f d e t a i l 
a b o u t t h e h e t e r o g e n e o u s s y s t e m s . U n f o r t u n a t e l y , t h e c h e m i c a l d e t a i l 
r e q u i r e d t o u s e s u r f a c e - c o m p l e x a t i o n m o d e l s w i l l o f t e n e x c e e d o u r 
k n o w l e d g e o f i n t e r a c t i o n s t a k i n g p l a c e i n n a t u r a l s y s t e m s . C o n s e 
q u e n t l y , g e o c h e m i s t s h a v e o f t e n r e s o r t e d t o s e m i - e m p i r i c a l , m a c r o 
s c o p i c d e s c r i p t i o n s , w h i c h a r e more e a s i l y u t i l i z e d . 

The s e m i - e m p i r i c a l d e s c r i p t i o n s o f a d s o r b a t e / s o l i d i n t e r a c t i o n s 
a r e b a s e d on n e t c h a n g e s i n s y s t e m c o m p o s i t i o n a n d , u n l i k e s u r f a c e 
c o m p l e x a t i o n m o d e l s , do n o t e x p l i c i t l y i d e n t i f y t h e d e t a i l s o f s u c h 
i n t e r a c t i o n s . I n c l u d e d i n t h i s g r o u p a r e d i s t r i b u t i o n c o e f f i c i e n t s 
(Kp ) and a p p a r e n t a d s o r b a t e / p r o t o n e x c h a n g e s t o i c h i o m e t r i c s . D i s t r i 
b u t i o n c o e f f i c i e n t s a r e d e r i v e d f r o m t h e s i m p l e a s s o c i a t i o n r e a c t i o n 

M J M . ( 1 ) 
aq «• ad s 

a n d { M a d s } t M a d s ] 1 - 1 

aq aq Ρ 
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where [ ] d e n o t e s c o n c e n t r a t i o n , { } t h e mass o f m e t a l r emoved f r o m 
s o l u t i o n p e r mass o f p a r t i c l e s , Cp t h e p a r t i c l e c o n c e n t r a t i o n and M 
r e p r e s e n t s a l l s p e c i e s o f t h e m e t a l o f i n t e r e s t e i t h e r i n s o l u t i o n 
o r a s s o c i a t e d w i t h t h e p a r t i c l e s u r f a c e . B e c a u s e a K p d o e s n o t 
i n c l u d e a f u n c t i o n a l r e l a t i o n s h i p b e t w e e n [ H + ] and [ M a ( j g ] / i ^ a q \ > a 

c a n n o t be u t i l i z e d a t pH v a l u e s o t h e r t h a n f o r w h i c h i t was 
d e t e r m i n e d . A m o d i f i e d f o r m o f t h e d i s t r i b u t i o n c o e f f i c i e n t c a n be 
d e r i v e d f r o m a m a c r o s c o p i c ( i . e . , n e t ) m e t a l / p r o t o n e x c h a n g e 
r e a c t i o n ( e . g . , ( 5 ) ) 

SOH r e p r e s e n t s any s u r f a c e s i t e u n a s s o c i a t e d w i t h any s p e c i e s o f M , 
SOM a m e t a l / s u r f a c e - s i t
o f p r o t o n s r e l e a s e d o r consume
s o l u t i o n . 

I n s u r f a c e - c o m p l e x a t i o n m o d e l s , t h e r e l a t i o n s h i p b e t w e e n t h e 
p r o t o n and m e t a l / s u r f a c e - s i t e c o m p l e x e s i s e x p l i c i t l y d e f i n e d i n t h e 
f o r m u l a t i o n o f t h e p r o p o s e d ( b u t h y p o t h e t i c a l ) m i c r o s c o p i c s u b r e a c -
t i o n s . I n c o n t r a s t , i n m a c r o s c o p i c m o d e l s , t h e r e l a t i o n s h i p b e t w e e n 
s o l u t e a d s o r p t i o n and t h e o v e r a l l p r o t o n a c t i v i t y i s c h e m i c a l l y l e s s 
d i r e c t : t h e r e i s no i n f o r m a t i o n g i v e n a b o u t t h e s o u r c e o f t h e 
p r o t o n o t h e r t h a n a g e n e r i c r e l a t i o n s h i p b e tween a d s o r p t i o n and 
c h a n g e s i n p r o t o n a c t i v i t y . The m a c r o s c o p i c s o l u t e a d s o r p t i o n / p H 
r e l a t i o n s h i p s c o r r e s p o n d t o t h e n e t p r o t o n r e l e a s e o r c o n s u m p t i o n 
f r o m a l l c h e m i c a l i n t e r a c t i o n s i n v o l v e d i n p r o t o n t r a n f e r . S i n c e i t 
i s n o t p o s s i b l e t o a c c o u n t f o r a l l o f t h e s e c o n t r i b u t i o n s d i r e c t l y 
f o r many h e t e r o g e n e o u s s y s t e m s o f i n t e r e s t , t h e o b j e c t i v e o f t h e 
m a c r o s c o p i c m o d e l s i s t o e s t a b l i s h and ' c a l i b r a t e ' o v e r a l l p a r t i 
t i o n i n g c o e f f i c i e n t s w i t h r e s p e c t t o o b s e r v e d s y s t e m v a r i a b l e s . 

I n t h i s p a p e r we compare two g r a p h i c a l methods f o r d e t e r m i n i n g 
m a c r o s c o p i c p r o t o n r e l e a s e ( i . e . , χ i n E q u a t i o n 4 ) : t h e a d s o r p t i o n 
edge l i n e a r i z a t i o n method o f K u r b a t o v e t a l . ( 6 ) and t h e i s o t h e r m 
a n a l y s i s t e c h n i q u e o f P e r o n a and L e c k i e (_7). We w i l l e x a m i n e t h e i r 
u s e f u l n e s s i n d e s c r i b i n g m e t a l a d s o r p t i o n o v e r a r a n g e o f pH and 
a d s o r p t i o n d e n s i t i e s . We w i l l a l s o d e m o n s t r a t e t h a t , w h i l e K u r b a t o v 
p l o t s may be u s e f u l f o r d e s c r i b i n g t h e c h a r a c t e r i s t i c s o f i n d i v i d u a l 
p H / m e t a l f r a c t i o n a l a d s o r p t i o n e d g e s , t h e y a r e i n a p p r o p r i a t e f o r u s e 
o v e r a r a n g e o f s o l u t i o n c o n d i t i o n s . T h i s i s p a r t i c u l a r l y i m p o r t a n t 
i n l i g h t o f a r e c e n t r e n e w a l o f i n t e r e s t i n K u r b a t o v p l o t s ( 8 - 1 0 ) . 
F i n a l l y , t h e m a c r o s c o p i c p r o t o n c o e f f i c i e n t and mass a c t i o n e x p r e s 
s i o n a r e compared t o t h e s u b r e a c t i o n s u s e d i n t h e T r i p l e - L a y e r M o d e l 
o f D a v i s e t a l . , (_1) and i t i s d e m o n s t r a t e d t h a t i ) m a c r o s c o p i c 
p r o t o n c o e f f i c i e n t s do n o t r e p r e s e n t t h e a c t u a l m i c r o s c o p i c 
a d s o r b a t e / H + s t o i c h i o m e t r y , and i i ) o v e r a l l p a r t i t i o n i n g e x p r e s s i o n s 
a r e p o o r d i a g n o s t i c t o o l s t o d e m o n s t r a t e t h e e x i s t e n c e o f s u r f a c e 
s i t e h e t e r o g e n e i t y . 

M a c r o s c o p i c D e s c r i p t i o n s o f S o l u t e A d s o r p t i o n and t h e Net P r o t o n 
C o e f f i c i e n t . The m a c r o s c o p i c p r o t o n c o e f f i c i e n t p l a y s two i m p o r t a n t 
r o l e s i n o u r m a c r o s c o p i c d e s c r i p t i o n s o f s u r f a c e p r o c e s s e s . F i r s t , 

( 3 ) 

( 4 ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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t h e m a g n i t u d e o f χ d e t e r m i n e s t h e e x t e n t t o w h i c h n e t p a r t i t i o n i n g 
o f an a d s o r b a t e b e tween s o l i d and s o l u t i o n p h a s e s c h a n g e s i n 
r e s p o n s e t o s y s t e m pH and s i t e c o n c e n t r a t i o n . S e c o n d , what i s known 
a b o u t χ i s i n t i m a t e l y r e l a t e d t o p h e n o m e n o l o g i c a l m o d e l s f o r s u r f a c e 
i n t e r a c t i o n s . 

χ and t h e P a r t i t i o n i n g o f a M e t a l Be tween S o l i d and S o l u t i o n . As an 
i l l u s t r a t i o n o f t h e f i r s t p o i n t , c o n s i d e r F i g u r e 1. T h i s f i g u r e 
shows t h e h y p o t h e t i c a l a d s o r p t i o n o f a m e t a l , M , o n t o e i t h e r h y d r o u s 
o x i d e A o r B . T h a t i s , e a c h s e t o f M - d i s t r i b u t i o n l i n e s r e p r e s e n t s 
t h e n e t s o l i d / s o l u t i o n p a r t i t i o n i n g o f M i n a s y s t e m c o n t a i n i n g o n l y 
s o l i d A o r s o l i d B . I n e i t h e r c a s e , t h e s o l i d s a r e p r e s e n t i n 
e q u i v a l e n t t o t a l s i t e c o n c e n t r a t i o n s (SOHj, ) . The m a c r o s c o p i c p r o t o n 
c o e f f i c i e n t , χ , f o r t h e i n t e r a c t i o n o f M w i t h S^ i s 1.0 and f o r M 
w i t h Sg i t i s 2 . 0 . A d s o r p t i o n i s d e s c r i b e d a c c o r d i n g t o an o v e r a l l 
e x c h a n g e r e a c t i o n ( E q u a t i o n 3 ) . The a d s o r p t i o n e q u i v a l e n c e p o i n t 
( [SOM] = 0 . 5 Mp) i s e q u a l t o pH 8 f o r b o t h s y s t e m s a t t h e I n i t i a l 
c o n d i t i o n s ( F i g u r e l a )
e q u a l t o t h e r e s p e c t i v

An i n t e r e s t i n g c h a r a c t e r i s t i c o f t h e m o d e l i n g i s t h a t t h e 
r e s p o n s e o f t h e n e t s o l i d / s o l u t i o n p a r t i t i o n i n g o f M t o c h a n g e s i n 
t o t a l s i t e c o n c e n t r a t i o n i s a l s o a f u n c t i o n o f χ. T h i s i s i n d i c a t e d 
by s h i f t s i n t h e s y s t e m e q u i v a l e n c e p o i n t . F o r e x a m p l e , a s t h e s i t e 
c o n c e n t r a t i o n o f e a c h s o l i d i s i n c r e a s e d by an o r d e r o f m a g n i t u d e , 
f r o m 1 0 ~ 4 t o 1 0 ~ 3 M , t h e e q u i v a l e n c e p o i n t o f s y s t e m M / S A s h i f t s by 
one pH u n i t ( 1 / χ = 1 ) and t h a t o f M / S R by ( 1 / χ * 2 ) pH u n i t s . T h i s 
p o i n t i s i l l u s t r a t e d more d i r e c t l y i n F i g u r e 2 where t h e e q u i v a l e n c e 
p o i n t i s shown as a f u n c t i o n o f s i t e c o n c e n t r a t i o n . A g a i n , t h e 
s y s t e m s have an i n i t i a l e q u i v a l e n c e p o i n t o f pH 8 . I n p r a c t i c a l 
a p p l i c a t i o n t h i s means t h a t a d s o r p t i v e r e a c t i o n s w h i c h p r o d u c e a 
g r e a t e r change i n t h e n e t p r o t o n c o e f f i c i e n t w i l l e x h i b i t l e s s 
d e p e n d e n c e on p a r t i c l e c o n c e n t r a t i o n i n d e t e r m i n i n g o v e r a l l p a r t i 
t i o n i n g b e t w e e n t h e w a t e r and s o l i d p h a s e s . F o r e x a m p l e , a s t e p 
change i n t h e c o n c e n t r a t i o n o f amorphous i r o n c o a t e d p a r t i c l e s i n a 
l a k e w a t e r c o l u m n w i l l p r o d u c e a much s m a l l e r c h a n g e i n t h e n e t 
s o l i d / s o l u t i o n p a r t i t i o n i n g o f P b ( I I ) , e . g . , a d s o r b e d P b / d i s s o l v e d 
P b , ( χ * 2 . 0 , _7) t h a n I t w i l l f o r A g ( I ) ( χ « 0 . 9 , J). 

G e n e r a l O b s e r v a t i o n s A b o u t χ, i t s R e l a t i o n s h i p t o t h e O v e r a l l 
P a r t i t i o n i n g C o e f f i c i e n t and t o t h e C o n c e p t o f S u r f a c e - S i t e 
H e t e r o g e n e i t y . One a p p r o a c h t o m e t a l / p a r t i c l e s u r f a c e i n t e r a c t i o n s 
w h i c h has b e e n d e v e l o p e d , h i s t o r i c a l l y , i n a v a r i e t y o f f o r m s , i s a 
c o n c e p t u a l m o d e l t h a t a s sumes o n l y two c o n d i t i o n s f o r s u r f a c e 
s i t e s : o c c u p i e d by an a d s o r b a t e o r u n o c c u p i e d . I n a p p l y i n g t h i s 
a p p r o a c h t o t h e s o l i d / a q u e o u s s o l u t i o n I n t e r f a c e , t h e a d s o r p t i o n 
r e a c t i o n i s m o d e l e d as a n a l o g o u s t o a s i m p l e s o l u t i o n - p h a s e r e a c t i o n 

M + SO - SOM (5 ) 

" [M] [SO] 
( 6 ) 

The s u r f a c e - s i t e mass b a l a n c e i s g i v e n by 

[SO] + [SOM] (7 ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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2 ο Ο 

φ 

~τ 1 1 1 1 
ρΚΜ + pSOHT 

PH 

F i g u r e 1 . L o g c o n c e n t r a t i o n - p H d i a g r a m s h o w i n g t h e e f f e c t o f t h e 
m a c r o s c o p i c p r o t o n c o e f f i c i e n t o n m e t a l a d s o r p t i o n o n t o t w o 
h y p o t h e t i c a l s o l i d s i n s e p a r a t e , s i n g l e a d s o r b e n t s y s t e m s . B o t h 
a d s o r b e n t s a r e p r e s e n t a t t h e s a m e s i t e c o n c e n t r a t i o n : t o p , 

1 0 ~ 4 M , a n d b o t t o m , 1 0 " 3 M . 

ρ S 0 H T 

F i g u r e 2 . S h i f t i n s y s t e m e q u i v a l e n c e p o i n t s ( p H o f 5 0 % 
f r a c t i o n a l m e t a l a d s o r p t i o n ) a s a f u n c t i o n o f s i t e c o n c e n t r a t i o n 
a n d m a c r o s c o p i c p r o t o n c o e f f i c i e n t . I n i t i a l e q u i v a l e n c e p o i n t o f 
p H 8 a n d S 0 H T = 1 0 ~ ^ M a r e a r b i t r a r y r e f e r e n c e c o n d i t i o n s . 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



9. H O N E Y M A N A N D LECKIE Macroscopic Partitioning Coefficients 167 

M and SOM r e p r e s e n t a l l s p e c i e s o f an a d s o r b a t e , M , w h i c h a r e d i s 
s o l v e d o r a s s o c i a t e d w i t h t h e s u r f a c e , r e s p e c t i v e l y . SO r e p r e s e n t s 
a l l s u r f a c e s i t e s n o t a s s o c i a t e d w i t h any a d s o r b e d s p e c i e s o f M and 
[ ] d e n o t e s c o n c e n t r a t i o n . A c o m b i n a t i o n o f E q u a t i o n s 6 and 7 
y i e l d s t h e L a n g m u i r i s o t h e r m 

where Κ i s t h e m e t a l i o n / s u r f a c e a s s o c i a t i o n c o n s t a n t . 
Two a s s u m p t i o n s u s e d t o d e r i v e t h e L a n g m u i r i s o t h e r m a r e t h a t 

a l l s u r f a c e s i t e s a r e e q u i v a l e n t ( s u r f a c e - s i t e h o m o g e n e i t y ) and t h a t 
t h e e n e r g y o f i n t e r a c t i o n b e tween an a d s o r b a t e and t h e s u r f a c e d o e s 
n o t c h a n g e w i t h t h e a d s o r p t i o n d e n s i t y ( Γ = m o l e s M a d s o r b e d / m o l e 
s i t e s ) . The d i s t r i b u t i o n c o e f f i c i e n t , K n ( E q u a t i o n 2 ) , i s o f t e n 
m i s t a k e n l y assumed t o b e h a v e L a n g m u i r i a n a t a l l a d s o r p t i o n d e n s i 
t i e s , i . e . , t h a t K n i s c o n s t a n t f o r a g i v e n a d s o r b a t e and s u r f a c e 
t y p e and g e n e r a l s o l u t i o n c o n d i t i o n s . H o w e v e r , K ^ i s o n l y c o n s t a n t 
when t h e c o n c e n t r a t i o n
w i s e , i n i t s s i m p l e s t f o r m
a c t i o n e x p r e s s i o n ( E q u a t i o n 4) i s a l s o d e r i v e d f r o m a s s u m p t i o n s o f 
L a n g m u i r i a n b e h a v i o r : t h e p a r t i c l e s u r f a c e i s homogeneous and Κ i s 
i n d e p e n d e n t o f a d s o r p t i o n d e n s i t y . 

B e n j a m i n and L e c k i e ( 5 ) t e s t e d t h e a p p l i c a b i l i t y o f e x t e n d i n g 
t h e L a n g m u i r i a n m o d e l t o m e t a l i o n a d s o r p t i o n o n t o h y d r o u s m e t a l -
o x i d e s u r f a c e s by e x a m i n i n g m e t a l i o n a d s o r p t i o n o v e r a w i d e r a n g e 
o f a d s o r p t i o n d e n s i t i e s ( F ) . A t v e r y l ow a d s o r p t i o n d e n s i t y , when 
u n o c c u p i e d s u r f a c e s i t e s were i n g r e a t e x c e s s ( [SOH] = SOHp o r [SOM] 
« SOH\j,), t h e i n t e n s i t y o f m e t a l i o n / s u r f a c e s i t e i n t e r a c t i o n s ( a s 
d e s c r i b e d by K , E q u a t i o n 4) a p p e a r e d i n d e p e n d e n t o f s u r f a c e c o v e r 
a g e , and m e t a l i o n a d s o r p t i o n was c o n s i d e r e d t o e x h i b i t L a n g m u i r i a n 
b e h a v i o r . H o w e v e r , a t h i g h e r a d s o r p t i o n d e n s i t i e s ( a b o v e some c r i t 
i c a l a d s o r p t i o n d e n s i t y , Γ ) Κ d e c r e a s e d m o n o t o n i c a l l y w i t h i n c r e a s 
i n g ( Γ ) . B e n j a m i n and L e c k i e a t t r i b u t e d t h i s phenomenon t o h e t e r o 
g e n e i t y o f s u r f a c e s i t e s on o x i d e s u r f a c e s , w h i c h p r o d u c e d a r a n g e 
o f m e t a l i o n / s u r f a c e r e a c t i o n e n e r g i e s . 

I n t h e i r d e s c r i p t i o n o f m e t a l i o n a d s o r p t i o n , B e n j a m i n a n d 
L e c k i e u s e d an a p p a r e n t a d s o r p t i o n r e a c t i o n w h i c h i n c l u d e d a g e n e r i c 
r e l a t i o n s h i p b e t w e e n t h e r e m o v a l o f a m e t a l i o n f r o m s o l u t i o n a n d 
t h e r e l e a s e o f p r o t o n s . The m a c r o s c o p i c p r o t o n c o e f f i c i e n t was 
g i v e n a c o n s t a n t v a l u e , s u g g e s t i n g t h a t χ was u n i f o r m f o r a l l s i t e 
t y p e s and a l l i n t e n s i t i e s o f m e t a l i o n / o x i d e s u r f a c e s i t e i n t e r a c 
t i o n . B e c a u s e t h e n u m e r i c a l v a l u e o f χ i s a f u n d a m e n t a l p a r t o f t h e 
d e t e r m i n a t i o n o f K , d i s c u s s i o n s o f s u r f a c e s i t e h e t e r o g e n e i t y , w h i c h 
a r e f o r m u l a t e d i n t e r m s s i m i l a r t o E q u a t i o n 4 , c a n n o t be d e c o u p l e d 
f r o m o b s e r v a t i o n s o f t h e r e s p o n s e o f χ t o pH and a d s o r p t i o n d e n s i t y . 
As w i l l be d i s c u s s e d l a t e r , i t i s n o t t h e g e n e r a l c o n c e p t o f 
s u r f a c e - s i t e h e t e r o g e n e i t y w h i c h i s a f f e c t e d by what i s known o f χ; 
i n s t e a d , i t i s t h e s p e c i f i c d e t a i l s o f t h e r e l a t i o n s h i p b e tween K , 
pH and Γ w h i c h i s a l t e r e d . 

T o what e x t e n t a r e a s s u m p t i o n s o f a c o n s t a n t χ v a l i d ? T a b l e I I 
shows t h e o b s e r v e d m a c r o s c o p i c p r o t o n c o e f f i c i e n t s f o r c a t i o n and 
a n i o n a d s o r p t i o n i n a v a r i e t y o f h e t e r o g e n e o u s s y s t e m s . The c o e f f i 
c i e n t s were d e t e r m i n e d by K u r b a t o v p l o t s (j6) o r by i s o t h e r m a n a l y s i s 
( 7 ) , u n l e s s o t h e r w i s e i n d i c a t e d . I n a l l c a s e s , χ i s n o t an i n t e g e r . 

[SOM] - (8 ) 
1 + Κ [M] 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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T a b l e I I . O v e r a l l C o n d i t i o n a l P r o t o n C o e f f i c i e n t s ( a f t e r S c h i n d l e r 
( 1 7 ) ) 

ADSORBATE ADSORBENT pH p T ( - l o g — γ ) χ R e f . 
1 τη r» Ι 

P b ( I I ) ( a m ) F e 2 0 3 . H 2 0 4 . 5 - 5 . 0 2 . 0 5 1.98 1_ 

" F e O O H " 5 . 0 — 1.18 11 

6 . 0 — 1.59 11 

δ-ΜηΟ 6 . 0 — 1.40 12 

γ - Α 1 2 0 3 4 . 0 - 7 . 0 — 1.50 1_ 

C d ( I I ) ( a r a ) F e 2 0 3 . H 2 0 6 . 0 - 7 . 5 1 . 8 - 5 . 4 1 . 4 - 2 . 5 13 

a - T i 0 2 

a - A l 2 0 3 6 . 0 - 8 . 0 2 . 5 - 4 . 5 1 . 2 - 2 . 0 13 

a -FeOOH 5 . 8 - 9 . 1 2 . 5 - 4 . 5 0 . 4 10 

N a - M o n t . 6 . 5 2 . 6 - 4 . 4 0 . 2 - . 4 4 13 

M n ( I I ) 6 - M n 0 2 4 . 5 - 8 . 2 — 1 . 0 - 1 . 7 14 

C u ( I I ) ( a m ) F e 2 0 3 . H 2 0 5 . 1 - 5 . 8 2 . 1 7 1.9 

a -FeOOH 3 . 8 - 5 . 9 2 . 0 - 3 . 5 1.1 10 

5 . 0 - 6 . 0 1 . 2 - 3 . 0 1 . 3 - 1 . 7 f 15 

A g ( I ) ( a m ) F e 2 0 3 . H 2 0 6 . 5 - 1 0 . 0 2 . 0 0 . 9 ]_ 
S b ( I I I ) ( a m ) F e 2 0 3 . H 2 0 7 . 0 - 9 . 0 3 . 0 0 . 4 

C r ( V I ) ( a m ) F e 2 0 3 . H 2 0 6 . 0 - 8 . 0 2 . 5 - 5 . 0 - 0 . 7 - - 2 . 7 10 

o t - T i 0 2 7 . 0 - 8 . 5 2 . 0 - 4 . 5 - 1 . 7 - - 2 . 6 10 

α - Α 1 2 0 3 6 . 0 - 8 . 0 1 . 2 - 5 . 0 - 0 . 3 - - 0 . 7 10 

S e ( V I ) ( a m ) F e 2 0 3 . H 2 0 4 . 5 - 6 . 4 1.5 - 0 . 9 7_ 

A s ( V I ) ( a m ) F e 2 0 3 . H 2 0 9 . 5 - 1 0 . 5 1.5 1 1 . 5 1_ 

V ( V ) ( a m ) F e 2 0 3 . H 2 0 9 . 5 - 1 1 . 5 3 . 2 - 4 . 0 - 0 . 6 - - 1 . 0 i l 

a - T i 0 2 8 . 5 - 1 1 . 5 3 . 0 - 3 . 8 - . 5 9 - - . 6 1 16 

a - A l 2 0 3 8 . 0 - 1 1 . 0 4 . 3 - 4 . 7 - 0 . 7 - - 1 . 0 16 

t i t r a t i o n s 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



9. HONEYMAN AND LECKIE Macroscopic Partitioning Coefficients 169 

In a d d i t i o n , χ i s genera l l y not constant and appears to e xh i b i t some 
dependency on pH and adsorpt ion dens i ty ( Γ ) · Cat ion c o e f f i c i e n t s 
are genera l l y g reater than one, although there are some marked 
exceptions ( e . g . , Cd/ct-FeOOH or Na -montmor i l l on i te ) . In c o n t r a s t , 
the absolute value of net proton c o e f f i c i e n t s for anions are gener 
a l l y between zero and one. The negative value o f χ for anions i n d i 
cates that anion adsorpt ion r e s u l t s i n an o v e r a l l removal of protons 
from s o l u t i o n . 

Non- integer , net proton c o e f f i c i e n t s are reasonable cons ide r ing 
the complexity of heterogeneous systems ( q . v . , Table I ) . Although 
in teger s t o i c h i o m e t r i c c o e f f i c i e n t s are appropr iate for microscop ic 
subreac t ions , a r b i t r a r i l y extending s t o i c h i o m e t r i c r e l a t i o n s h i p s 
used i n microscop ic r eac t i ons to macroscopic p a r t i t i o n i n g expres 
s ions i s unwarranted. 

I t a l so fo l lows from analogy to coo rd ina t i on chemistry of s o l u 
t i ons that the apparent macroscopic s t o i c h i o m e t r i c c o e f f i c i e n t for 
[H + ] should be a f f ected by pH. For example, the m o l e - f r a c t i o n 
averaged proton re lease

SOH + M Z + = SOM 2 " 1 + H + (9) 

* i n t 
^10H 

SOH + M Z + H 2 0 « SOMOH + 2H (10) 

i s a func t i on of the pH-dependent h y d r o l y s i s o| M i n s o l u t i o n i n 
a d d i t i o n to the r e l a t i v e magnitude of K^ and K J J O H * 

The r e l a t i o n s h i p between χ and Γ i s l e s s obvious; however, the 
most s t ra ight forward exp lanat ion i s that the r e l a t i v e importance of 
Equations 9 and 10 va r i e s as a funct ion of Γ. Th i s would i n d i c a t e 
that the dependence of KjÎjnt on Γ at a f i xed pH i s d i f f e r e n t from 
that of K M Q H s * n c e t l i e s o l u t i o n s p e c i a t i o n and, the re fo re , the 
r a t i o [ M ^ l / L M O H 2 " 1 ] , are f i xed once the pH i s known. Another 
p o s s i b i l i t y i s that the average number of protons assoc ia ted with 
surface s i t e s v a r i e s on a surface with heterogeneous s i t e s . 

Whatever the s p e c i f i c cause of the observed range i n χ, the 
fact that the numerical value of the net p a r t i t i o n i n g c o e f f i c i e n t i s 
very s e n s i t i v e to d i f f e r ences i n χ makes knowing χ accu ra te l y an 
important i s s u e . Consequently, χ must be known, i . e . , " c a l i b r a t e d , " 
i n terms of major, observable v a r i a b l e s . 

Determination o f χ(ρΗ,Γ) as a Macroscopic Model Parameter 

The macroscopic proton c o e f f i c i e n t may be determined by g r a p h i c a l 
a n a l y s i s of observed system va r i ab l e s accord ing to two d i f f e r e n t 
procedures: f r a c t i o n a l adsorpt ion edge l i n e a r i z a t i o n (6) and i s o 
therm a n a l y s i s (7 ) . The procedures for c a l c u l a t i n g the macroscopic 
proton c o e f f i c i e n t s accord ing to these two methods are d iscussed i n 
d e t a i l below, as are t h e i r r e l a t i v e advantages and disadvantages for 
use i n s emi - emp i r i c a l d e s c r i p t i o n s of adso rp t i on . 

Kurbatov P l o t s . Kurbatov p l o t s (6) are made by app ly ing the 
l i n e a r i z a t i o n of a genera l o v e r a l l mass a c t i o n express ion ( e . g . , 
Equat ion 4) 
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[M ] 

1 θ * 1[M H S O H l l - + l o g ^ ( H ) 
aq 

t o e x p e r i m e n t a l d a t a f o r m e t a l - i o n a d s o r p t i o n as a f u n c t i o n o f p H . 
The v a r i a b l e s i n t h e a r gument o f t h e l o g i n t h e l e f t h a n d s i d e ( LHS ) 
o f E q u a t i o n 11 a r e a l l r e a d i l y d e t e r m i n e d f r o m e x p e r i m e n t a l o b s e r v a 
t i o n . The LHS o f E q u a t i o n 11 p l o t t e d a s a f u n c t i o n o f pH y i e l d s a 
l i n e o f s l o p e and i n t e r c e p t o f l o g K ^ . The s u b s c r i p t f K f d e n o t e s 
K u r b a t o v c o n s t a n t s . 

T h e a p p l i c a t i o n o f t h i s method t o t y p i c a l e x p e r i m e n t a l r e s u l t s 
i s i l l u s t r a t e d f o r C d ( I I ) a d s o r p t i o n o n t o a - A ^ O ^ . Cadmium ( I I ) 
f r a c t i o n a l a d s o r p t i o n a s a f u n c t i o n o f pH and a l u m i n a c o n c e n t r a t i o n 
i s shown i n F i g u r e 3 a . A t c o n s t a n t C d ( I I ) m , t h e p o s i t i o n o f t h e 
p H / C d ( I I ) f r a c t i o n a l " a d s o r p t i o n e d g e " s h i f t s t o h i g h e r pH as t h e 
s u r f a c e s i t e c o n c e n t r a t i o n d e c r e a s e s f r o m 7 . 3 χ 10"" M (50 g/1 
a l u m i n a t o 2 . 9 χ 10"*^ M (2 g / i a l u m i n a ) . S u c h a s h i f t i s e x p e c t e d by 
a n a l o g y t o m e t a l - l i g a n d c o m p l e x a t i o
a d d i t i o n t o t h e s h i f t , t h
d e c r e a s e s w i t h i n c r e a s i n g [ S O R p ] / [ M ] ™ . F i g u r e 3b c o n t a i n s K u r b a t o v 
p l o t s c o r r e s p o n d i n g t o t h e f r a c t i o n a l a d s o r p t i o n d a t a shown i n 
F i g u r e 3 a . F o r e x a m p l e , l i n e a r i z e d edge d a t a f o r t h e 6 g/1 o t - A ^ O ^ 
s y s t e m s ( c i r c l e s , F i g u r e 3b) h a v e a s l o p e o f 1.09 ± 0 . 0 9 m o l e s 
p r o t o n s r e l e a s e d p e r m o l e C d ( I I ) T a d s o r b e d and an i n t e r c e p t o f - 4 . 8 9 
± 0 . 6 6 . The o b s e r v e d d e c r e a s e i n t h e f r a c t i o n a l a d s o r p t i o n edge 
w i t h d e c r e a s i n g [ S 0 H ] T / [ C d ( I I ) 1 T r a t i o c o r r e s p o n d s t o a d e c r e a s e i n 
χ κ f r o m 1.31 ± 0 . 1 2 t o 0 . 8 3 ± 0 . 0 8 3 . 

S u r f a c e s i t e d e n s i t i e s u s e d i n t h e c o m p u t a t i o n o f t h e o x i d e 
s i t e c o n c e n t r a t i o n s p r e s e n t e d i n t h i s p a p e r were d e t e r m i n e d by 
e i t h e r r a p i d t r i t i u m e x c h a n g e o r a c q u i r e d f r o m p u b l i s h e d v a l u e s 
( 1 8 ) . R e p o r t e d t o t a l s i t e d e n s i t i e s f o r h y d r o u s m e t a l o x i d e s show 
r e l a t i v e l y l i t t l e v a r i a t i o n ; g e n e r a l l y t h e y r a n g e by l e s s t h a n a 
f a c t o r o f 3 . S i n c e [ Μ ] , [SOM] , [H] and χ a r e known o r c a n be 
d e t e r m i n e d f r o m e x p e r i m e n t a l d a t a , u n c e r t a i n t i e s I n e s t i m a t e s o f t h e 
t o t a l s i t e c o n c e n t r a t i o n a r e d i r e c t l y t r a n s l a t e d i n t o u n c e r t a i n t i e s 
i n t h e c a l c u l a t e d p a r t i t i o n i n g c o e f f i c i e n t . 

I n s p i t e o f t h e i r u s e f u l n e s s as c u r v e - f i t t i n g p a r a m e t e r s , 
K u r b a t o v c o e f f i c i e n t s ( i . e . , p r o t o n and p a r t i t i o n i n g ) h a v e d e f i c i e n 
c i e s s u f f i c i e n t t o r e s t r i c t t h e i r u s e i n m a c r o s c o p i c a d s o r p t i o n 
m o d e l s . The c o m p i l a t i o n o f p r o t o n c o e f f i c i e n t s p r e s e n t e d i n T a b l e 
I I s u g g e s t s t h a t χ h a s a d e p e n d e n c y on e i t h e r pH o r Γ o r b o t h . 
H o w e v e r , e a c h s e t o f f r a c t i o n a l a d s o r p t i o n d a t a i n c l u d e d i n a 
K u r b a t o v p l o t i n c l u d e s a r a n g e o f pH v a l u e s and a d s o r p t i o n d e n s 
i t i e s . C o n s e q u e n t l y , K u r b a t o v c o e f f i c i e n t s c a n n o t be u s e d t o 
r e s o l v e t h e q u e s t i o n o f w h e t h e r o r n o t χ s h o u l d have a c l e a r f u n c 
t i o n a l r e l a t i o n s h i p t o pH o r F . F o r e x a m p l e , F i g u r e 4a shows 
p l o t t e d a s a f u n c t i o n o f t h e a d s o r p t i o n d e n s i t y w h i c h c o r r e s p o n d s t o 
50% f r a c t i o n a l a d s o r p t i o n f r o m an e x t e n d e d C d ( I I ) / o t - A ^ O ^ d a t a s e t 
( 1 7 ) . Xjç e x h i b i t s a g e n e r a l d e c r e a s e w i t h i n c r e a s i n g s u r f a c e c o v e r 
a g e , a l t h o u g h t h e s c a t t e r i n t h e d a t a o b s c u r e s any c l e a r f u n c t i o n a l 
d e p e n d e n c e o f χ ^ on Γ. S i n c e t h e u n c e r t a i n t y i n ( f r o m m u l t i p l e 
l i n e a r r e g r e s s i o n a t t h e 95% c o n f i d e n c e i n t e r v a l ) i s g e n e r a l l y l e s s 
t h a n 10% ( a p p r o x i m a t e l y t h e d i a m e t e r o f a datum p o i n t s y m b o l ) , t h e 
s c a t t e r i n F i g u r e 4a s u g g e s t s t h a t χ^ i s a f u n c t i o n o f a n o t h e r 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



9. HONEYMAN AND LECKIE Macroscopic Partitioning Coefficients 171 
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F i g u r e 3 · a ) C d ( I I ) f r a c t i o n a l a d s o r p t i o n o n t o α - a l u m i n a a s a 
f u n c t i o n o f pH and s i t e c o n c e n t r a t i o n ; b ) K u r b a t o v p l o t s o f t h e 
C d ( I I ) / α - a l u m i n a s y s t e m . 
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v a r i a b l e , i n a d d i t i o n t o Γ. The s c a t t e r i n p r o d u c e s a w i l d 
v a r i a t i o n i n K^ w i t h a d s o r p t i o n d e n s i t y ( F i g u r e 4 b ) . 

I s o t h e r m S u b t r a c t i o n . A s e c o n d method (7_) o f d e t e r m i n i n g t h e n e t 
p r o t o n c o e f f i c i e n t f r o m a d s o r p t i o n d a t a I s an a d a p t a t i o n o f t h e 
t h e r m o d y n a m i c s o f l i n k e d f u n c t i o n s a s a p p l i e d t o t h e b i n d i n g o f 
g a s e s t o h e m o g l o b i n ( 1 9 ) . The n e t p r o t o n c o e f f i c i e n t d e t e r m i n e d by 
t h i s me thod i s d e s i g n a t e d , χ . The c o m p u t a t i o n a l p r o c e d u r e makes a 
c l e a r d i s t i n c t i o n b e t w e e n t h e i n f l u e n c e o f a d s o r p t i o n d e n s i t y and pH 
o n t h e m a g n i t u d e o f t h e n e t p r o t o n c o e f f i c i e n t . The f u n d a m e n t a l 
e q u a t i o n u s e d i n t h e c a l c u l a t i o n o f Xp i s 

feM H 

I t c a r r i e s w i t h i t t h e r e s t r i c t i o n t h a t t h e c h e m i c a l p o t e n t i a l o f 
a l l o t h e r s p e c i e s must r e m a i
c i e n t must be e s t i m a t e d
t o t h i s p a p e r c o n t a i n s a s t r a i g h t f o r w a r d and i n t u i t i v e d e r i v a t i o n o f 
E q u a t i o n 1 2 . 

T h e p r o t o c o l f o r d e t e r m i n i n g χ f r o m a d s o r p t i o n d a t a i s as 
f o l l o w s . U s i n g t h e m e t a l i o n a d s o r p t i o n d a t a a s a f u n c t i o n o f pH 
( e . g . , t h a t o f F i g u r e 3 a ) , two a d s o r p t i o n i s o t h e r m s a r e g e n e r a t e d 
f o r a n a r r o w pH i n t e r v a l a r o u n d t h e pH o f i n t e r e s t ( F i g u r e 5 ) . The 
s m a l l e r t h e pH i n t e r v a l t h e more r e p r e s e n t a t i v e Xp i s o f t h e t a r g e t 
p H . K u r b a t o v c o e f f i c i e n t s ( χ ^ and K R ) a r e u s e f u l f o r i n t e r p o l a t i n g 
t o pH v a l u e s f o r w h i c h t h e r e a r e no a d s o r p t i o n d a t a . The p r o t o n 
c o e f f i c i e n t d e t e r m i n e d f r o m i s o t h e r m a n a l y s i s may be c a l c u l a t e d i n 
a c c o r d a n c e t o E q u a t i o n 12 i n t h e f o l l o w i n g manne r : 

X p » { ( r - y 2 ) / m 2 - ( r - y p / m j J / ^ - p H p (13 ) 

w h e r e m i s t h e s l o p e o f t h e i s o t h e r m and y i s t h e s u r f a c e c o v e r a g e 
a t an a r b i t r a r i l y c h o s e n d i s s o l v e d e q u i l i b r i u m m e t a l i o n c o n c e n t r a 
t i o n . The i s o t h e r m p r o t o n c o e f f i c i e n t s g i v e n i n F i g u r e 6 were d e t e r 
m i n e d by e v a l u a t i n g E q u a t i o n 13 a t d i f f e r e n t s u r f a c e c o v e r a g e s f o r 
i s o t h e r m s a t t h e pH v a l u e s pHj and ρ Η 2 · The pH a t w h i c h t h e Xp( Γ) 
r e l a t i o n s h i p i s shown i s t h e pH a t t h e c e n t e r o f t h e e v a l u a t i o n 
i n t e r v a l . 

A t c o n s t a n t p H , Xp i n c r e a s e s w i t h i n c r e a s i n g s u r f a c e c o v e r a g e 
a n d , a t c o n s t a n t Γ ( ρ Γ ) d e c r e a s e s w i t h i n c r e a s i n g pH ( F i g u r e 7 ) . F o r 
e x a m p l e , f o r C d ( I I ) a d s o r p t i o n o n t o α - Α 1 2 0 3 a t pH 7 

X p » 0 . 1 0 5 l o g Γ + 1 .840 (14 ) 

T h i s c o m b i n e d d e p e n d e n c y o f χ o n pH and s u r f a c e c o v e r a g e h a s t h e 
n e t e f f e c t o f d e c r e a s i n g t h e s l o p e o f t h e p H - f r a c t i o n a l a d s o r p t i o n 
edge as t h e r a t i o o f a d s o r b a t e t o a d s o r b e n t s i t e s i n c r e a s e s , a s i n 
F i g u r e 3 a . 

C o n s e q u e n c e s o f χ ρ = f ( p H , T ) . I n p r e v i o u s s e c t i o n s i t was d e m o n 
s t r a t e d t h a t t h e n e t p r o t o n c o e f f i c i e n t p l a y s an i m p o r t a n t r o l e i n 
m a c r o s c o p i c m o d e l s o f m e t a l a d s o r p t i o n . H o w e v e r , i t s r e l a t i o n s h i p 
t o m a j o r s y s t e m v a r i a b l e s , s u c h as pH and Γ, i s p o o r l y u n d e r s t o o d . 
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F i g u r e 5 . I s o t h e r m s f o r C d ( I I ) a d s o r p t i o n o n t o α -Α1 203. I s o t h e r m 
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2 

CdCII)/a-Al2U3 
pH Range 
6. 75-7. 00 
7. 00-7. 25 
7. 25-7. 50 
7.50-8.00 

F i g u r e 6 . χ as a f u n c t i o n o f l o g Γ f o r C d ( I I ) / o H U ^ O g f o r 
d i f f e r e n t pfl v a l u e s . 

2.0 

ι. ο • — 1 — 1 — 1 I « 1 1 I 1 ι ι ' 
8 7 8 9 

F i g u r e 7 . χ as a f u n c t i o n o f pH a t d i f f e r e n t a d s o r p t i o n d e n s i t i e s 
f o r t h e C d ( I I ) / a l u m i n a s y s t e m . 
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Two methods f o r d e t e r m i n i n g n e t p r o t o n c o e f f i c i e n t s f r o m a d s o r p t i o n 
d a t a were a l s o d e s c r i b e d . I n t h e f o l l o w i n g s e c t i o n s t h e pH a n d 
a d s o r p t i o n - d e n s i t y d e p e n d e n c y o f χ a r e d i s c u s s e d and i m p l i c a t i o n s 
f o r t h e m a c r o s c o p i c m o d e l i n g o f m e t a l a d s o r p t i o n a r e p r e s e n t e d . The 
e f f e c t o f i n c l u d i n g t h e p H - and ρ Γ - d e p e n d e n c e o f i n t h e c a l c u l a 
t i o n o f a m a c r o s c o p i c p a r t i t i o n i n g c o e f f i c i e n t i s shown i n F i g u r e 
8 . The l i n e d e s i g n a t e d ' s u r f a c e r e a c t i o n * r e p r e s e n t s t h e c a l c u l a t e d 
p a r t i t i o n i n g c o e f f i c i e n t when t h e c o n t r i b u t i o n o f t h e p r o t o n i s 
e x c l u d e d f r om t h e m a s s - a c t i o n e x p r e s s i o n , i . e . , 

s r [Cd] [SOH] U D ; 

T h e d e c r e a s e i n l o g K g r w i t h i n c r e a s i n g s u r f a c e c o v e r a g e , i . e . , n o n -
Langmu^ i r i an b e h a v i o r , comes d i r e c t l y f r o m e x p e r i m e n t a l o b s e r v a t i o n . 
I f Cd /H e x c h a n g e i s i n c l u d e d , bu t w i t h a c o n s t a n t p r o t o n c o e f f i 
c i e n t ( χ * f ( p H , T ) , t h e r e s u l t a n t l o g K / l o g Γ l i n e i n F i g u r e 8 i s 
p a r a l l e l t o t h a t o f K g r b u t l o w e r i n m a g n i t u d e by [ H + ] Κ F o r 
e x a m p l e , d a t a a t pH 7 an
i n g c o e f f i c i e n t s w o u l d b
i n s t e a d , i t i n c r e a s e s w i t h s u r f a c e c o v e r a g e . When t h e s p e c i f i c 
r e l a t i o n s h i p b e t w e e n χ a n d Γ i s i n c l u d e d i n t h e c a l c u l a t i o n o f K , 
t h e s l o p e o f t h e l o g K / l o g Γ l i n e becomes more n e g a t i v e ( F i g u r e 8 ) . 
The p a r t i t i o n i n g c o e f f i c i e n t w h i c h i s s e n s i t i v e t o t h e v a r i a t i o n o f 
χ w i t h Γ ( i . e . , i t i n c l u d e s χ ρ ) i s d e s i g n a t e d Ρ and 

Ρ - K g r [ H ] ^ ( 16 ) 

F o r e x a m p l e , f o r C d ( I I ) a d s o r p t i o n o n t o a - A ^ O ^ a t pH 7 

l o g Ρ - 1.50 l o g Γ - 1 2 . 8 5 ( 17 ) 

T h e r e l a t i o n s h i p b e tween Ρ and Γ a l s o c h a n g e s w i t h pH f o r two 
r e a s o n s ( c ompare l i n e s 3 and 4 o f F i g u r e 8 ) : i ) d i s s o l v e d / s o l i d 
p a r t i t i o n i n g o f t h e m e t a l ( i . e . , Κ ) c h a n g e s w i t h p H , and i i ) , 
i s a f u n c t i o n o f pH ( F i g u r e s 6 and /). 

T h e o b s e r v a t i o n t h a t t h e m a c r o s c o p i c p r o t o n c o e f f i c i e n t i s a 
f u n c t i o n o f a d s o r p t i o n d e n s i t y and pH ha s s e v e r a l i m p l i c a t i o n s f o r 
m a c r o s c o p i c m o d e l i n g o f c a t i o n and a n i o n a d s o r p t i o n . The d e p e n d e n c y 
o f X_ on pH a n d Γ a f f e c t s : 1) t h e r e l a t i o n s h i p o f t h e m a c r o s c o p i c 
p a r t i t i o n i n g c o e f f i c i e n t t o pH and a d s o r p t i o n d e n s i t y , 2) t h e n o t i o n 
o f m e t a l i o n p r e f e r e n c e s f o r a p a r t i c u l a r s u r f a c e i n s y s t e m s w i t h 
m u l t i p l e s o l i d p h a s e s , 3) t h e a c c u r a c y o f p r e d i c t i v e m o d e l s when 
u s e d o v e r a r a n g e o f a d s o r p t i o n d e n s i t y and pH v a l u e s , and 4) c o n 
c l u s i o n s a b o u t s i t e h e t e r o g e n e i t y b a s e d upon p a r t i t i o n i n g e x p r e s 
s i o n s w h i c h u s e c o n s t a n t p r o t o n c o e f f i c i e n t s . 

P - f ( X , p H ) . As d e s c r i b e d a b o v e , t h e m a g n i t u d e o f Ρ i s i n e x o r a b l y 
l i n k e d t o t h e v a r i a t i o n s o f χ w i t h pH and a d s o r p t i o n d e n s i t y . 
H o w e v e r , t h e r e s p o n s e o f χ ( and P) t o Γ and pH v a r i e s among h y d r o u s 
o x i d e s . F o r e x a m p l e , F i g u r e 9a shows t h e i n s t a n t a n e o u s ( i s o t h e r m ) 
p r o t o n c o e f f i c i e n t (Xp ) " z o n e s " d e t e r m i n e d f o r Cd i o n a d s o r p t i o n 
o n t o ( a m ) F e 2 0 y H 2 0 , a - A ^ O o and a - T i 0 2 . The zones a r e d e f i n e d by 
t h e c a l c u l a t e d p r o t o n c o e f f i c i e n t s d e t e r m i n e d f o r a r a n g e o f pH 
v a l u e s and a d s o r p t i o n d e n s i t y . The " t h i c k n e s s " o f e a c h zone g i v e s a 
q u a l i t a t i v e c o m p a r i s o n o f t h e pH d e p e n d e n c y o f a t e a c h a d s o r p t i o n 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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Log Γ (mol Cd ods/mol sites) 

F i g u r e 8 . L o g P as a f u n c t i o n o f l o g a d s o r p t i o n d e n s i t y f o r 
d i f f e r e n t Y a d s o r p t i o n d e n s i t y d e p e n d e n c i e s . 
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F i g u r e 9 . C o m p a r i s o n o f a ) n e t p r o t o n c o e f f i c i e n t and b ) l o g Ρ pH 
and s u r f a c e c o v e r a g e " z o n e s " f o r C d ( I I ) a d s o r p t i o n o n t o o t - A ^ O ^ , 
( a m ) F e 9 0 o . H 9 0 and a - T i 0 9 . 
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d e n s i t y . T i t a n i a shows l i t t l e change i n w i t h e i t h e r pH o r 
s u r f a c e c o v e r a g e w h i l e amorphous i r o n o x y h y d r o x i d e and a l u m i n a 
e x h i b i t l a r g e r a n g e s i n t h e o b s e r v e d p r o t o n c o e f f i c i e n t s . 

The c o r r e s p o n d i n g p a r t i t i o n i n g c o e f f i c i e n t z o n e s a r e shown i n 
F i g u r e 9 b . B e c a u s e i s an e x p o n e n t i n t h e n u m e r a t o r o f t h e o v e r a l l 
mass a c t i o n e x p r e s s i o n d e s c r i b i n g m e t a l a d s o r p t i o n ( e . g . , E q u a t i o n 
4) t h e s l o p e s o f t h e χ ρ and l o g Ρ v s l o g Γ f u n c t i o n s ( and t h e 
p r e d o m i n a n c e z o n e s ) have o p p o s i t e s i g n s ( t h i s i s n o t t h e c a s e f o r 
a n i o n a d s o r p t i o n ; s e e Honeyman , 1 9 8 4 ) . The d e p e n d e n c y o f on pH 
p r o d u c e s a number o f p o s s i b l e p a r t i t i o n i n g c o e f f i c i e n t s a t e a c h 
a d s o r p t i o n d e n s i t y . I t i s a l s o c l e a r f r o m F i g u r e 9b t h a t t h e r e l a 
t i v e a b i l i t y o f t h e s e t h r e e m e t a l o x i d e s t o remove C d ( I I ) f r o m s o l u 
t i o n v a r i e s c o n s i d e r a b l y w i t h a d s o r p t i o n d e n s i t y w h i c h , i n p a r t , i s 
due t o c h a n g e s i n χ ( ρ Η , Γ ) . F o r e x a m p l e , c o n s i d e r e a c h o x i d e t o be 
p r e s e n t a t e q u a l s i t e c o n c e n t r a t i o n s . A t l ow s u r f a c e c o v e r a g e s , 
a - A ^ O ^ s h o u l d be more e f f e c t i v e a t r e m o v i n g C d ( I I ) f r o m s o l u t i o n 
t h a n i s ( a m ) F e 2 0 3 ^ O . A t m o d e r a t e a d s o r p t i o n d e n s i t i e s 
( ρ Γ 3 t o 4 ) , t h e s i m i l a r i t
them i n d i s t i n g u i s h a b l e i
t i o n . At s t i l l h i g h e r a d s o r p t i o n d e n s i t i e s , amorphous i r o n o x y h y 
d r o x i d e may s u c c e s s f u l l y compete w i t h a - T i 0 2 . T h i s e x a m p l e s u g g e s t s 
t h a t m e t a l i o n p r e f e r e n c e f o r a p a r t i c u l a r s u r f a c e w h i c h i s d e t e r 
m i n e d a t one p o i n t i n ρΗ/Γ " s p a c e " s h o u l d n o t be e x t e n d e d t o o t h e r 
c o n d i t i o n s u n l e s s Ρ = f ( p H , T ) i s e x p l i c i t l y known. T h i s i l l u s t r a t e s 
one o f t h e p r o b l e m s i n e x t e n d i n g l a b o r a t o r y d a t a f o r m e t a l i o n 
p r e f e r e n c e s t o f i e l d s i t u a t i o n s . 

M e t a l I o n A d s o r p t i o n i n M i x t u r e s o f M u l t i p l e S o l i d P h a s e s . One o f 
t h e a r g u m e n t s p u t f o r t h f o r e x t e n d i n g t h e c o n c e p t s o f s o l u t i o n 
c o o r d i n a t i o n c h e m i s t r y t o h e t e r o g e n e o u s s y s t e m s i s t h e h y p o t h e s i s 
t h a t t h e m i n e r a l c omponen t s o f s o i l s o r s e d i m e n t s c a n be c o n s i d e r e d 
a s l i g a n d s w h i c h compete f o r c o m p l e x a t i o n o f a d s o r b a t e s . To t h i s 
e n d , i t i s i m p o r t a n t t o know t h e r e l a t i v e a b i l i t y o f d i f f e r e n t 
m i n e r a l s u r f a c e s t o c o m p l e x s o l u t e s . 

F o r e x a m p l e , c o n s i d e r t h e a d s o r p t i o n o f C r ( V I ) , a n o x y a n i o n , 
o n t o α - Α 1 2 0 3 and ( a m ) F e 2 0 3 . H 2 0 ( T a b l e I I I ) . W i t h e a c h o x i d e i n 
s u s p e n s i o n p r e s e n t a t t h e same t o t a l s i t e c o n c e n t r a t i o n , a p p r o x i 
m a t e l y t h e same f r a c t i o n a l a d s o r p t i o n o f C r ( V l ) was o b s e r v e d a t pH 7 
f r o m a one m i c r o m o l a r s o l u t i o n o f C r ( V I ) . C o n s e q u e n t l y , t h e a f f i n 
i t y o f a l u m i n a and amorphous i r o n o x y h y d r o x i d e s u r f a c e s a t pH 7 f o r 
ch româte i o n a r e t h e same when t h e a f f i n i t y i s d e f i n e d i n t e r m s o f a 
d i s t r i b u t i o n c o e f f i c i e n t ( K n o r Κ ). H o w e v e r , t h e pH d e p e n d e n c e o f 
C r ( V I ) f r a c t i o n a l a d s o r p t i o n i s d i f f e r e n t f o r t h e two a d s o r b e n t s , a s 
i n d i c a t e d by t h e K u r b a t o v p r o t o n c o e f f i c i e n t s , i . e . , t h e s l o p e o f 
t h e p H / f r a c t i o n a l a d s o r p t i o n e d g e . T h e r e f o r e , a t pH v a l u e s l e s s 
t h a n 7 , Κ f o r C r ( V I ) / α - Α 1 2 0 3 w i l l be l e s s t h a n t h e K g r f o r 
C r ( V I ) / ( a m ) F e 2 0 3 H 2 0 . A t pH v a l u e s g r e a t e r t h a n 7 t h e c o n v e r s e i s 
t r u e . When χ^ i s u s e d t o a c c o u n t f o r t h e p a r t i t i o n i n g o f C r ( V I ) 
w i t h p H , c a l c u l a t e d a f f i n i t i e s d i f f e r by a p p r o x i m a t e l y two and one 
h a l f o r d e r s o f m a g n i t u d e . Use o f Xp m a r k e d l y w i d e n s t h e a p p a r e n t 
a f f i n i t y p r e f e r e n c e a n d , a s d i s c u s s e d n e x t , i m p r o v e s o u r a b i l i t y t o 
d e s c r i b e s o l u t e a d s o p r t i o n o v e r a r a n g e o f a d s o r p t i o n d e n s i t i e s . 
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T a b l e I I I . C r ( V I ) A d s o r p t i o n o n t o α - Α 1 ? 0 3 and ( a m ) F e ? O v H ? 0 

C r ( V I ) 1.0 χ 1 0 " 6 M ; SOEp 8 . 8 χ 1 0 " 4 M ; pH 7 

f l o g K s r *K P K K P P 

α Α 1 2 0 3 0 . 5 6 
F e 2 0 3 H 2 0 0 . 4 7 

3 . 1 6 
3 .01 

- 0 . 7 0 
- 1 . 0 9 

8 . 0 9 
1 0 . 6 5 

0 . 7 2 
- 1 . 4 6 

7 . 6 8 
1 3 . 2 6 

P r e d i c t i n g A d s o r p t i o n O v e r a Range o f A d s o r p t i o n D e n s i t i e s . 
K u r b a t o v c o e f f i c i e n t s ( Χ κ > κ κ ) a r e u s e f u l c u r v e - f i t t i n g p a r a m e t e r s 
f o r f r a c t i o n a l a d s o r p t i o n e d g e s , b u t t h e i r u s e i n m a c r o s c o p i c m o d e l s 
o f s o l u t e a d s o r p t i o n s h o u l d be c a r e f u l l y c o n s i d e r e d . T h i s i s i l l u 
s t r a t e d i n two e x a m p l e s . F i g u r e 10 c o m p a r e s t h e o b s e r v e d a d s o r p t i o n 
d e n s i t i e s f o r C d ( I I ) o n α - Α 1 2 0 3 w i t h t h e c o r r e s p o n d i n g a d s o r p t i o n 
d e n s i t i e s c a l c u l a t e d f r o
( X K , K ^ ) . The c o e f f i c i e n t
t i o n edge r e p r e s e n t i n g a r e l a t i v e l y low a d s o r p t i o n d e n s i t y ( ρ Γ 1 4 ; 
l o g ( m o l a d s / m o l s i t e s ) ; C d ( I I ) T - 1 χ 1 0 ~ 6 M ; 7 . 3 χ 1 0 - 3 M t o t a l 
s i t e s ) . E x c e p t a t l o w e s t a d s o r p t i o n d e n s i t y , t h e r e i s a s i g n i f i c a n t 
d e p a r t u r e b e t w e e n t h e o b s e r v e d and c a l c u l a t e d a d s o r p t i o n : t h e c a l c u 
l a t i o n s o v e r e s t i m a t e d t h e a c t u a l C d ( I I ) r e m o v a l . 

An i n v a r i a n t p a r t i t i o n i n g c o e f f i c i e n t w i l l n o t a c c o u n t f o r 
d e c r e a s i n g m e t a l / s u r f a c e a f f i n i t i e s w i t h i n c r e a s i n g a d s o r p t i o n 
d e n s i t y . The i s o t h e r m s i n F i g u r e 5 h a v e s l o p e s o f a p p r o x i m a t e l y 
0 . 7 . T h i s means t h a t t h e m a c r o s c o p i c p a r t i t i o n i n g c o e f f i c i e n t 
d e c r e a s e s w i t h i n c r e a s i n g s u r f a c e c o v e r a g e ( L a n g m u i r i a n b e h a v i o r 
s h o u l d e x h i b i t a s l o p e o f 1 . 0 ) . I n f a c t , b e c a u s e o f t h e way i n 
w h i c h K u r b a t o v c o e f f i c i e n t s a r e d e t e r m i n e d ( r e f e r t o t h e d i s c u s s i o n 
o f F i g u r e 4 ) , i t i s v e r y u n l i k e l y t h a t i t w o u l d be p o s s i b l e t o 
d e t e r m i n e an u n a m b i g u o u s r e l a t i o n s h i p b e tween K^ and Γ. T h u s , t h e 
u s e o f K u r b a t o v c o e f f i c i e n t s r e q u i r e s t h a t a d s o r p t i o n be L a n g m u i r i a n 
i n b e h a v i o r ( t h a t i s , t h a t t h e m e t a l i o n / s u r f a c e a s s o c i a t i o n p a r a m 
e t e r must be i n d e p e n d e n t o f Γ. 

A s a s e c o n d e x a m p l e , c o n s i d e r t h e p a r t i t i o n i n g o f C d ( I I ) 
b e tween two a d s o r b e n t s — a - T i 0 2 and ( a m ) F e 2 0 3 . H 2 0 . F i g u r e 11 shows 
C d ( I I ) f r a c t i o n a l a d s o r p t i o n as a f u n c t i o n o f pH f o r b i n a r y m i x t u r e s 
o f t h e s e a d s o r b e n t s u n d e r e x p e r i m e n t a l c o n d i t i o n s s u c h t h a t C d ( I I ) T 

and SOHp a r e c o n s t a n t : o n l y t h e s u r f a c e s i t e mo l e f r a c t i o n v a r i e s 
f r o m one end -member t o t h e n e x t . As t h e s i t e mo l e f r a c t i o n s h i f t s 
b e t w e e n t h e e n d - m e m b e r s , t h e f r a c t i o n a l a d s o r p t i o n e d g e s f o r t h e 
b i n a r y a d s o r b e n t m i x t u r e s v a r i e s b e tween t h e l i m i t s d e f i n e d by e n d -
members . I n t h e a b s e n c e o f p a r t i c l e - p a r t i c l e i n t e r a c t i o n s , t h e 
a d s o r b e n t s s h o u l d a c t as i n d e p e n d e n t l i g a n d s c o m p e t i n g f o r c o m p l e x a 
t i o n o f C d ( I I ) . I f t h i s i s t h e c a s e , t h e n t h e d i s t r i b u t i o n o f 
C d ( I I ) i n s u c h b i n a r y m i x t u r e s c a n be d e s c r i b e d by a c o m p o s i t e m a s s -
a c t i o n e x p r e s s i o n ( 13 ) w h i c h i n c l u d e s a s e p a r a t e t e r m f o r t h e i n t e r 
a c t i o n o f C d ( I I ) w i t h e a c h a d s o r b e n t . 

T h e r e s u l t s o f two s e t s o f c o m p u t a t i o n s a r e shown i n F i g u r e 
12 . Open c i r c l e s r e p r e s e n t c a l c u l a t i o n s f o r t h e b i n a r y a d s o r b e n t 
s y s t e m s w h i c h u s e d t h e K u r b a t o v c o e f f i c i e n t s f o r t h e end -member 
s y s t e m s . T h i s i s t h e a p p r o a c h u s e d by D a v i e s - C o l l e y e t a l . , ( 9 ) i n 
t h e i r e x a m i n a t i o n o f m e t a l i o n a d s o r p t i o n i n m i x t u r e s o f m o d e l 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



180 GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

-1.0 

E - 2 . 0 
o 
E 
u 

- 3 . 0 h 

- 4 . 0 

pK K = 6.21 
G 

X K = 1.30 
G 

Cd ( l l)/a -A I 20 3 

G 

G A 
G / \ 

G / 

G 

-"4.0 -3.0 

Observed Γ (mol/mol) 

-2 .0 

F i g u r e 10. C o m p a r i s o n o f c a l c u l a t e d a n d o b s e r v e d a d s o r p t i o n 
d e n s i t i e s f o r C d ( I I ) a d s o r p t i o n on (X-AI2O3. A s i n g l e s e t o f 
K u r b a t o v c o e f f i c i e n t s i s u s e d f o r t h e e n t i r e r a n g e o f a d s o r p t i o n 
d e n s i t i e s . 

Ο 

4 0 

Mixed Oxide System 
a - T i 0 2 and F Q ^ . H 2 0 
Cadmium-,- 1X10-6M 
T o t a l S i t e s 8.8X10-4M 
P e r c e n t I r o n S i t e s 

• 0 
• 50 
Ο 75 
ν 90 
A 100 

pH 

F i g u r e 11. C d ( I I ) f r a c t i o n a l a d s o r p t i o n as a f u n c t i o n o f pH i n 
b i n a r y m i x t u r e s o f «-Ti0 2 and ( am )Fe 203 ·Η 20 a t c o n s t a n t SOEj , . 
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a d s o r b e n t s . The Γ - i n v a r i a n t K u r b a t o v c o e f f i c i e n t s a r e i n a d e q u a t e t o 
d e s c r i b e t h e g e n e r a l a d s o r p t i o n b e h a v i o r a t t h e r e l a t i v e l y h i g h 
a d s o r p t i o n d e n s i t i e s o f t h e e x p e r i m e n t a l s y s t e m s . H o w e v e r , t h e u s e 
o f p r o t o n c o e f f i c i e n t s w h i c h depend on pH and Γ r e s u l t s i n g o o d 
a g r e e m e n t b e t w e e n t h e e x p e r i m e n t a l d a t a and c a l c u l a t i o n s . 

M a c r o s c o p i c C o e f f i c i e n t s and S u r f a c e - S i t e H e t e r o g e n e i t y . B e n j a m i n 
and L e c k i e s * m o d e l (5 ) o f h e t e r o g e n e o u s m e t a l o x i d e s u r f a c e s i t e s 
i n c l u d e s two o b s e r v a t i o n s o f m e t a l i o n / s u r f a c e s i t e i n t e r a c t i o n s . 
A t v e r y l ow a d s o r p t i o n d e n s i t i e s , m e t a l i o n a d s o r p t i o n e x h i b i t s 
L a n g m u i r i a n b e h a v i o r . H o w e v e r , above some c r i t i c a l a d s o r p t i o n 
d e n s i t y , Γ ( i . e . , when a p p r o x i m a t e l y 0 . 01% o f s u r f a c e s i t e s a r e 
o c c u p i e d ) , t h e i n t e n s i t y o f m e t a l i o n / i n t e r a c t i o n s d e c r e a s e s w i t h 
i n c r e a s i n g s u r f a c e - s i t e o c c u p a n c y . A c o r o l l a r y o f t h i s m g d e l i s 
t h a t Κ has a u n i q u e v a l u e a t a d s o r p t i o n d e n s i t i e s b e l o w Γ f o r a 
s p e c i f i c a d s o r b a t e and a d s o r b e n t . By e x t e n s i o n , A G a c j s I s u n i q u e 
a n d , t h e r e f o r e , i n d e p e n d e n t o f Γ. T h i s i s one o f t h e b a s i c t e n e n t s 
o f L a n g m u i r i a n a d s o r p t i o n

The i n c o r p o r a t i o n o
e x p r e s s i o n s f o r a d s o r p t i o n has shown n o t o n l y t h a t K ^ i s n o t a u n i q u e 
f u n c t i o n o f Γ a t a d s o r p t i o n d e n s i t i e s g r e a t e r t h a n Γ b u t t h a t Κ i s 
a l s o n o t u n i q u e b e l o w Γ . I n b o t h c a s e s i t i s due t o t h e d e p e n d e n c e 
o f t h e m a c r o s c o p i c p a r t i t i o n i n g c o e f f i c i e n t on pH ( F i g u r e 1 3 ) . 

I f Κ i s t a k e n as a s u r r o g a t e measu r e o f t h e i n t e n s i t y o f m e t a l 
i o n / s u r f a c e r e a c t i o n s , t h e n £he o b s e r v a t i o n t h a t Κ i s n o t u n i q u e a t 
a d s o r p t i o n d e n s i t i e s b e l o w Γ s u g g e s t s t h a t s u r f a c e s i t e / a d s o r b a t e 
i n t e r a c t i o n s a r e s t i l l o f v a r i a b l e i n t e n s i t y ( ^ a ^ s I s n o t c o n 
s t a n t ) . H e n c e , one o f t h e b a s i c t e n e n t s o f L a n g m u i r i a n b e h a v i o r i s 
n o t m e t . 

M i c r o s c o p i c S u b r e a c t i o n s and M a c r o s c o p i c P r o t o n C o e f f i c i e n t s . The 
m a c r o s c o p i c p r o t o n c o e f f i c i e n t may be u s e d a s a s e m i - e m p i r i c a l 
m o d e l i n g v a r i a b l e when c a l i b r a t e d a g a i n s t m a j o r s y s t e m p a r a m e t e r s . 
H o w e v e r , χ ha s a l s o b e e n u s e d t o e v a l u a t e t h e f u n d a m e n t a l n a t u r e o f 
m e t a l / a d s o r b e n t i n t e r a c t i o n s ( e . g . , J > _ ) . I n t h i s s e c t i o n , m a c r o 
s c o p i c p r o t o n c o e f f i c i e n t s ( χ κ and Y ) c a l c u l a t e d f r o m a d s o r p t i o n 
d a t a a r e compared w i t h t h e m i c r o s c o p i c s u b r e a c t i o n s o f t h e T r i p l e -
L a y e r M o d e l ( J _ ) and t h e i r i n t e r - r e l a t i o n s h i p s a r e d i s c u s s e d . 

The m a c r o s c o p i c p r o t o n s t o i c h i o m e t r y o f an a d s o r p t i o n r e a c t i o n 
r e p r e s e n t s t h e n e t c o n s u m p t i o n o r r e l e a s e o f p r o t o n s by a l l s u b r e a c 
t i o n s w h i c h r e s u l t f r o m t h e r e m o v a l o f a n a d s o r b a t e f r o m s o l u t i o n . 
M a c r o s c o p i c p a r t i t i o n i n g e x p r e s s i o n s do n o t i d e n t i f y t h e d e t a i l s o f 
s u c h i n t e r a c t i o n s ; t h e s t o i c h i o m e t r i c e x p r e s s i o n s m e r e l y show a 
g e n e r i c r e l a t i o n s h i p b e tween a d s o r b a t e r emoved f r o m s o l u t i o n and a 
t r a n s f e r o f p r o t o n s . S c h i n d l e r ( 1 7 , 2 3 ) , f o r e x a m p l e , h a s d i s c u s s e d 
t h e r e l a t i o n s h i p b e t w e e n t h e e x p e c t e d maximum p r o t o n r e l e a s e and t h e 
o b s e r v e d o v e r a l l s t o i c h i o m e t r y o f s u r f a c e c o m p l e x f o r m a t i o n due t o 
c o m p e t i n g s u r f a c e p r o t o l y t i c and e l e c t r o l y t e i o n s u r f a c e r e a c t i o n s . 
He o b s e r v e d t h a t t h e p r o t o n r e l e a s e w i l l be e q u a l t o t h e a c t u a l n e t 
m e t a l s p e c i e s / p r o t o n e x c h a n g e o n l y when t h e c o n t r i b u t i o n o f c o m p e t 
i n g r e a c t i o n s , e . g . , t h o s e o f T a b l e I V , a r e n e g l i g i b l e o r a r e s p e c i 
f i c a l l y t a k e n i n t o a c c o u n t . S u r f a c e c o o r d i n a t i o n m o d e l s , i n c o n 
t r a s t , e x p l i c i t l y d e f i n e a p r o p o s e d s u i t e o f r e a c t i o n s w h i c h c a n be 
u s e d t o d e s c r i b e n e t s y s t e m b e h a v i o r . I n t h e f o l l o w i n g c o m p a r i s o n o f 
m i c r o s c o p i c s u b r e a c t i o n s and m a c r o s c o p i c c o e f f i c i e n t s i t i s shown 
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Co, l x l O " 6 ^ 
SOL 8.8 χ 10~4 M 

( A Î O F E ^ ' H ^ + T1O2 

PH 6.0 

100 · / 

0 / ^ 

I O.IMNANOJ 

Ο / 25 

1 1 

X p= f ( D 
X i s i n v a r i a n t 

1 1 
0 .

F i g u r e 12· C o m p a r i s o n o f t h e o b s e r v e d C d ( I I ) f r a c t i o n a l r e m o v a l 
f = [ C d ( I I ) , / C d ( I I ) T ] w i t h mode l r e s u l t s i n c o r p o r a t i n g d i f f e r e n t 
c h a r a c t e r i s t i c s o f χ . Open c i r c l e s : K u r b a t o v c o e f f i c i e n t s f o r 
end -member s ( T i t a n i a : χ κ = 0 . 9 9 , p K R = 1 . 7 7 ; Amorphous I r o n : 
χ κ = 1 . 3 , p K ^ = 5 . 3 7 ) . C l o s e d c i r c l e s : P ( p H , Γ) f o r end -member s 
( T i t a n i a : l o g Ρ = 2 . 5 4 l o g Γ - 8 . 8 4 1 ; Amorphous I r o n : l o g Ρ = 
2 . 5 4 l o g Γ + 1 . 9 8 ) . 

-3 

- 5 

Û . -7 
9 
Ο 

-Il 

-13 

P*ÎP=f(r) fpH7.5) 
P*(x = l.2) 

-4 
log Γ 

- ι 

F i g u r e 1 3 . S c h e m a t i c d i a g r a m s h o w i n g t h e d e p e n d e n c e o f l o g Ρ o n 
t h e χ f u n c t i o n a l i t y . F o r s u r f a c e c o v e r a g e s b e l o w r , no u n i q u e 
s e t o r Ρ and Γ c a n d e s c r i b e a d s o r b a t e b e h a v i o r . 
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t h a t e l e c t r o l y t e i o n r e a c t i o n s have an i m p o r t a n t e f f e c t on t h e n e t 
p r o t o n t r a n s f e r . 

I t i s n o t c u r r e n t l y p o s s i b l e t o e x a m i n e t h e c o n f i g u r a t i o n o f 
t h e a d s o r b e d s p e c i e s u n a m b i g u o u s l y . H o w e v e r , s i n c e t h e r m o d y n a m i c 
a r g u m e n t s do n o t r e q u i r e a s p e c i f i c m o d e l a t t h e m o l e c u l a r l e v e l , i t 
i s s t i l l p o s s i b l e t o a n a l y z e e q u i l i b r i u m d a t a w i t h i n a t h e r m o d y n a m i c 
c o n t e x t . M o s t s u r f a c e r e a c t i o n s a r e i n f e r r e d f r o m e x p e r i m e n t a l 
o b s e r v a t i o n s o f r e a c t i o n s t o i c h i o r a e t r i e s and p e r h a p s o n l y i n a 
l i m i t e d r a n g e o f Γ. C o n s e q u e n t l y , t h e c h o i c e o f s p e c i f i c s u r f a c e 
s p e c i e s i s d e p e n d e n t on two c o n s i d e r a t i o n s : (1 ) t h e n e e d t o e x p l a i n 
t h e o b s e r v e d m e a s u r e m e n t s i n t e rms o f r e a c t i o n s t o i c h i o m e t r i e s , and 
( 2 ) t h e s e l e c t i o n o f a m o d e l t o a l l o w t h e r e p r e s e n t a t i o n o f m e t a l / 
s u r f a c e s i t e i n t e r a c t i o n i n t e n s i t i e s . 

T a b l e I V . S u b r e a c t i o n s and C o n s t a n t s Used i n T r i p l e - L a y e r 
M o d e l D a l c u l a t i o n s f o r Cd( I I ) / α - Α ^ Ο ^ 

r e a c t i o n Κ s o u r c e 

SOH + N a + = S O = - N a + + H + - 9 . 2 20_ 

SOH + NO3 + H + = SOH2-- NO3 8.3 2 1 

S O " + H + = SOH° 6.3* _22_ 

SOH + H + = SOHÎ - 1 2 . 0 1 " 22 

C j = 120 , C 2 - 20 pF/cm : The c a p a c i t a n c e s f o r t h e i n n e r and 
o u t e r r e g i o n s o f t h e compac t l a y e r . 

* f o r γ - a l u m i n a 

A s p e c i f i c e x a m p l e o f t h e r e l a t i o n s h i p b e t w e e n t h e m i c r o s c o p i c 
s u b r e a c t i o n s r e q u i r e d t o m o d e l e x p e r i m e n t a l o b s e r v a t i o n s o f m e t a l 
r e m o v a l and t h e m a c r o s c o p i c p r o t o n c o e f f i c i e n t i s shown f o r t h e c a s e 
o f C d ( I I ) a d s o r p t i o n o n t o (X-AI2O3 ( F i g u r e 3). One v a r i a t i o n o f t h e 
s u r f a c e c o o r d i n a t i o n c o n c e p t i s u s e d t o d e s c r i b e t h e s y s t e m s u b r e a c 
t i o n s : t h e T r i p l e L a y e r M o d e l o f D a v i s e t a l . , ( 1 , 2 0 ) . The s p e c i f i c 
s u b r e a c t i o n s w h i c h a r e c o n s i d e r e d , t h e f o r m a t i o n c o n s t a n t s and c o m 
p a c t l a y e r c a p a c i t a n c e s , a r e shown i n T a b l e I V . P r o t o n s a r e 
a s s i g n e d t o t h e o - p l a n e ( t h e o x i d e s u r f a c e ) and C d ( I I ) s u r f a c e 
s p e c i e s and e l e c t r o l y t e i o n s t o t h e 3 - p l a n e l o c a t e d a d i s t a n c e , 3 , 
f r o m t h e o - p l a n e . 

T h e i n f o r m a t i o n i n F i g u r e 14 was p r o d u c e d i n t h e f o l l o w i n g way . 
The s l o p e ( o r t h e K u r b a t o v c o e f f i c i e n t s shown i n T a b l e V) and p o s i 
t i o n o f t h e f r a c t i o n a l a b s o r p t i o n gdge s i n F i g u r e 3 were u s e d as t h e 
c r i t e r i a o f m o d e l f i t . K c d a n d K C d O H w e r e u s e a < a s t h e f i t t i n g 
p a r a m e t e r s and a l l o t h e r p a r a m e t e r s were h e l d c o n s t a n t . C o n s e 
q u e n t l y , t h e i n t r i n s i c c o n s t a n t s shown i n F i g u r e 14a r e p r e s e n t b e s t 
f i t p a r a m e t e r s a n d , g i v e n t h a t a l l o t h e r s u r f a c e and s o l u t i o n 
a s s o c i a t i o n c o n s t a n t s a r e i n v a r i a n t , c o n s t i t u t e a u n i q u e s o l u t i o n 
s e t f o r e a c h a d s o r p t i o n d e n s i t y . 

A t l ow s u r f a c e c o v e r a g e s ( h i g h SOftp) o n l y t h e S O - - C d O H + s u r f a c e 
s p e c i e s i s r e q u i r e d t o f i t t h e d a t a . F o r e x a m p l e , d e c r e a s i n g S 0 H T 

f r o m 7 . 4 χ 1 0 " 3 t o 2 . 9 χ 10~" 3M i n c r e a s e s t h e C d ( I I ) a d s o r p t i o n 
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-Log Total S i t e s 

F i g u r e 1 4 . T r i p l e - l a y e r m o d e l ( 1 ) r e s u l t s f o r C d ( I I ) a d s o r p t i o n 
o n t o α - a l u m i n a a t d i f f e r e n t s i t e / a d s o r b a t e r a t i o s . T o p , C d ( I I ) 
s u r f a c e r e a c t i o n b e s t f i t c o n s t a n t s ; m i d d l e , C d ( I I ) s u r f a c e 
s p e c i e s m o l e f r a c t i o n s ; a n d b o t t o m , s l o p e s o f f r a c t i o n a l 
a d s o r p t i o n e d g e s u s e d a s t h e c r i t e r i a o f f i t . 
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d e n s i t y b u t o n l y t h e S O - - C d O H + s u r | a c e s p e c i e s i s n e e d e d t o f i t t h e 
e x p e r i m e n t a l d a t a . F u r t h e r m o r e , ρ K ^ J Q ^ i s t h e same f o r b o t h 
a d s o r p t i o n d e n s i t i e s a t 1 1 . 8 . At l o w e r a l u m i n a c o n c e n t r a t i o n s and 
g r e a t e r v a l u e s o f Γ t h e S O — C d s p e c i e s must be i n c l u d e d f o r two 
r e a s o n s : 1) t o r e d u c e t h e o v e r a l l p r o t o n r e l e a s e ( t h e f o r m a t i o n o f 
t h e S O — C d s p e c i e s p r o d u c e s one p r o t o n compared t o 2 f o r t h e S O — 
CdOH s u r f a c e s p e c i e s ) , and 2) t o p r o d u c e t h e o b s e r v e d s h i f t i n t h e 
p H / m e t a l - f r a c t i o n a l a d s o r p t i o n edge w i t h c h a n g i n g S O H T / C d ( I I ) T 

r a t i o . 
T h e d i s t r i b u t i o n o f C d ( I I ) s u r f a c e s p e c i e s i s shown as a 

f u n c t i o n o f S O H T i n F i g u r e 14b . The m o l e f r a c t i o n o f C d ( I I ) s u r f a c e 
s p e c i e s i s d e f i n e d a s t h e r a t i o o f t h e c o n c e n t r a t i o n o f a C d ( I I ) 
s u r f a c e s p e c i e s r e l a t i v e t o t h e t o t a l C d ( I I ) on t h e s u r f a c e , e . g . , 
[ S O ~ C d O H * ] / [ E c d ( I I ) a d s o r b e d ] . 

To what e x t e n t i s t h e m a c r o s c o p i c p r o t o n r e l e a s e t h e d i r e c t 
e x p r e s s i o n o f t h e m e t a l / s u r f a c e s i t e r e a c t i o n s ? T a b l e V c o m p a r e s 
t h e m a c r o s c o p i c p r o t o n c o e f f i c i e n t s (Xp>% ) w i t h t h e c o e f f i c i e n t 
e x p e c t e d i f o n l y t h e C d ( I I
i s t h e p r o t o n c o e f f i c i e n
f r a c t i o n o f C d ( I I ) s u r f a c e s p e c i e s and t h e i r f o r m a t i o n r e a c t i o n s 
( F i g u r e 1 4 b ) . F o r e x a m p l e , when pSOH i s 2 . 8 4 , f > = 0 . 1 1 χ 1 + 
0 . 8 9 χ 2 = 1 . 8 9 . A t h i g h a l u m i n a c o n c e n t r a t i o n s {pSOH 2 . 1 4 - 2 . 5 3 ) 
t h e s i n g l e s u r f a c e r e a c t i o n r e q u i r e d t o f i t t h e d a t a s e t s a l i m i t i n g 
p r o t o n r e l e a s e o f 2 . 0 . 

T a b l e V . C o m p a r i s o n o f P r o t o n C o e f f i c i e n t s 

m o l e f r a c t i o n 
S O — C d S O — C d O H 

0 . 7 7 0 . 2 3 
0 . 4 9 0 . 5 1 
0 . 1 1 0 . 8 9 
0 . 0 0 1.00 
0 . 0 0 1 .00 

P S 0 H V f . 

3 . 5 3 1.23 
3 . 0 6 1.51 
2 . 8 4 1.89 
2 . 5 3 2 . 0 0 
2 . 1 4 2 . 0 0 

*P 

0 . 8 3 1.48 
0 . 9 7 1.48 
1.17 1.47 
1.15 1.46 
1.31 1.43 

I t i s c l e a r , f o r t h e C d ( I l V o t - A l ^ O ^ s y s t e m a t pH 7 , t h a t o t h e r 
r e a c t i o n s a r e n o t n e g l i g i b l e i n t h e i r c o n t r i b u t i o n t o t h e m a c r o 
s c o p i c p r o t o n c o e f f i c i e n t ; a t low s u r f a c e c o v e r a g e , when S 0 ~ - C d 0 H + 

i s t h e o n l y p o s t u l a t e d m e t a l - c o n t a i n i n g s u r f a c e s p e c i e s , t h e m a c r o 
s c o p i c p r o t o n c o e f f i c i e n t i s l e s s t h a n 2 . χ^ , h o w e v e r , doe s 
a p p r o a c h 2 . 0 a t l ow pH and h i g h Γ ( F i g u r e 7 ) . 

F u r t h e r m o r e , a l t h o u g h o t h e r e l e c t r o s t a t i c m o d e l s f o r t h e o x i d e / 
w a t e r i n t e r f a c e may y i e l d d i f f e r e n t r e l a t i o n s h i p s among p o s t u l a t e d 
s y s t e m c o m p o n e n t s , i t a p p e a r s u n l i k e l y t h a t e i t h e r y^ n o r χ^ a l o n e 
w i l l a d e q u a t e l y r e p r e s e n t t h e p o s t u l a t e d ' t r u e 1 a d s o r b a t e / p r o t o n 
e x c h a n g e r a t i o . 

E v a l u a t i o n s o f S u r f a c e - S i t e H e t e r o g e n e i t y . An i n t e r e s t i n g a s p e c t o f 
t h e s e m o d e l i n g r e s u l t s r e l a t e s t o t h e c o n c e p t o f s i t e h e t e r o g e n e i t y . 
When a l u m i n a s i t e c o n c e n t r a t i o n s were g r e a t e r t h a n 2 . 9 χ 10 M ( o r 
l o g Γ < - 3 . 2 ) a s i n g l e s u r f a c g c o m p l e x a t i o n r e a c t i o n was n e e d e d t o 
d e s c r i b e C d ( I I ) a d s o r p t i o n . K J - J H O H was c o n s t a n t and i n d e p e n d e n t o f 
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s u r f a c e c o v e r a g e . U n d e r t h e s e c o n d i t i o n s , C d ( I I ) a d s o r p t i o n ( i n 
t e r m s o f t h e s p e c i f i c s u b r e a c t i o n ) e x h i b i t s L a n g m u i r i a n b e h a v i o r . 
I n c o n t r a s t , a t t h e m a c r o s c o p i c l e v e l , χ^ and ( a n d and P) a r e 
n o t c o n s t a n t w i t h Γ, s u g g e s t i n g n o n - L a n g m u i r i a n b e h a v i o r . S u c h a 
c o n t r a d i c t i o n b e t w e e n t h e m a c r o s c o p i c d e s c r i p t i o n o f a d s o r p t i o n and 
m i c r o s c o p i c s u b - r e a c t i o n s a g a i n s u g g e s t s t h a t c o n c l u s i o n s a b o u t t h e 
e x i s t e n c e o r e x t e n t o f s u r f a c e - s i t e h e t e r o g e n e i t y , when b a s e d s o l e l y 
on m a c r o s c o p i c p a r t i t i o n i n g c o e f f i c i e n t s , may be o v e r e s t i m a t e d . 
A l t h o u g h i t i s r e a s o n a b l e t h a t m u l t i p l e s i t e t y p e s c o u l d e x i s t on 
o x i d e s u r f a c e s , t h e s p e c i f i c r e l a t i o n s h i p b e tween a m a c r o s c o p i c 
p a r t i t i o n i n g c o e f f i c i e n t and a d s o r p t i o n d e n s i t y may n o t be a n 
a c c u r a t e r e f l e c t i o n o f c h a n g i n g i n t e n s i t i e s f o r m e t a l / s u r f a c e 
r e a c t i o n s . I n s t e a d , v a r i a t i o n s i n m a c r o s c o p i c p a r t i t i o n i n g c o e f f i 
c i e n t s w i t h s u r f a c e c o v e r a g e may r e p r e s e n t c h a n g e s i n s u r f a c e 
s p e c i a t i o n a s w e l l a s c h a n g e s I n i n t e r a c t i o n i n t e n s i t y . 

Summary 

The c h e m i c a l c o m p l e x i t y
a d s o r p t i o n r e a c t i o n s be d e s c r i b e d u s i n g s e m i - e m p i r i c a l , m a c r o s c o p i c 
m o d e l s . A common a p p r o a c h i s t o d e s c r i b e t h e n e t t r a n s f e r o f an 
a d s o r b a t e f r o m t h e s o l u t i o n p h a s e t o t h e s o l i d / w a t e r i n t e r f a c e w i t h 
a s i n g l e s t o i c h i o m e t r i c e x p r e s s i o n . S u c h s t o i c h i o m e t r i e s i n c l u d e a 
g e n e r i c r e l a t i o n s h i p b e tween t h e a d s o r p t i o n o f a s o l u t e and t h e 
r e l e a s e o r c o n s u m p t i o n o f p r o t o n s . 

K u r b a t o v p l o t s (6_) h a v e o f t e n b e e n e m p l o y e d t o d e t e r m i n e t h e 
n e t m e t a l i o n / p r o t o n e x c h a n g e , χ, f r o m a d s o r p t i o n d a t a . A l t h o u g h 
K u r b a t o v c o n s t a n t s a r e c o n v e n i e n t c u r v e - f i t t i n g p a r a m e t e r s , t h e y a r e 
i n s e n s i t i v e t o t h e v a r i a t i o n o f χ w i t h pH and a d s o r p t i o n d e n s i t y and 
s h o u l d be d i s p e n s e d w i t h f o r u s e i n a d s o r b a t e p a r t i t i o n i n g c a l c u l a 
t i o n s , p a r t i c u l a r l y when h i g h a d s o r p t i o n d e n s i t i e s a r e e x p e c t e d ( 9 ) . 

I t i s p o s s i b l e t o f a c t o r o u t t h e m a c r o s c o p i c p H - and 
Γ - d e p e n d e n c e o f χ t h r o u g h i s o t h e r m a n a l y s i s ( J O , h o w e v e r , t h e v a l u e 
o f χ d e r i v e d f r o m s u c h a t e c h n i q u e w i l l s t i l l r e f l e c t t h e n e t c h a n g e 
i n Η f r o m a l l s u b r e a c t i o n s ( i n c l u d i n g s u r f a c e p r o t o l y t i c and e l e c 
t r o l y t e i o n / s u r f a c e i n t e r a c t i o n s ) , n o t j u s t t h e f o r m a t i o n o f m e t a l 
i o n / s u r f a c e s i t e c o m p l e x e s ( i . e . , y^ ^ compared t o χ ^ ) . I n s p i t e o f 
t h i s , p a r t i t i o n i n g c o e f f i c i e n t s d e t e r m i n e d f r o m i s o t h e r m a n a l y s i s 
may be u s e f u l f o r d e s c r i b i n g m e t a l b e h a v i o r i n n a t u r a l e n v i r o n m e n t s 
s i n c e much o f t h e v a r i a t i o n i n m e t a l a d s o r p t i o n w i t h pH and 
a d s o r b a t e / a d s o r b e n t r a t i o may be a c c o u n t e d f o r by v a r i a t i o n s i n t h e 
m a c r o s c o p i c p r o t o n c o e f f i c i e n t . T h i s i n c l u d e s a d s o r p t i o n b e h a v i o r 
w h i c h c a n n o t be p r e d i c t e d t h r o u g h t h e u s e o f d e t e r m i n i s t i c m o d e l s . 
F o r e x a m p l e , t h e a p p a r e n t e x i s t e n c e o f h e t e r o g e n e o u s s u r f a c e s i t e s , 
o r whe re t h e u s e o f e q u i l i b r i u m s p e c i a t i o n m o d e l s a r e u n w i e l d l y , 
s u c h as d e s c r i b i n g m e t a l a d s o r p t i o n o v e r a w i de r a n g e o f Hp/SOR^ . 

A l t h o u g h m a c r o s c o p i c p a r t i t i o n i n g c o e f f i c i e n t s w i l l p r o v i d e 
a c c u r a t e e m p i r i c a l d e s c r i p t i o n s o f t h e v a r i a t i o n i n a d s o r p t i o n 
i n t e n s i t y w i t h a d s o r p t i o n d e n s i t y , t h e y a r e u n l i k e l y t o y i e l d 
s u f f i c i e n t i n f o r m a t i o n a b o u t t h e o r i g i n and f u n d a m e n t a l p h y s i c a l / 
c h e m i c a l n a t u r e o f s u r f a c e h e t e r o g e n e i t y . F o r e x a m p l e , i n c e r t a i n 
i n s t a n c e s , what i s i n t e r p r e t e d f r o m a n a n a l y s i s o f Ρ o r Κ a s a r a n g e 
o f s u r f a c e - c o m p l e x a t i o n e n e r g i e s ( l o g Κ i s n o t c o n s t a n t , t h e r e f o r e 
^ G a d s v a r * e s ) m a y I n s t e a d be t h e c o n s e q u e n c e o f c h a n g i n g s u r f a c e 
s p e c i a t i o n . 
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APPENDIX I 

THE MATHEMATICAL DEVELOPMENT OF ISOTHERM ANALYSIS 

FOR THE MACROSCOPIC PROTON C O E F F I C I E N T , Xp 

T h i s method i s an a d a p t a t i o n o f t h e t h e r m o d y n a m i c a n a l y s i s o f l i n k e d 
f u n c t i o n s , t h e b i n d i n g o f m u l t i p l e l i g a n d s t o m a c r o m o l e c u l e s ( e . g . , 
Wyman, 19) and t h e b i n d i n g o f g a s e s t o h e m o g l o b i n . 

T h e G i b b s F r e e E n e r g y c h a n g e a c c o m p a n y i n g t h e t r a n s f e r o f d n B 

m o l e s o f Β f r o m a r e s e r v o i r i n w h i c h i t i s p r e s e n t i n i t s s t a n d a r d 
s t a t e t o t h e e q u i l i b r i u m m i x t u r e s i s 

dG = ( u b - u ° ) d n R ( A - 1 ) 

w h e r e μ ° i s t h e c h e m i c a l p o t e n t i a l o f Β i n i t s s t a n d a r d s t a t e . The 
G i b b s - D u h e m E q u a t i o n f o r s p e c i e s i n s o l u t i o n i s w r i t t e n as 

n B d u

n ^ and du r e f e r t o p r o t o n s i n s o l u t i o n and t h e s u m m a t i o n e x t e n d s t o 
a l l o t h e r s p e c i e s i n s o l u t i o n . 

T h e t o t a l d i f f e r e n t i a l o f t h e G i b b s F r e e E n e r g y o f Β i n 
s o l u t i o n ( n B u B ) i s 

d G B = η Λ + U B d n B ( A - 3 ) 

S u b s t i t u t i o n o f E q u a t i o n A - 2 i n t o E q u a t i o n A - 3 g i v e s 

d G B = M B d n B - n R d P H - (A -4 ) 

S i n c e d G f i i s an e x a c t d i f f e r e n t i a l 

T h e v a r i a b l e s i n E q u a t i o n A - 5 r e f e r t o t h e s o l u t i o n p h a s e . I f n R 

r e p r e s e n t s t h e m o l e s o f Β on t h e o x i d e s u r f a c e , t h e n 

d n _ - - d n \ - - d T ( A - 6 ) 
D D 

w h e r e Γ i s t h e m o l e s o f a d s o r b e d Β p e r mo l e o f a d s o r b e n t . E q u a t i o n 
A - 5 , e v a l u a t e d a t c o n s t a n t n ^ , c a n be r e w r i t t e n , a c c o r d i n g t o 
E q u a t i o n A - 6 , as 

3 μ ι ι 

T h e r i g h t - h a n d s i d e o f E q u a t i o n A - 7 i s t h e number o f m o l e s o f Η 
l o s t o r g a i n e d by t h e s o l u t i o n p e r mo l e o f Β a d s o r b e d . T h u s , i n 
t e r m s o f t h e g e n e r a l s t o i c h i o m e t r i c r e l a t i o n s h i p f o r c a t i o n 
a d s o r p t i o n 

S O H x + M = SO-M + χΗ 

o r a n i o n a d s o r p t i o n 
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SOH + An + χΗ = S O H ( 1 + ) ( ) - An 

t h e d e f i n i t i o n o f t h e i s o t h e r m ( n e t ) p r o t o n c o e f f i c i e n t becomes 

9n 

Xp • ίΐξ\ 
S i n c e dG = (RT l n ( a B ) ) d n B , t h e e f f e c t o f t h e H + a c t i v i t y on dG 

c a n be f o u n d by s u b s t i t u t i n g Τ f o r η β and t a k i n g t h e p a r t i a l 
d e r i v a t i v e o f dG w i t h r e s p e c t t o a t c o n s t a n t Γ. T h u s , 

a ^ r ï 31n(a ) 

^ r , T , P = - R T ( - à ^ ) r , T , p - ^ < A " » 

A l s o , f r o m E q u a t i o n A - 1 

S i n c e μ ° i s d e p e n d e n t o f μ„ 
Β Η 

( ^ r . T . P - - ^ r , T , P * r ( A - i i ) 

C o n s e q u e n t l y , a c o m b i n a t i o n o f E q u a t i o n s A - 7 , A - 9 , and A - l l y i e l d s 

3 1 n ( a f i ) 1 3 u H 

( " Τ ϊ ζ ^ Γ , Τ , Ρ "* R T ^ \ ( A " 1 2 ) 

S i n c e μ = μ ° - R T ( 2 . 3 0 3 ) ( p H ) , E q u a t i o n A - 1 2 c a n be r e w r i t t e n i n 
ter ras o r pH a s 

3 1 n ( a B ) 8 1 n ( V 9 μ Η 3 1 n ( a R ) 

U ( P H) ^ Τ , Ρ , Γ = t ~ § i r ^ Τ ^ Ϊ Ο ^ Τ , Ρ , Γ s " 2 - 3 0 3 R T H i T ^ Τ , Ρ , Γ 

H Ή ( A - 1 3 ) 

S u b s t i t u t i o n o f E q u a t i o n A - 1 3 i n t o E q u a t i o n A - 1 2 y i e l d s 

χ 3 1 n ( a B ) 3 n H 

2 ^ 0 3 U(pH) ^ Τ , Ρ , Γ " ^ ^ , Τ , Ρ ( A " 1 4 ) 

a n d 

Δ η Η A l o g 1 Q ( B ) 

X p " ^ P H , Τ , Ρ = ί Ί$Ά ^ Τ , Ρ , Γ ( A " 1 5 ) 

w h e r e t h e a c t i v i t y o f Β ( a R ) i s r e p l a c e d by t h e e q u i l i b r i u m m o l a r 
c o n c e n t r a t i o n . S i n c e E q u a t i o n A - 1 5 i s b a s e d u p o n t h e o v e r a l l s y s t e m 
b e h a v i o r , Xp i n c l u d e s c o n t r i b u t i o n s f r o m a l l r e a c t i o n s w h i c h r e s u l t 
i n a n e t c h a n g e i n t h e b u l k - s o l u t i o n H + a c t i v i t y . 
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S y m b o l s 

a a c t i v i t y 
An a n i o n i c a d s o r b a t e 
Β g e n e r i c a d s o r b a t e : a n i o n o r c a t i o n 
C c a p a c i t a n c e 
Cp p a r t i c l e c o n c e n t r a t i o n (g 

A G a d s G i b b s f r e e e n e r g y o f a d s o r p t i o n 

Κ g e n e r i c m e t a l i o n / s u r f a c e a s s o c i a t i o n c o e f f i c i e n t 
K n d i s t r i b u t i o n c o e f f i c i e n t (ml g " 1 ) 

* R i n t i n t r i n s i c s u r f a c e c o m p l e x a t i o n c o n s t a n t 
K K K u r b a t o v p a r t i t i o n i n g c o e f f i c i e n t 
K g r s o l u t i o n / s o l i d d i s t r i b u t i o n c o e f f i c i e n t (mo l ) 
M a g e n e r i c m e t a l e l e m e n t ; o r , a l l s p e c i e s o f e l e m e n t M 
m . f . mo l e f r a c t i o n 
Ρ m a c r o s c o p i c p a r t i t i o n i n

o f pH and a d s o r p t i o
ρΓ - logr 
Ρ* Ρ when Γ < Γ* 
SO u n o c c u p i e d s u r f a c e s i t e 
SOH s u r f a c e s i t e o c c u p i e d by a p r o t o n 
S O H T t o t a l s u r f a c e s i t e s 
SOM s u r f a c e s i t e o c c u p i e d by any s p e c i e s o f M 
Sq, t o t a l s u r f a c e s i t e c o n c e n t r a t i o n 
u c h e m i c a l p o t e n t i a l 
Γ a d s o r p t i o n d e n s i t y [ (moles M adsorbed/moles o f s u r f a c e s i t e s ) ] 
χ g e n e r i c m a c r o s c o p i c p r o t o n c o e f f i c i e n t 
Xp i s o t h e r m p r o t o n c o e f f i c i e n t - f ( p H , Γ) 
X K K u r b a t o v p r o t o n c o e f f i c i e n t 
[ ] c o n c e n t r a t i o n ( m o l I ) _^ 
{ } mass s o l u t e a d s o r b e d / m a s s a d s o r b e n t (mg g ) 

A c k n o w l e d g m e n t s 

The a u t h o r s g r a t e f u l l y a c k n o w l e d g e t h e f i n a n c i a l s u p p o r t g i v e n by 
t h e N a t i o n a l S c i e n c e F o u n d a t i o n ( g r a n t #CME 8 0 - 0 9 0 2 8 ) f o r t h e work 
done a t S t a n f o r d U n i v e r s i t y and t o t h e J o i n t I n s t i t u t e f o r t h e S t u d y 
o f t h e A t m o s p h e r e and Oceans ( J I S A O ) a t t h e U n i v e r s i t y o f W a s h i n g t o n 
f o r a d d i t i o n a l s u p p o r t g i v e n t o B . D . H . The c r i t i c a l r e v i e w s by J i m 
D a v i s , G e o r g e R e d d e n , P e t e r S a n t s c h i and t h r e e anonymous r e v i e w e r s 
were v e r y v a l u a b l e f o r c l a r i f i c a t i o n o f t h e m a n u s c r i p t . The a u t h o r s 
a l s o a c k n o w l e d g e M i k e P e r o n a f o r t h e d e r i v a t i o n g i v e n i n t h e 
A p p e n d i x . 
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Sorption of Hydrophobic Organic Compounds 
by Sediments 
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Thermodynamic and kinetic principles which govern the up
take of nonionic  hydrophobic organic chemicals by sedi
ments in aqueou
organic-rich sediment
the hydrophobic compound partitions into the organic 
matter associated with the sediments analogous to the 
partitioning in the octanol water system resulting in a 
linear free energy relationship between the two partition 
coefficients. The influence of dissolved organic matter 
can be accounted for by considering a binding isotherm 
between the hydrophobic solute and dissolved macromole-
cules. In the case of mixed cosolvents, partition coef
ficients can be correlated with predictions based on the 
solvophobic model. Adsorption at the mineral-water 
interface becomes important when the adsorbate contains 
polar functional groups and/or when the adsorbate con
tains quite small concentrations of organic matter. 
Sorption can require more than a month to reach equilib
rium for highly hydrophobic compounds, but can be ade
quately described by a radial diffusion model accompanied 
by the retarding influence of sorption. 

Hydrophobic contaminants, such as halogenated hydrocarbons and poly-
nuclear aromatic hydrocarbons are one of the most important classes 
of environmental pollutants. The hydrophobic!ty of these compounds 
is generally characterized by their physical properties, such as low 
aqueous solubility, high octanol/water partition coefficient, and 
high air/water partition coefficient (i.e., high Henry's constant). 
These properties vary over several orders of magnitude for the con
taminants encountered in the ecosphere. Research on the sorptive 
interactions between sediments and hydrophobic organic solutes in 
aqueous solution has focused primarily on determining the solute and 
sediment properties that govern the sorption process. Information 
on such processes is necessary for modeling the environmental fate 
of these pollutants. 
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P r e v i o u s r e s e a r c h ha s d e m o n s t r a t e d t h a t s o r p t i o n o f h y d r o p h o b i c 
compounds by s e d i m e n t s can be e s t i m a t e d f r o m ( 1 ) m o l e c u l a r p a r a m e t e r s 
i n d i c a t i n g t h e s o r b a t e ' s h y d r o p h o b i c i t y , s u c h as o c t a n o l / w a t e r 
p a r t i t i o n c o e f f i c i e n t ( K Q W ) , and ( 2 ) f r o m t h e mass f r a c t i o n o f t h e 
o r g a n i c c a r b o n ( f Q C ) i n t h e s o r b e n t . The c h e m i c a l p r i n c i p l e s o f 
h y d r o p h o b i c s o r p t i o n by s e d i m e n t s h a v e b e e n r e v i e w e d mos t r e c e n t l y 
by K a r i c k h o f f ( 1 ) . I n g e n e r a l , t h e e m p i r i c a l r e l a t i o n s h i p b e t w e e n 
s o r p t i o n , K Q W , a n d f Q C h a s b e e n d e v e l o p e d u s i n g o r g a n i c - r i c h s e d i 
ment s o r s o i l s , whe r ea s r e l a t i v e l y l i t t l e a t t e n t i o n ha s b e e n g i v e n 
t o l o w - o r g a n i c , s a n d y a q u i f e r m a t e r i a l s . T h e p u r p o s e o f t h i s p a p e r 
i s t o s u m m a r i z e t h e c o n c e p t s o f h y d r o p h o b i c s o r p t i o n and t o a d d r e s s 
t h e l i m i t a t i o n s i m p o s e d by t h e i n f l u e n c e o f d i s s o l v e d m a c r o m o l e c u l a r 
m a t e r i a l , s o r p t i o n k i n e t i c s , t h e n o n s i n g u l a r i t y i n t h e s o r p t i o n and 
d e s o r p t i o n i s o t h e r m s a n d t h e c o n d i t i o n s u n d e r w h i c h m i n e r a l s u r f a c e s 
i n f l u e n c e s o r p t i o n . 

A d s o r p t i o n M e c h a n i s m s 

The m e c h a n i s m s o f a d s o r p t i o
p h o b i c , p o l a r , and i o n i c s p e c i e s — o n t o s u r f a c e s h a v e b e e n s u m m a r i z e d 
p r e v i o u s l y ( 2 - 5 ) · A s s u m i n g t h a t t h e v a r i o u s a d s o r p t i v e m e c h a n i s m s 
a c t i n d e p e n d e n t l y , t h e f r e e e n e r g y o f a d s o r p t i o n ( A G a < j g ) c a n be 
e x p r e s s e d as t h e sum o f t h e i n d i v i d u a l c o n t r i b u t i o n s a s f o l l o w s ( 4 ) : 

û G ads = l û G i W 

where AG^ c o r r e s p o n d s t o t h e f r e e e n e r g y c o n t r i b u t i o n s o f t h e p o s 
s i b l e a d s o r p t i o n m e c h a n i s m s . T h e v a r i o u s m e c h a n i s m s by w h i c h a n 
o r g a n i c s o l u t e may a d s o r b i n c l u d e ( 1 ) i n t e r a c t i o n s b e t w e e n an o r 
g a n i c i o n a n d t h e e l e c t r i c a l d o u b l e l a y e r , ( 2 ) i o n e x c h a n g e , 
i n c l u d i n g p r o t o n a t i o n f o l l o w e d by i o n e x c h a n g e , ( 3 ) c o o r d i n a t i o n by 
s u r f a c e m e t a l c a t i o n s , ( 4 ) i o n - d i p o l e i n t e r a c t i o n s , ( 5 ) h y d r o g e n 
b o n d i n g , and (6 ) h y d r o p h o b i c i n t e r a c t i o n s (2^, 3 ) . The f i r s t and 
s e c o n d o f t h e s e m e c h a n i s m s a r e i m p o r t a n t o n l y f o r i o n i z a b l e c o m 
p o u n d s , w h i c h a r e n o t c o n s i d e r e d h e r e . C o o r d i n a t i o n by e x c h a n g e d 
a n d s t r u c t u r a l m e t a l c a t i o n s i s i m p o r t a n t when t h e o r g a n i c i s a good 
e l e c t r o n d o n o r ( L e w i s b a s e ) r e l a t i v e t o w a t e r , s u c h as a m i n e s ( 2 ) · 
S i m i l a r l y , t h e i o n - d i p o l e i n t e r a c t i o n s b e t w e e n t h e c h a r g e d s u r f a c e 
and t h e u n c h a r g e d a d s o r b a t e a r e a l s o e x p e c t e d t o be n e g l i g i b l e i n 
a q u e o u s s o l u t i o n . F i n a l l y , b e c a u s e t h e c a r b o n - h y d r o g e n and t h e 
c a r b o n - h a l o g e n bonds i n h a l o g e n a t e d h y d r o c a r b o n s a r e o n l y w e a k l y 
a c i d i c a n d b a s i c , r e s p e c t i v e l y ( 6 ) , h y d r o g e n b o n d i n g s h o u l d a c c o u n t 
f o r o n l y a s m a l l c o n t r i b u t i o n to~~the t o t a l a d s o r p t i o n f r e e e n e r g y . 
I n a d d i t i o n , t h e r e l a t i v e i n s i g n i f i c a n c e o f t h e h y d r o g e n bond 
b e t w e e n a c l a y s u r f a c e and an OH g r o u p o f an a d s o r b e d m o l e c u l e h a s 
b e e n d e m o n s t r a t e d by IR s p e c t r o s c o p y ( 2 ) . 

T h e a r g u m e n t s p r e s e n t e d a b o v e l e a d t o t h e c o n c l u s i o n t h a t t h e 
a d s o r p t i o n o f n o n i o n i c compounds s u c h a s h a l o g e n a t e d h y d r o c a r b o n s 
r e s u l t s p r i m a r i l y f r o m " h y d r o p h o b i c b o n d i n g " o r , p e r h a p s more a p p r o 
p r i a t e l y , t h e h y d r o p h o b i c i n t e r a c t i o n ( 7 ) . The t h e r m o d y n a m i c 
d r i v i n g f o r c e f o r h y d r o p h o b i c i n t e r a c t i o n s i s t h e i n c r e a s e i n 
e n t r o p y r e s u l t i n g f r o m t h e r e m o v a l , o r d e c r e a s e , i n t h e amount o f 
h y d r a t i o n w a t e r s u r r o u n d i n g a n o r g a n i c s o l u t e i n w a t e r . S t u d i e s 
h a v e shown t h a t t h e a d s o r p t i o n o f a l i p h a t i c a m i n e s o n t o c l a y s (8) 
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and s u r f a c t a n t s o n t o o x i d e s ( 9 ) i n c r e a s e d l i n e a r l y w i t h i n c r e a s i n g 
h y d r o c a r b o n c h a i n l e n g t h , w i t h e a c h a d d i t i o n a l m e t h y l e n e g r o u p 
c o n t r i b u t i n g a p p r o x i m a t e l y - 1 . 8 t o - 2 . 5 k J / m o l t o t h e t o t a l f r e e 
e n e r g y o f a d s o r p t i o n . T h e s e v a l u e s a r e s l i g h t l y l e s s n e g a t i v e t h a n 
the - 2 . 9 t o - 3 . 7 k J / m o l o b s e r v e d f o r t h e t r a n s f e r o f a m e t h y l e n e 
g r o u p i n a h y d r o c a r b o n c h a i n f r o m a n aqueous p h a s e t o a n o r g a n i c 
s o l v e n t ( 1 0 , 1 1 ) . The d e p e n d e n c e o f t h e a d s o r p t i o n i n t e n s i t y on t h e 
c h a i n l e n g t h i n d i c a t e s t h a t h y d r o p h o b i c i n t e r a c t i o n s a r e r e s p o n s i b l e 
f o r t h e i n c r e a s e d a d s o r p t i o n f o r t h e l o n g e r c h a i n l e n g t h s . 

I n c o n s i d e r i n g t h e s o r p t i o n o f n o n i o n i c s o l u t e s o n t o s e d i m e n t s , 
i t i s g e n e r a l l y f o u n d t h a t t h e s o r p t i o n i s o t h e r m f o r h y d r o p h o b i c 
o r g a n i c s o l u t e s a r e a p p r o x i m a t e l y l i n e a r o v e r a s u b s t a n t i a l c o n c e n 
t r a t i o n r ange and c a n be a d e q u a t e l y d e s c r i b e d by a c o n s t a n t d i s t r i 
b u t i o n c o e f f i c i e n t , (_1). t e n d s t o be v a r i a b l e o v e r s e v e r a l 
o r d e r s o f m a g n i t u d e f o r a g i v e n s o l u t e w i t h d i f f e r e n t s o l i d s , b u t i t 
g e n e r a l l y c o r r e l a t e s w i t h t h e o r g a n i c c a r b o n c o n t e n t o f t h e s e d i 
m e n t . By a t t r i b u t i n g a l l t h e s o r p t i o n t o t h e o r g a n i c m a t t e r , a n 
o r g a n i c c a r b o n p a r t i t i o

κ = -r- (2 ) 
OC I 

o c 

o c 

s o l u t e ( 1 2 ) . ~ o c 

p r o p e r t i e s o f t h e s o r b a t e , s u c h a s a q u e o u s s o l u b i l i t y ( S ) o r t h e 
o c t a n o l - w a t e r p a r t i t i o n c o e f f i c i e n t (K ), a g a i n s u g g e s t i n g t h a t 
h y d r o p h o b i c i n t e r a c t i o n p r e d o m i n a t e s . The c o r r e l a t i o n o f K Q C w i t h 
Κ ha s l e d t o t h e d e f i n i t i o n o f l i n e a r f r e e - e n e r g y r e l a t i o n s h i p s 
( L F E R ) o f t h e f o r m 

l o g K o c - a l o g K o w + b (3 ) 

o r , 

l o g K Q c = c l o g S + d (4 ) 

where a , b , c , a n d d a r e c o n s t a n t s r e s u l t i n g f r o m a r e g r e s s i o n a n a l 
y s i s . Κ i s most w i d e l y u s e d f o r c o r r e l a t i o n s w i t h Κ b e c a u s e o f 
t h e a v a i l a b i l i t y o f a n e x t e n s i v e d a t a b a s e a n d e s t i m a t i o n me thods 
(9_9 I I ) . O t h e r c o r r e l a t i o n s have b e e n p r o p o s e d , mos t n o t a b l y w i t h 
t h e aqueous s o l u b i l i t y , S , ( 1 4 - 1 6 ) . 

I n a d d i t i o n t o t h e d e p e n d e n c e o f s o r p t i o n on t h e o r g a n i c f r a c 
t i o n o f t h e s o r b e n t , a n d t h e K Q w o f t h e s o r b a t e , C h i o u e t a l . ( 13 ) 
c i t e t h e f o l l o w i n g o b s e r v a t i o n s a s s u p p o r t f o r t h e h y p o t h e s i s t h a t 
t h e s o r p t i v e m e c h a n i s m i s h y d r o p h o b i c p a r t i t i o n i n g i n t o t h e o r g a n i c 
( h u m i c ) f r a c t i o n o f t h e s e d i m e n t s : ( 1 ) t h e l i n e a r i t y o f t h e i s o 
t h e r m s as t h e c o n c e n t r a t i o n a p p r o a c h e s s o l u b i l i t y , ( 2 ) t h e s m a l l 
e f f e c t o f t e m p e r a t u r e on s o r p t i o n , and (3 ) t h e l a c k o f c o m p e t i t i o n 
b e tween s o r b a t e s f o r t h e s o r b e n t . T h e s e a r g u m e n t s a l s o i l l u s t r a t e 
t h e a p p l i c a b i l i t y o f t h e a p p r o a c h f o r m o d e l i n g s o r p t i o n on h y d r o 
p h o b i c c o m p o u n d s ; a n a p p r o a c h w h i c h h a s b een c r i t i c i z e d when u s e d i n 
t h e c o n t e x t o f a d s o r p t i o n o f t r a c e m e t a l s o n t o o x i d e s ( 1 7 ) . 
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P a r t i t i o n i n g T h e r m o d y n a m i c s 

The L F E R t h a t r e s u l t s when c o r r e l a t i n g p a r t i t i o n i n g i n t h e o c t a n o l -
w a t e r s y s t e m and t h e h u m i c s u b s t a n c e s - w a t e r s y s t e m i m p l i e s t h a t t h e 
t h e r m o d y n a m i c s o f t h e s e two s y s t e m s a r e r e l a t e d . H e n c e , much c a n be 
l e a r n e d a b o u t h u m i c s u b s t a n c e s - w a t e r p a r t i t i o n i n g by f i r s t c o n s i d e r 
i n g p a r t i t i o n i n g i n t h e s i m p l e r o c t a n o l - w a t e r s y s t e m . The t h e r m o 
d y n a m i c d e r i v a t i o n t h a t f o l l o w s i s b a s e d l a r g e l y o n t h e a p p r o a c h 
d e v e l o p e d by C h i o u and c o w o r k e r s ( 1 8 - 2 0 ) , M i l l e r e t a l . ( 2 1 ) , and o f 
K a r i c k h o f f ( 1 , 2 2 ) . I n t h e s u b s e q u e n t d i s c u s s i o n , we w i l l a d o p t t h e 
p u r e l i q u i d a s t h e s t a n d a r d s t a t e a n d , t h e r e f o r e , u s e t h e L e w i s -
R a n d a l l c o n v e n t i o n f o r a c t i v i t y c o e f f i c i e n t s , i . e . , γ = 1 i f t h e 
m o l e f r a c t i o n χ = 1. 

P a r t i t i o n i n g i n O c t a n o l - W a t e r S y s t e m s . A t e q u i l i b r i u m , t h e c h e m i c a l 
p o t e n t i a l o f a s o l u t e ( d e f i n e d a s \i± = u f + RT I n I s e q u a l i n 
t h e o c t a n o l a n d t h e w a t e r p h a s e . H e n c e , we may w r i t e 

'w w Ό o 

whe re γ * a n d γ * a r e t h e a c t i v i t y c o e f f i c i e n t s o f t h e solute i n Jhe 
a q u e o u s p h a s e a n d t h e o c t a n o l p h a s e , r e s p e c t i v e l y , a n d x ^ a n d x Q a r e 
t h e m o l e f r a c t i o n s o f t h e s o l u t e i n t h e w a t e r and t h e o c t a n o l 
p h a s e s , r e s p e c t i v e l y . T h e a s t e r i s k s d e n o t e t h a t t h e two p h a s e s a r e 
n o t p u r e b u t a r e s a t u r a t e d w i t h t h e o t h e r " i m m i s c i b l e " s o l v e n t . I n 
d i l u t e s o l u t i o n s , t h e m o l e f r a c t i o n s χ c a n be a p p r o x i m a t e d by χ = 
C * V s > where C i s t h e m o l a r c o n c e n t r a t i o n and V g i s t h e m o l a r v o l u m e 
o f t h e s o l v e n t . H e n c e we c a n w r i t e E q u a t i o n 5 i n t e r m s o f t h e m o l a r 
c o n c e n t r a t i o n s and o b t a i n a n e x p r e s s i o n f o r t h e o c t a n o l / w a t e r p a r t i 
t i o n c o e f f i c i e n t , K Q W = C Q / C W i n t e r m s o f t h e a c t i v i t y c o e f f i c i e n t 
and t h e m o l a r v o l u m e s o f o c t a n o l and w a t e r ( 1 9 ) : 

γ V 

ow * „ * 

whe re V w and V Q a r e t h e m o l a r v o l u m e s o f t h e w a t e r s a t u r a t e d w i t h 
o c t a n o l and t h e o c t a n o l s a t u r a t e d w i t h w a t e r , r e s p e c t i v e l y . T h e 
a s t e r i s k s i n E q u a t i o n 6 d e n o t e t h a t t h e p h a s e s a r e n o t p u r e b u t i n 
f a c t a r e s a t u r a t e d w i t h t h e o t h e r " i m m i s c i b l e " s o l v e n t . 

We may c o n s i d e r t h e a q u e o u s s o l u b i l i t y a s p a r t i t i o n i n g o f a 
compound b e t w e e n i t s p u r e s t a t e i n l i q u i d f o r m and t h e s a t u r a t e d 
a q u e o u s p h a s e . T h e n t h e p a r t i t i o n i n g c o e f f i c i e n t ( E q u a t i o n 6 ) may 
be w r i t t e n a s 

r Ύ w 'w 

whe re t h e a s t e r i s k s h a v e b e e n o m i t t e d s i n c e t h e c o s o l v e n t ( o c t a n o l ) 
i s a b s e n t and t h e o r g a n i c compound i s assumed t o be a p u r e l i q u i d 
( x = 1 ) , w h i c h i n t u r n i m p l i e s t h a t t h e o r g a n i c s o l u t e i s a t t h e 
s t a n d a r d s t a t e o r y Q = 1 ( 2 3 ) . 

A c o r r e c t i o n t o E q u a t i o n 7 i s r e q u i r e d f o r o r g a n i c s o l u t e s t h a t 
a r e s o l i d s a t t h e t e m p e r a t u r e and p r e s s u r e o f t h e p a r t i t i o n i n g 
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s y s t e m . T h i s c o r r e c t i o n i s r e q u i r e d , b e c a u s e t h e i n t e r m o l e c u l a r 
f o r c e s i n t h e c r y s t a l must be o v e r c o m e b e f o r e t h e c h e m i c a l e n t e r s 
s o l u t i o n . H o w e v e r , i t c a n c e l s o u t i n o c t a n o l / w a t e r s y s t e m s , s i n c e 
t h e c o r r e c t i o n a p p l i e s t o b o t h p h a s e s e q u a l l y ( 2 3 ) . One method t h a t 
a c c o u n t s f o r t h e c r y s t a l l i n e e n e r g y e f f e c t i s t o u s e a n e s t i m a t e o f 
t h e s o l u b i l i t y o f t h e s u p e r c o o l e d l i q u i d g i v e n by ( 2 4 ) : 

bSç τ - Τ 

whe re S* and S g a r e t h e m o l a r s o l u b i l i t i e s o f s u p e r c o o l e d l i q u i d a n d 
t h e s o l i d , r e s p e c t i v e l y , A S f i s t h e e n t r o p y o f f u s i o n , T m and Τ a r e 
t h e m e l t i n g t e m p e r a t u r e a n d t h e t e m p e r a t u r e o f i n t e r e s t , a n d R i s 
t h e gas c o n s t a n t . S i n c e t h e e n t r o p y o f f u s i o n i s p o s i t i v e f o r n o n -
i o n i c o r g a n i c compounds ( 2 4 ) , t h e s o l u b i l i t y o f t h e s u p e r c o o l e d 
l i q u i d i s l a r g e r t h a n t h e s o l u b i l i t y o f t h e s o l i d a s shown by E q u a 
t i o n 8 . The s u b s e q u e n t d i s c u s s i o n a s sumes t h a t t h e s o l u b i l i t y o f a 
s o l i d o r g a n i c s o l u t e i s e x p r e s s e
c o o l e d l i q u i d . 

S i n c e t h e s o l u b i l i t y o f o c t a n o l i n w a t e r i s o n l y 0 . 0 0 4 5 M ( 9 ) , 
t h e m o l a r v o l u m e o f t h e a q u e o u s p h a s e s a t u r a t e d w i t h p u r e o c t a n o l 
c a n be a p p r o x i m a t e d by t h e m o l a r vo l ume o f p u r e w a t e r (V = V w ) . 
W i t h t h i s a p p r o x i m a t i o n , E q u a t i o n s 6 and 7 g i v e 

* 
1 Ύ 

κ _ * — * r <9> 

w h i c h c a n be r e w r i t t e n a s 

ow * * 
SV γ γ 

o ' w ' o 

* 
l o g K Q w = - l o g SV* + l o g - l o g γ * ( 10 ) 

^w 

I f a n i d e a l s o l u t i o n i s f o r m e d i n t h e o c t a n o l p h a s e , and t h e s o l u t e 
i n t h e a q u e o u s pha se i s n o t a f f e c t e d by t h e d i s s o l v e d o c t a n o l , t h e n 
t h e l a s t two f a c t o r s i n E q u a t i o n 10 e q u a l z e r o . U n d e r t h e s e a s s u m p 
t i o n s , an i d e a l o c t a n o l / w a t e r p a r t i t i o n c o e f f i c i e n t (K® ) c a n be 
d e f i n e d by ( 1 9 ) : 

l o g K ^ w - - l o g S - l o g V * ( 11 ) 

E q u a t i o n 11 i m p l i e s t h a t u n d e r t h e s e i d e a l i z e d c o n d i t i o n s a l o g - l o g 
p l o t o f S v e r s u s Κ w i l l h a j e a s l o p e o | - 1 and an i n t e r c e p t o f 
- l o g V Q ( 1 9 ) . T h e f a c t o r s Y W / Y w and 1 / γ 0 c a n be v i e w e d a s c o r r e c 
t i o n s f o r t h e a c t i v i t y c h a n g e i n t h e a q u e o u s p h a s e c a u s e d by t h e 
o c t a n o l d i s s o l v e d i n t h e w a t e r , and f o r n o n i d e a l i t y i n t h e o c t a n o l 
c a u s e d by t h e i n c o m p a t i b i l i t y o f t h e s o l u t e w i t h w a t e r - s a t u r a t e d 
o c t a n o l , r e s p e c t i v e l y . 

N o n i d e a l i t i e s i n W a t e r - S a t u r a t e d O c t a n o l . C h i o u e t a l . ( 1 9 ) , T e w a r i 
e t a l . ( 25 ) a n d B a n e r j e e e t a l . ( 26 ) p r e s e n t e d s o l u b i l i t y d a t a a n d 
o c t a n o l / w a t e r p a r t i t i o n c o e f f i c i e n t s f o r 125 o r g a n i c s o l u t e s . 
F i g u r e 1 shows d a t a f r o m t h e s e t h r e e s o u r c e s , t h e l e a s t - s q u a r e s 
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r e g r e s s i o n l i n e f o r a l l o f t h e d a t a , and t h e i d e a l l i n e as d e f i n e d 
by C h i o u e t a l . ( 1 9 ) . The r e g r e s s i o n l i n e h a s a s l o p e o f - 0 . 8 6 0 and 
d i f f e r s f r o m t h e i d e a l s l o p e o f - 1 a t t h e 99 .5% s i g n i f i c a n c e l e v e l . 
T h e s e ^ d e v i a t i o n s a r e c a u s e d by e i t h e r ( 1 ) a l i n e a r i n c r e a s e i n 
l ° g Ύ 0 w i t h d e c r e a s i n g l o g S , (2 ) a l i n e a r d e c r e a s e i n l o g Y w / Y w 

w i t h i n c r e a s i n g l o g S , o r ( 3 ) a c o m b i n a t i o n o f b o t h . C h i o u e t a l . 
( 1 9 ) r e p o r t e d t h a t b o t h f a c t o r s were s i g n i f i c a n t : t h e s o l u b i l i t y o f 
t h e h y d r o p h o b i c compounds h e x a c h l o r o b e n z e n e ( l o g K Q W = 5 . 5 0 ) and DDT 
( l o g K Q W = 6 . 3 6 ) were e n h a n c e d by d i s s o l v e d o c t a n o l t o t h e e x t e n t o f 
80% and 160%, r e s p e c t i v e l y , s u c h t h a t l o g ( Y w / y w ) a c c o u n t e d f o r 
a p p r o x i m a t e l y o n e - t h i r d o f t h e d e v i a t i o n f r o m t h e i d e a l l i n e . I n 
c o n t r a s t , M i l l e r e t a l . ( 21 ) o b s e r v e d t h a t y w and y w were i n d i s 
t i n g u i s h a b l e f o r compounds w i t h l o g K Q W up t o 5 . 8 . C a l c u l a t i o n s 
b a s e d o n t h e s o l v o p h o b i c m o d e l ( 2 7 ) , d i s c u s s e d b e l o w , s u g g e s t a 
n e g l i g i b l e e f f e c t o f d i s s o l v e d o c F a n o l on t h e s o l u b i l i t y o f p y r e n e 
i n w a t e r ( l o g K Q W = 5 . 1 8 ) . T h e r e f o r e , i t a p p e a r s t h a t t h e v a r i a t i o n 
i n l o g γ a c c o u n t s f o r t h
l i n e . 

I f a l l o f t h e d e v i a t i o n s b e tween t h e i d e a l l i n e ( E q u a t i o n 11) 
a n d t h e o b s e r v e d d a t a a r e a t t r i b u t e d t o l o g γ 0 , t h e e m p i r i c a l c o r 
r e l a t i o n b e tween l o g S and l o g K Q W ( F i g u r e 1) c a n be c o m b i n e d w i t h 
E q u a t i o n 9 t o g i v e : 

l o g γ * = 0 . 1 6 l o g K Q W + 0 . 0 8 ( 12 ) 

E q u a t i o n 12 shows t h a t γ * i n c r e a s e s by a f a c t o r o f o n l y 7 a s K Q W 

i n c r e a s e s by 10 . 
T h e most i m p o r t a n t f a c t o r i n d e t e r m i n i n g K Q W i s t h e a q u e o u s -

p h a s e a c t i v i t y c o e f f i c i e n t ( a q u e o u s s o l u b i l i t y ) o f t h e o r g a n i c s o l 
u t e . The o b s e r v e d p a r t i t i o n c o e f f i c i e n t s a r e l e s s t h a n t h e i d e a l 
p a r t i t i o n c o e f f i c i e n t s ( K ® w ) a s r e s u l t f r o m 1) t h e i n c o m p a t i b i l i t y 
o f t h e s o l u t e i n w a t e r - s a t u r a t e d o c t a n o l a n d , t o a l e s s e r d e g r e e , 
2) t h e d e p r e s s i o n o f t h e a q u e o u s - p h a s e a c t i v i t y c o e f f i c i e n t by 
o c t a n o l . The v a l u e s o f l o g γ 0 and l o g Y w / ï w i n c r e a s e l i n e a r l y w i t h 
d e c r e a s i n g l o g S . 

P a r t i t i o n i n g i n N a t u r a l O r g a n i c M a t t e r - W a t e r S y s t e m s . F o r K Q C we 
may w r i t e , by a n a l o g y t o E q u a t i o n 6 , 

γ , V M o c 
O c / w oc 

* 
where T w / o c i s t h e a c t i v i t y c o e f f i c i e n t o f t h e s o l u t e i n w a t e r s a t u 
r a t e d w i t h d i s s o l v e d o r g a n i c c a r b o n d e r i v e d f r o m h u m i c s u b s t a n c e s 
and Y o c / w I s t h e a c t i v i t y c o e f f i c i e n t i n h u m i c s u b s t a n c e s s a t u r a t e d 
w i t h w a t e r . T h i s a n a l o g y i s j u s t i f i a b l e s i n c e s o r p t i o n t o o r g a n i c 
m a t t e r p r o c e e d s by a p r o c e s s s i m i l a r t o h y d r o p h o b i c l i q u i d - l i q u i d 
p a r t i t i o n i n g (1_, 1 3 , 1 5 , 2 0 ) . The d e n s i t y o f t h e o r g a n i c c a r b o n 
p h a s e i s i n c l u d e d i n E q u a t i o n 12 so t h a t K Q C i s e x p r e s s e d i n t h e 
c o n v e n t i o n a l u n i t s o f c m 3 / g . m u l t i p l y i n g t h e n u m e r a t o r and 
d e n o m i n a t o r o f E q u a t i o n 13 by V

0 Y W Y 0 » s u b s t i t u t i n g K Q W a s d e f i n e d i n 
E q u a t i o n 6 , and a s s u m i n g y w = y w a s b e f o r e , i t c a n be shown t h a t 
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*oc = V o w (S-)C^) d*) 
γ / γ 
'oc/w 'w 

& it ic 

The q u o t i e n t V
0 / V

O C P O C h a s b e e n s u b s t i t u t e d by C -p s i n c e t h i s 
q u a n t i t y s h o u l d be c o n s t a n t f o r a g i v e n s o r b e n t . E q u a t i o n 14 i l l u s 
t r a t e s t h a t K Q C i s p r o p o r t i o n a l t o K Q W b u t i s m o d i f i e d by two t e r m s , 
( Y 0 / Y o c / w ) and ( T W / O C / Y w ) » w h i c h a c c o u n t f o r t h e d i f f e r e n c e s i n 
a c t i v i t y c o e f f i c i e n t s i n t h e a q u e o u s and o r g a n i c p h a s e s , r e s p e c 
t i v e l y . I n t h e f o l l o w i n g d i s c u s s i o n , we examine t h e f a c t o r s t h a t 
i n f l u e n c e t h e a c t i v i t y c o e f f i c i e n t s i n t h e o r g a n i c p h a s e s ( γ 0 / Y O C / W ) 

and t h e a c t i v i t y c o e f f i c i e n t s i n t h e aqueous pha se ( ï w / 0 c ^ w ) * 
S o r p t i o n d a t a f r o m s e v e r a l d i f f e r e n t s t u d i e s a r e c o r r e l a t e d 

w i t h K Q W i n F i g u r e 2 . The d a t a p r e s e n t e d i n c l u d e h a l o g e n a t e d a l i -
p h a t i c s and a r o m a t i c s , a l k y l - s u b s t i t u t e d a r o m a t i c s , and p o l y n u c l e a r 
a r o m a t i c h y d r o c a r b o n s . By s e l e c t i n g d a t a f o r t h e s e c l a s s e s o f 
c ompounds , we h a v e m i n i m i z e
h y d r o g e n b o n d i n g , s t r o n
T h e r e f o r e t h e c o r r e l a t i o n i n d i c a t e d i n F i g u r e 2 r e p r e s e n t s h y d r o 
p h o b i c p a r t i t i o n i n g i n t o t h e o r g a n i c m a t t e r and w a t e r . I n v i e w o f 
E q u a t i o n 1 4 , t h e o b s e r v e d s l o p e o f l e s s t h a n u n i t y must a r i s e f r o m a 
n e g a t i v e l i n e a r d e p e n d e n c e o f 1 ° § ( Y * / Y * C / W ) ( Y * / O C / Y W ) o n 1 ° 8 K

0 w * 
I n t h e s u b s e q u e n t d i s c u s s i o n , we examine t h i s d e p e n d e n c e , w h i c h 
d e f i n e s t h e c o e f f i c i e n t a o f E q u a t i o n 3 . 

N o n i d e a l i t i e s i n Humic P o l y m e r s 

O r g a n i c - P h a s e N o n d e a l i t i e s . To a s s e s s t h e i m p a c t o f n o n i d e a l i t y i n 
t h e o r g a n i c m a t t e r , we assume f o r i l l u s t r a t i v e p u r p o s e s t h a t 
Y w / o c / ï w e q u a l s u n i t y . C o n s e q u e n t l y , E q u a t i o n 14 s i m p l i f i e s t o 

Ύ* 
K o c - c i K o w - r ^ - < 1 5 > 

oc/w 

•k 
S u b s t i t u t i n g t h e p r e v i o u s l y d e r i v e d e x p r e s s i o n f o r y Q ( E q u a t i o n 12 ) 
g i v e s 

K O C = S K O ; 1 6 τ 1 - < i 6 ) 

Y o c / w 

where C2 e q u a l s C^ χ 1 0 ° * 0 ^ . T h i s s u b s t i t u t i o n y i e l d s an e x p r e s s i o n 
o f K Q C a s a f u n c t i o n o f t h e m o l e c u l a r p r o p e r t y K Q W and t h e a c t i v i t y 
c o e f f i c i e n t o f t h e s o l u t e i n t h e w a t e r - s a t u r a t e d o r g a n i c m a t t e r . 
E q u i v a l e n t l y , K Q C c o u l d be e x p r e s s e d as a f u n c t i o n o f t h e s o l u b i l i t y 
o f t h e s o l u t e i n w a t e r by s u b s t i t u t i n g K Q W w i t h 1 / S 0 , 8 4 ( s e e F i g 
u r e 1 ) . 

I n l o g a r i t h m i c f o r m , E q u a t i o n 16 r e a r r a n g e s t o 

l o g K Q C = 1 . 1 6 l o g K O M + l o g C 2 - l o g Y * c / w ( 17 ) 

Tg a c c o u n t f o r t h e e x p e r i m e n t a l l y o b s e r v e d s l o p e o f 0 . 9 2 ( F i g u r e 2 ) , 
Y o c / w must be p o s i t i v e l y c o r r e l a t e d w i t h K Q W i f C 2 i s a c o n s t a n t ; 
o t h e r w i s e t h e s l o p e o f t h e c o r r e l a t i o n w o u l d e q u a l 1 . 1 6 . 
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CD 
Ο 

I 

Log S 

F i g u r e 1. The r e l a t i o n s h i p b e t w e e n t h e a q u e o u s s o l u b i l i t y and 
o c t a n o l - w a t e r p a r t i t i o n c o e f f i c i e n t f o r n o n p o l a r o r g a n i c s o l u t e s . 

7.0 

Log Kow 

F i g u r e 2 . The c o r r e l a t i o n b e tween t h e o r g a n i c c a r b o n p a r t i t i o n 
c o e f f i c i e n t and t h e o c t a n o l w a t e r p a r t i t i o n c o e f f i c i e n t . 
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I t i s w e l l known i n p o l y m e r s c i e n c e t h a t a s m a l l amount o f 
o r g a n i c s o l v e n t d i s s o l v e d i n a p o l y m e r r e s u l t s i n l a r g e n e g a t i v e 
d e v i a t i o n s f r o m R a o u l t ' s l aw b e c a u s e o f t h e l a r g e e n t r o p i e e f f e c t s 
w i t h o u t t h e a s s o c i a t e d e n t h a l p i c e f f e c t s ( 2 8 ) . T h i s i s a c o n s e 
q u e n c e o f t h e m i x i n g o f m o l e c u l e s o f g r e a t l y d i f f e r e n t s i z e s ( 2 9 ) · 
T h e r e f o r e , i t i s u n r e a s o n a b l e t o assume a n a c t i v i t y c o e f f i c i e n t 
e q u a l t o one i n t h e o r g a n i c p h a s e . C h i o u e t a l . ( 20 ) h a v e t r e a t e d 
t h e h u m i c m a t e r i a l a s a n o n - s w e l l i n g amorphous p o l y m e r a n d u s e d t h e 
F l o r y - H u g g i n s t h e o r y t o e s t i m a t e t h e a c t i v i t y ( χ *γ *> ) o f a s o l u t e 
p a r t i t i o n e d i n t o t h e h u m i c m a t t e r f r o m ( 2 8 , 30) 

I n χ * γ * = I n φ + φ ρ ( ΐ - + χφ* ( 18 ) 

v p 

where φ a n d φ ρ a r e the_ v o l u m e f r a c t i o n s o f t h e s o l u t e a n d h u m i c 
p h a s e , r e s p e c t i v e l y , V a n d V p a r e t h e m o l a r v o l u m e o f t h e s o l u t e and 
a n e s t i m a t e d a v e r a g e m o l a
t i v e l y . The F l o r y - H u g g i n
t h e i n t e r a c t i o n e n e r g y b e t w e e n a s o l u t e m o l e c u l e a n d t h e p o l y m e r . 

W i t h t h e a s s u m p t i o n o f a d i l u t e s o l u t i o n i n t h e h u m i c p h a s e 

( i . e . , ψ ρ s 1, V « V p , a n d φ * n i v / n 2 V p > E ( l u a t l ° n 1 8 s i m p l i f i e s t o 

I n Y * c / w = l n ( V / V p ) ) + χ + 1 ( 19 ) 

* ic 

E q u a t i o n 19 i l l u s t r a t e s t h a t I n Y o c y w ( o r l o g ï o c / w ) w i l l be l e s s 
t h a n z e r o f o r V « V p and s m a l l χ . U n d e r t h e s e c o n d i t i o n s , t h e 
l a r g e d i s p a r i t y i n m o l e c u l a r s i z e f a v o r s p a r t i t i o n i n g t o _the h u m i c 
m a t e r i a l r e l a t i v e t o o r g a n i c s o l v e n t p h a s e s w i t h s m a l l e r V . 

T h e F l o r y - H u g g i n s i n t e r a c t i o n p a r a m e t e r , χ , i s t h e sum o f 
e n t h a l p i c ( χ Η ) a n d e n t r o p i e ( χ § ) c o n t r i b u t i o n s t o t h e p o l y m e r - s o l u t e 
i n t e r a c t i o n s ( 2 8 ) . χ δ i s a n e m p i r i c a l c o n s t a n t r e l a t e d t o t h e c o o r 
d i n a t i o n o f t h e p o l y m e r s u b u n i t s ( 2 9 ) . C h i o u e t a l . ( 20 ) h a v e 
s e l e c t e d a v a l u e o f 0 . 2 5 f o r χ 5 o f h u m i c m a t t e r . F r o m r e g u l a r s o l u 
t i o n t h e o r y , χ Η i s g i v e n by 

x H = Β " <« " V 2 ( 2 0 ) 

where 6 a n d θ ρ a r e t h e s o l u b i l i t y p a r a m e t e r s o f t h e s o l u t e a n d h u m i c 
m a t e r i a l , r e s p e c t i v e l y ( 2 9 ) . 

F o r a c o n s t a n t V p a n d χ 8 , E q u a t i o n s 1 7 , 1 9 , and 20 c a n be c o m 
b i n e d t o g i v e 

l o g K Q C = 1 .16 l o g ^ - l o g V - J j - ( δ - δ ρ ) 2 + C 3 ( 2 1 ) 

T h i s e q u a t i o n i l l u s t r a t e s t h a t K Q C d e p e n d s o n t h e s o l u t e p a r a m e t e r s 
K Q W , V , and 6 . S i n c e m o l a r v o l u m e and l o g K Q W a r e p o s i t i v e l y c o r r e 
l a t e d ( l o g K Q W = 0 . 4 9 + 0 . 0 2 0 V ; 21), K Q C c o u l d be e x p r e s s e d a s a 
f u n c t i o n o f t h e s o l u t e p a r a m e t e r s and 6, and p o l y m e r p a r a m e t e r δ ρ · 

T a b l e I p r e s e n t s a n e v a l u a t i o n _ o f E q u a t i o n 21 b a s e d o n p r e v i 
o u s l y r e p o r t e d v a l u e s f o r l o g K Q W > V , and δ . T h e c o n s t a n t C3 was 
c a l c u l a t e d f r o m t h e l o g K Q C o f b e n z e n e e s t i m a t e d f r o m F i g u r e 2 . 
E s t i m a t e s o f l o g K Q C f o r t h e r e m a i n i n g compounds i n T a b l e I a r e p r e 
s e n t e d f o r δ ρ e q u a l t o 1 0 . 3 and 1 1 . 5 . T h e v a l u e o f 1 0 . 3 c o r r e s p o n d s 
t o the δ ρ i m p l i e d f r o m s o l v e n t e x t r a c t i o n s t u d i e s ( 3 1 ) . I n t h i s c a s e , 
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T a b l e I . K Q C E s t i m a t e d f r o m K Q W , V , δ , and δ ρ 

Compound l o g 
K o w 

j l 3 

^mo l ) V^r)1 / 2" 
cm δ Ρ 

l o g K O C 

- i o . 3 δ ρ - n . : 

b e n z e n e 2 . 13 8 8 . 7 9 . 2 1 . 51 1 .51 
t r i c h l o r o e t h y l e n e 2 . 53 8 9 . 0 9 . 2 1 .96 1.96 
t o l u e n e 2 . 65 1 0 6 . 3 8 . 9 1 . 83 1 .55 
c h l o r o b e n z e n e 2 . 98 1 1 6 . 9 9 . 5 2 .42 2 . 3 6 
e t h y l b e n z e n e 3 . 13 1 2 2 . 5 8 . 8 2 . 19 1 .71 
m - x y l e n e 3 . 20 1 2 3 . 2 8 . 8 2 .27 1.78 
n a p h t h a l e n e 3 . 33 1 4 8 . 0 9 . 9 2 . 84 2 . 8 5 
1 , 2 - d i c h l o r o b e n z e n e 3 . 38 1 3 7 . 8 1 0 . 0 2 .92 3 . 0 4 
p r o p y l b e n z e n e 3 . 69 1 3 9 . 4 8 . 6 2 . 54 1 .77 
p h e n a n t h r e n e 4 . 54 1 9 7 . 0 9 . 9 4 . 0 5 3 . 8 4 
a n t h r a c e n e 4 . 57 1 9 9 . 0 9 . 8 4 . 05 3 . 7 4 

i n t e r c e p t - 0 . 82 - 0 . 6 0 
R 2 0 .92 0 . 7 0 

5 

* R e f . 2 1 . + R e f . 3 2 . 

t h e e s t i m a t e d l o g K Q C v a l u e s do c o r r e l a t e w e l l w i t h l o g K Q W . The 
s l o p e o f t h e c o r r e l a t i o n ( 1 . 0 4 ) i s l e s s t h a n 1 .16 a n d c l o s e r t o 
o b s e r v e d d a t a . A c l o s e m a t c h o f t h e e x p e r i m e n t a l and e s t i m a t e d 
s l o p e i s o b t a i n e d w i t h δ ρ = 1 1 . 5 . I f δ ρ = 1 1 . 5 , w h i c h i s a p p r o x i 
m a t e l y e q u a l t o t h e a v e r a g e o f p r e v i o u s l y s u g g e s t e d v a l u e s ( 2 0 , 3 1 ) , 
t h e n t h e s l o p e f r o m t h e e s t i m a t e d l o g K Q C v a l u e s i s n e a r l y i d e n t i c a l 
t o t h a t p r e s e n t e d i n F i g u r e 2 . H o w e v e r , t h e c o r r e l a t i o n c o e f f i c i e n t 
d e c r e a s e d m a r k e d l y t o 0 . 7 0 . T h i s d e c r e a s e i n r 2 may be due t o t h e 
l i m i t e d a p p l i c a b i l i t y o f t h e F l o r y - H u g g i n s t h e o r y t o h y d r o p h o b i c 
p a r t i t i o n i n g i n t o s e d i m e n t o r g a n i c m a t t e r , w h i c h may n o t e x h i b i t 
i d e a l p o l y m e r p r o p e r t i e s , as a s sumed by F l o r y - H u g g i n s . A l t h o u g h 
more c o m p l e x t h e r m o d y n a m i c m o d e l s h a v e b e e n p r o p o s e d ( 3 0 ) , t h e i r u s e 
i s u n w a r r a n t e d a t t h i s t i m e g i v e n t h a t s o l u b i l i t y p a r a m e t e r s f o r t h e 
h u m i c m a t e r i a l a r e n o t w e l l known and t h a t numerous a s s u m p t i o n s we re 
r e q u i r e d i n d e r i v i n g E q u a t i o n 2 1 . N e v e r t h e l e s s , t h e c a l c u l a t i o n s 
b a s e d o n t h e F l o r y - H u g g i n s t h e o r y a r e e n c o u r a g i n g i n t h a t t h e t r e n d s 
p r e d i c t e d i n t e r m s o f t h e L F E R s l o p e do a g r e e w i t h o b s e r v e d d a t a . 

A q u e o u s - P h a s e N o n i d e a l l t l e s 

The E f f e c t o f D i s s o l v e d Humic M a t e r i a l . S e v e r a l i n v e s t i g a t o r s h a v e 
r e p o r t e d t h a t t h e s o l u b i l i t i e s o f s t r o n g l y h y d r o p h o b i c s o l u t e s 
i n c r e a s e i n t h e p r e s e n c e o f d i s s o l v e d o r g a n i c m a t t e r (DOC) ( 3 3 - 3 8 ) . 
T h i s s o l u b i l i z a t i o n phenomenon i s most l i k e l y a c o n s e q u e n c e o f t h e 
s o l u t e b i n d i n g t o d i s s o l v e d m a c r o m o l e c u l e s ( 3 9 ) . S u c h b i n d i n g may 
a l t e r r a t e s o f p h o t o l y s i s , h y d r o l y s i s , v o l a t i l i z a t i o n , o r b i o d é g r a 
d a t i o n , a l l o f w h i c h c a n a f f e c t t h e e n v i r o n m e n t a l f a t e o f t r a c e 
o r g a n i c s o l u t e s ( 4 0 ) . I n t h e c o n t e x t o f t h i s w o r k , t h e mos t i m p o r 
t a n t e f f e c t o f b i n d i n g i s a l o w e r i n g o f t h e t h e r m o d y n a m i c a c t i v i t y 
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o f t h e s o l u t e when compa red w i t h t h e a c t i v i t y i n t h e a b s e n c e o f t h e 
m a c r o m o l e c u l e ( 3 9 ) » By a n a l o g y t o E q u a t i o n 7 , we may e x p r e s s S^., 
t h e t o t a l s o l u b i l i t y o f a s o l u t e i n t h e p r e s e n c e o f d i s s o l v e d h u m i c 
m a t e r i a l , as 

S 1 ( 22 ) 
Τ V γ , 

w 'w/oc 
where Y w / o c I s t h e a c t i v i t y c o e f f i c i e n t o f t h e s o l u t e i n w a t e r i n 
t h e p r e s e n c e o f h u m i c s . I t i s t h e r e f o r e c l e a r t h a t t h e r e p o r t e d 
s o l u b i l i z a t i o n phenomenon i s d i r e c t l y r e l a t e d t o c h a n g e s i n Y w / o c » 

C h i o u e t a l . ( 41 ) p r o p o s e d t h a t a l i n e a r e q u i l i b r i u m m o d e l may 
be u s e d t o d e s c r i b e t h e e f f e c t o f DOC on t h e s o l u b i l i t y o f a n 
o r g a n i c s o l u t e . The m o d e l r e g a r d s a h y d r o p h o b i c s o l u t e i n s o l u t i o n 
a s b e i n g e i t h e r " f r e e " o r t r u l y d i s s o l v e d , on t h e one h a n d , o r 
" b o u n d " o r c o m p l e x e d w i t h t h e h u m i c m a t e r i a l on t h e o t h e r h a n d . The 
m o d e l r e l a t e s t h e f r e e and D O C - b o u n d c o n c e n t r a t i o n s , C w and C ^ 
r e s p e c t i v e l y , by a s i m p l e p a r t i t i o n i n g e q u i l i b r i u m c o n s t a n t 

where C d o c i s t h e c o n c e n t r a t i o n o f t h e DOC and K d o c i s t h e D O C - w a t e r 
d i s t r i b u t i o n c o e f f i c i e n t ( 4 1 , 4 2 ) . T h e t o t a l m e a s u r e d c o n c e n t r a t i o n 
C T o f o r g a n i c s o l u t e i n s o l u t i o n i s m e r e l y t h e sum o f C w and C ^ 
w h i c h i s g i v e n by 

C T = C w ( l + C d o c K d o c ) ( 24 ) 

The v a l u e o f Κ ^ 0 0 i s p r e s e n t l y u n c e r t a i n , b u t r e c e n t s t u d i e s r e p o r t 
t h a t Κ ^ 0 ( , v a r i e s w i t h t h e s o u r c e o f t h e h u m i c m a t e r i a l , t h e s o l u t i o n 
p H , and t h e i o n i c s t r e n g t h ( 4 2 , 4 3 ) . As a n a p p r o x i m a t i o n , Κ ^ ο α c a n 
be e s t i m a t e d f r o m K Q C , u s i n g one o f t h e c o r r e l a t i o n s d e v e l o p e d 
b e t w e e n K Q W and K Q C . A l t e r n a t i v e l y , a s a n u p p e r b o u n d , Κ ^ ο α may be 
a s sumed e q u a l t o t h e K Q W o f t h e compound ( 1 ) . 

E q u a t i o n 24 may be u s e d t o p r e d i c t t h e e f f e c t o f DOC o n t h e 
t o t a l s o l u b i l i t y o f a h y d r o p h o b i c compound i n t h e p r e s e n c e o f DOC 
( S T ) a s a f u n c t i o n o f S a n d t h e a bove b i n d i n g m o d e l . A t s o l u b i l i t y 
( C T = S T ) , t h e r a t i o S / S T i s e q u a l t o Y w / o c / ï w ( E q u a t i o n s 7 and 2 2 ) , 
and t h e r e f o r e , by c o n s i d e r i n g E q u a t i o n 24 we may w r i t e : 

- Ο + C . Κ . Γ 1 ( 25 ) 
γ doc doc 
'w 

where t h e a s s u m p t i o n o f c o n s t a n t m o l a r v o l u m e and d i l u t e s o l u t i o n 
h a v e b e e n made . 

By a n a l o g y t o E q u a t i o n s 10 and 11 we may e x p r e s s t h e o b s e r v e d 
p a r t i t i o n c o e f f i c i e n t K Q C a s 

K„„ = K * „ ^ 2 £ ( 26 ) 
OC oc 

where K ® c i s a n i d e a l p a r t i t i o n c o e f f i c i e n t , ^ w h i c h a p p l i e s o n l y when 
DOC has no e f | e c t on t h e d i s s o l v e d s o l u t e ( Y W / O C = Y W ) · A s d i s c u s s e d 
p r e v i o u s l y , Y w / o c / ï w

 i s t h e c o r r e c t i o n f a c t o r w h i c h a c c o u n t s f o r t h e 
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s o l u b i l i z i n g e f f e c t o f DOC. C o m b i n i n g E q u a t i o n s 25 and 26 r e s u l t s 
i n 

K o c " K S c * 1 + V d o c ) " 1 < 2 7> 

T h i s e q u a t i o n , w h i c h i s i d e n t i c a l t o e q u a t i o n 9 o f Gschwend and Wu 
( 4 4 ) , a l l o w s one t o e s t i m a t e t h e e f f e c t o f DOC on t h e o b s e r v e d p a r 
t i t i o n c o e f f i c i e n t s . I f we assume t h a t ^ o c c a n be r e l a t e d t o K Q W 

by a L F E R ( l o g K d o c - a l o g K Q W + b ) , we o b t a i n 

* - 1 
- (1 + C , a K b ) ( 28 ) 

γ ^ d o c ow ' 
' w 

where a and b a r e e m p i r i c a l c o n s t a n t s . F i g u r e 3 shows Y ^ / O C / Y W
 A S A 

f u n c t i o n o f K Q W a t v a r i o u s DOC c o n c e n t r a t i o n s , u s i n g t h e c o r r e l a 
t i o n s b e tween K Q W and K Q C r e p o r t e d by K a r i c k h o f f e t a l . ( 1 5 ) . T h e s e 
m o d e l c a l c u l a t i o n s show t h a t a t DOC c o n c e n t r a t i o n s r e p r e s e n t a t i v e o f 
n a t u r a l s y s t e m s , ( e . g . ,
t o DOC s h o u l d be i n s i g n i f i c a n t f o r compounds w i t h l o g K Q W < 4 . F o r 
a compound w i t h l o g K Q W e q u a l t o 6 . 0 and a C ( j o c e q u a l t o 10 mg/1 , 
h o w e v e r , t h e a p p a r e n t p a r t i t i o n i n g c o e f f i c i e n t i s a p p r o x i m a t e l y a n 
o r d e r o f m a g n i t u d e s m a l l e r t h a n t h e i d e a l v a l u e . T h e s e p r e d i c t i o n s 
h a v e b e e n s u p p o r t e d by e x p e r i m e n t a l s o l u b i l i t y d a t a s h o w i n g t h a t 
m o d e r a t e l y h y d r o p h o b i c compounds s u c h as t o l u e n e (44 ) and l i n d a n e 

( 45 ) a r e n o t i n f l u e n c e d by DOC, whe r ea s DOC m a r k e d l y a f f e c t s h i g h l y 
h y d r o p h o b i c compounds s u c h as DDT ( 4 2 ) , PCB (46 ) and p o l y n u c l e a r 
a r o m a t i c h y d r o c a r b o n s ( 4 7 ) . 

C a l c u l a t i o n s w h i c h c o n s i d e r b i n d i n g o f s o r b i n g s o l u t e s t o d i s 
s o l v e d h u m i c m a t t e r show t h a t t h e p r e v i o u s l y r e p o r t e d i n v e r s e r e l a 
t i o n s h i p b e tween e f f e c t o f s e d i m e n t c o n c e n t r a t i o n and s o r p t i o n 
e q u i l i b r i u m c a n be a c c o u n t e d f o r by d e s o r p t i o n o f h u m i c m a t e r i a l 
f o l l o w e d by b i n d i n g t o t h e DOC ( 4 6 , 4 8 ) . 

One o f t h e i m p o r t a n t a s s u m p t i o n s made i n d e r i v i n g E q u a t i o n s 24 
t h r o u g h 28 i s t h a t K d o c i s i n d e p e n d e n t o f C d o c . H o w e v e r , i t h a s 
b e e n o b s e r v e d t h a t K ^ Q C i s i n v e r s e l y r e l a t e d t o C^oc 

( 4 2 , 4 3 , 4 5 , 
47 ) i n a manner t h a t i s a n a l o g o u s t o t h e s e d i m e n t c o n c e n t r a t i o n 
e f f e c t o n K Q C , a l t h o u g h t h e d e p e n d e n c e i s s u b s t a n t i a l l y w e a k e r . 
T h u s , q u e s t i o n s s t i l l r e m a i n r e g a r d i n g t h e c a u s e o f t h e s o r b e n t 
c o n c e n t r a t i o n e f f e c t , s i n c e t h e b i n d i n g o f s o l u t e s t o m a c r o m o l e -
c u l e s , w h i c h was u s e d t o i n t e r p r e t t h e e f f e c t o f s o r b e n t c o n c e n t r a 
t i o n , a l s o v a r i e s w i t h l o a d i n g o f s o r b e n t s i t e s . 
I n f l u e n c e o f O r g a n i c C o s o l v e n t s . Rao e t a l . ( 49 ) have r e c e n t l y 
p r e s e n t e d a s o l v o p h o b i c m o d e l f o r e s t i m a t i n g t h e s o r p t i o n o f a 
h y d r o p h o b i c s o l u t e f r o m a m i x e d s o l v e n t . T h i s m o d e l i s b a s e d on t h e 
work o f Y a l k o w s k y e t a l . ( 2 7 ) , who d e v e l o p e d an e m p i r i c a l r e l a t i o n 
s h i p b e tween t h e s o l u b i l i t y i n a m i x e d s o l v e n t s y s t e m , S m , and t h a t 
i n p u r e w a t e r g i v e n by 

I n S m = I n S + o c f c ( 29 ) 

where f Q i s t h e v o l u m e f r a c t i o n o f c o s o l v e n t . F o r h y d r o p h o b i c 
s o l u t e s , t h e p a r a m e t e r o c i s g i v e n f r o m e m p i r i c a l r e l a t i o n s h i p s by 

= A y C ( H S A ) ( 30 ) 
C k T 
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where Δ γ ° i s t h e d i f f e r e n c e i n s u r f a c e t e n s i o n o f p u r e w a t e r and 
p u r e c o s o l v e n t , HSA i s t h e h y d r o p h o b i c s u r f a c e a r e a o f t h e s o l u t e , k 
i s t h e B o l t z m a n n c o n s t a n t , and Τ i s t h e a b s o l u t e t e m p e r a t u r e . B a s e d 
on t h e i n v e r s e r e l a t i o n s h i p b e t w e e n K Q C and S ( E q u a t i o n 4 ) , t h e 
f o l l o w i n g r e l a t i o n s h i p c a n be d e r i v e d ( 4 9 , 5 0 ) : 

where t h e s u p e r s c r i p t s m and w d e n o t e t h e m i x e d s o l v e n t and w a t e r , 
r e s p e c t i v e l y , a n d α i s an e m p i r i c a l c o n s t a n t . E q u a t i o n 31 p r e d i c t s 
t h a t (1 ) K™ c s h o u l d d e c r e a s e e x p o n e n t i a l l y w i t h i n c r e a s i n g f c f o r a 
g i v e n s o l u t e and ( 2 ) t h e d e c r e a s e i n c a u s e d by a g i v e n s o l v e n t 
s h o u l d be g r e a t e s t f o r t h e l e a s t s o l u b l e ( l a r g e s t HSA) c o m p o u n d s . 
T h e s e p r e d i c t i o n s h a v e b e e n v e r i f i e d e x p e r i m e n t a l l y f o r w a t e r -
m e t h a n o l , and w a t e r - a c e t o n e c o s o l v e n t s y s t e m s ( 5 0 , 5 1 ) . 

T y p i c a l l y , K Q C i s e x p r e s s e d i n u n i t s o f v o l u m e o f s o l u t i o n p e r 
mass o f o r g a n i c c a r b o n . F u and L u t h y (50 ) o b s e r v e d t h a t a p l o t o f 
l n ( K m

c / K w
c ) v e r s u s f c wa

common u n i t s o f vo lume p e
was o b t a i n e d when K Q C was e x p r e s s e d i n u n i t s o f m o l e s o f s o l v e n t p e r 
g ram o f o r g a n i c c a r b o n . 

U s i n g v a l u e s o f o c d e t e r m i n e d f r o m s o l u b i l i t y m e a s u r e m e n t s , F u 
a n d L u t h y ( 50 ) f o u n d a n a v e r a g e v a l u e o f α e q u a l t o 0 . 5 1 , w h i c h 
shows t h a t t h e d e c r e a s e i n K™ c was h a l f o f t h a t e x p e c t e d f r o m t h e 
i n c r e a s e i n s o l u b i l i t y . T h i s was i n t e r p r e t e d a s e v i d e n c e t h a t t h e 
c o s o l v e n t was s w e l l i n g t h e o r g a n i c f r a c t i o n o f t h e s o i l and c o n s e 
q u e n t l y i n c r e a s i n g t h e a c c e s s i b i l i t y t o t h e o r g a n i c m a t t e r ( 50 ) i n 
a c c o r d a n c e w i t h t h e g e l - p a r t i t i o n m o d e l ( 3 1 ) . 

F r e q u e n t l y i t i s c o n v e n i e n t , when c o n d u c t i n g s o r p t i o n e x p e r i 
m e n t s , t o u s e a c o s o l v e n t s u c h a s m e t h a n o l t o f a c i l i t a t e t r a n s f e r o f 
a v o l a t i l e o r i n s o l u b l e s o l u t e . E q u a t i o n 31 may be u s e d t o e s t i m a t e 
t h e e f f e c t o f t h e c o s o l v e n t on m e a s u r e d s o r p t i o n c o e f f i c i e n t . I f f c 

e q u a l s 10 and α i s c o n s e r v a t i v e l y c h o s e n a s u n i t y , t h e m e t h a n o l i s 
p r e d i c t e d t o d e c r e a s e t h e s o r p t i o n o f a n t h r a c e n e ( σ £ = 9 . 7 6 ; l o g K Q W 

= 4 . 5 4 ; 50 ) by 1% r e l a t i v e t o t h e c a s e o f no c o s o l v e n t . T h e e f f e c t 
o f t h e c o s o l v e n t s h o u l d be s m a l l e r f o r s o l u t e s w i t h s m a l l e r HSA ( o r 
K Q W ) , w h i c h i s c o n s i s t e n t w i t h t h e o b s e r v e d n e g l i g i b l e i m p a c t o f 
m e t h a n o l a t f <̂  10 on t h e s o r p t i o n o f h e x a c h l o r o e t h a n e ( l o g K Q W = 
3 . 6 ; 5 2 ) . 

L i m i t a t i o n s o f P a r t i t i o n i n g T h e o r y 

I n e f f i c i e n c y o f P a r t i t i o n i n g . E q u a t i o n s 2 - 4 i m p l y t h a t t h e s o r p t i v e 
c a p a c i t y ( K Q C ) o f o r g a n i c m a t t e r f o r h y d r o p h o b i c o r g a n i c s o l u t e s i s 
i n d e p e n d e n t o f o r i g i n and o f t h e c o m p o s i t i o n o f t h e m i n e r a l m a t r i x . 
H o w e v e r , i n v e s t i g a t o r s s t u d y i n g i n d i v i d u a l p a r t i c l e s i z e f r a c t i o n s 
f o u n d t h a t t h e o r g a n i c m a t t e r a s s o c i a t e d w i t h a c o a r s e o r s a n d f r a c 
t i o n i s a p p a r e n t l y l e s s e f f i c i e n t i n s o r b i n g o r g a n i c s t h a n t h a t 
a s s o c i a t e d w i t h t h e f i n e r m a t e r i a l s ( 1 5 , 5 3 ) . To a c c o u n t f o r t h e 
r e l a t i v e i n e f f i c i e n c y o f t h e f Q C o f t h e s a n d f r a c t i o n , E q u a t i o n 2 
may be r e w r i t t e n as 

( 31 ) 

Κ 
oc 

( 32 ) 

o c 
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where Ω i s an e f f i c i e n c y f a c t o r s i m i l a r t o t h a t o r i g i n a l l y d e f i n e d 
by L a m b e r t ( 5 4 ) , w h i c h a l w a y s e q u a l s u n i t y w i t h t h e e x c e p t i o n o f 
s a n d y s o i l s , f o r w h i c h Ω w o u l d be l e s s t h a n u n i t y . E i t h e r k i n e t i c 
l i m i t a t i o n s o r f u n d a m e n t a l l y d i f f e r e n t p r o p e r t i e s o f t h e o r g a n i c 
m a t t e r a s s o c i a t e d w i t h t h e c o a r s e g r a i n f r a c t i o n c o u l d a c c o u n t f o r 
t h e i n e f f i c i e n c y f a c t o r . 

A d s o r p t i o n on I n o r g a n i c S u r f a c e s . M c C a r t y e t a l . (55 ) and K a r i c k h o f f 
( 1 ) p r o p o s e d a t w o - p h a s e m o d e l f o r s o r p t i o n o n t o m i n e r a l s u r f a c e s 
and o r g a n i c m a t t e r p a r t i t i o n i n g . T h i s m o d e l h y p o t h e s i z e s t h a t 
s o r p t i o n t o i n o r g a n i c s u r f a c e s may o c c u r s i m u l t a n e o u s l y w i t h t h e 
a c c e p t e d p a r t i t i o n i n g i n t o t h e o r g a n i c m a t t e r . A s s u m i n g a d d i t i v i t y 
o f t h e s e two c o n t r i b u t i o n s , c a n be e s t i m a t e d f r o m 

K d - f o c K o c + f i o K i o < 3 3> 

whe re f ^ Q a n d K ^ Q a r e t h e f r a c t i o n a n d t h e d i s t r i b u t i o n c o e f f i c i e n t 
f o r t h e i n o r g a n i c m a t e r i a l
d e f i n e d . I f o n l y t h e
t h e sum o f f ^ Q and f Q C e q u a l s o n e . F o r a g i v e n m i n e r a l , K ^ Q i s 
h y p o t h e s i z e d t o be t h e p r o d u c t o f t h e s p e c i f i c s u r f a c e a r e a , S ^ , a n d 
a s p e c i f i c s u r f a c e a d s o r p t i o n c o n s t a n t , K g . T h e r e f o r e , t h e o v e r a l l 
d i s t r i b u t i o n c o e f f i c i e n t c a n be g i v e n by 

K d • f o c K o c + f i o S A K s < 3 4> 

T h e i n o r g a n i c c o n t r i b u t i o n , K ^ Q , f o r c h r o m a t o g r a p h y - g r a d e s i l i c a was 
f o u n d t o d e p e n d w e a k l y on Κ ( l o g K g = 0 . 1 6 K Q W ) ( 5 5 ) , w h i c h i s 
c o n s i s t e n t w i t h t h e r e s u l t s f o r s i l i c a and a l u m i n a o b t a i n e d b y 
S c h w a r z e n b a c h and W e s t a l l ( 5 6 ) . 

F i g u r e 4 p r e s e n t s d i s t r i b u t i o n c o e f f i c i e n t s p r e d i c t e d f r o m t h e 
t w o - p h a s e m o d e l f o r two v a l u e s o f f Q C a n d S ^ . F i g u r e 4 shows t h a t 
t h e d o m i n a n c e o f one o r t h e o t h e r c o n t r i b u t i o n t o s o r p t i o n d e p e n d s 
o n two f a c t o r s : K Q W and f Q C . F o r a g i v e n f Q C , compounds w i t h l ow 
K Q W a r e i n f l u e n c e d p r i m a r i l y by K i o , w h i l e compounds w i t h h i g h e r K Q W 

a r e i n f l u e n c e d p r i m a r i l y by K Q C . A l t e r n a t i v e l y , a t a g i v e n K Q W and 
S ^ , t h e m o d e l p r e d i c t s t h e d o m i n a n c e o f i n o r g a n i c a d s o r p t i o n b e l o w a 
c e r t a i n f Q C a n d d o m i n a n c e o f o r g a n i c - p h a s e p a r t i t i o n i n g a b o v e t h i s 
f Q C . The r a n g e o f o r g a n i c and i n o r g a n i c s o r p t i o n d o m i n a n c e d e p e n d s 
on b o t h t h e K Q W a n d t h e S ^ . 

The t w o - p h a s e m o d e l p r o p o s e d by M c C a r t y e t a l . ( 55 ) i s b a s e d i n 
p a r t o n t h e a s s u m p t i o n o f i n d e p e n d e n t l y a c t i n g o r g a n i c a n d i n o r g a n i c 
s o r p t i o n s i t e s . S h i n e t a l . ( 57 ) and P i e r c e e t a l . ( 58 ) r e p o r t e d 
t h a t t h e d i s t r i b u t i o n c o e f f i c i e n t f o r s o r p t i o n o f DDT i n c r e a s e d 
a f t e r t h e o x i d a t i o n o r r e m o v a l o f some o f t h e o r g a n i c m a t t e r f r o m 
t h e s o r b e n t . K a r i c k h o f f ( 1 ) h a s i n t e r p r e t e d t h i s i n c r e a s e a s e v i 
d e n c e t h a t t h e h u m i c m a t e r i a l h a d b l o c k e d c l a y s o r p t i o n s i t e s . 
C o n v e r s e l y , C h i o u e t a l . ( 41 ) p r o p o s e d t h a t t h e o x i d a t i o n p r o c e s s 
may have p r e f e r e n t i a l l y r emoved s o l u b l e o r g a n i c s w h i c h , i f p r e s e n t 
i n t h e a q u e o u s p h a s e , w o u l d d e c r e a s e t h e s o r p t i o n i n t e n s i t y due t o 
b i n d i n g o f t h e o r g a n i c s o l u t e t o t h e DOC. T h i s d i f f e r e n c e e m p h a 
s i z e s t h e n e e d f o r c h a r a c t e r i z i n g t h e s o r p t i o n p r o p e r t i e s o f t h e 
d i s s o l v e d as w e l l a s s o r b e d o r g a n i c m a t t e r and o f t h e m i n e r a l 
m a t r i x . 
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K a r i c k h o f f (1 ) p r e s e n t e d d a t a t h a t show more s o r p t i o n t h a n c a n 
be e x p l a i n e d by s i m p l e p a r t i t i o n i n g t h e o r y when t h e e x p a n d i n g c l a y 
m a t t e r t o o r g a n i c m a t t e r r a t i o (cm:om) i s " h i g h " . The t e r m h i g h i s 
a r e l a t i v e t e r m t h a t c a n n o t be e a s i l y q u a n t i f i e d , b u t a p p e a r s t o be 
i n v e r s e l y r e l a t e d t o K Q W , a s p r e d i c t e d by t h e t w o - p h a s e m o d e l . F o r 
t h e n i t r o g e n h e t e r o c y c l e s s i m a z i n e ( l o g K Q W = 2 . 1 6 ) a n d b i q u i n o l i n e 
( l o g K Q W = 4 . 3 1 ) , t h e l i m i t i n g cra:om r a t i o i s 3 0 : 1 . P y r e n e , w h i c h 
i s more h y d r o p h o b i c ( l o g K Q W = 5 . 1 8 ) and c o n t a i n s no p o l a r m o i e t i e s 
u n l i k e t h e p r e v i o u s two c o m p o u n d s , was n o t s t r o n g l y i n f l u e n c e d by 
t h e c l a y s . S i m i l a r d a t a h a v e b e e n o b s e r v e d f o r s o r p t i o n o f a m i n o -
a n d c a r b o x y - s u b s t i t u t e d p o l y n u c l e a r a r o m a t i c h y d r o c a r b o n s ( 5 9 ) , 
a c e t o p h e n o n e ( 6 0 ) , and c t - n a p h t h o l ( 6 1 ) . 

The d a t a f r om t h e s e v a r i o u s s o u r c e s a r e p r e s e n t e d i n F i g u r e 5 
a l o n g w i t h p a r t i t i o n i n g d a t a p r e v i o u s l y p r e s e n t e d i n F i g u r e 2 . The 
p a r t i t i o n i n g d a t a f o r t h e p o l a r s o l u t e s a r e i n a g r e e m e n t w i t h g e n 
e r a l p r e d i c t i o n s o f t h e t w o - p h a s e m o d e l ; s p e c i f i c a l l y , t h e d e v i a 
t i o n s a r e g r e a t e s t f o r t h e l e a s t h y d r o p h o b i c c o m p o u n d s . A l l o f 
t h e s e compounds e x h i b i t
o r g a n i c m a t t e r p a r t i t i o n i n
o f p o l a r m o i e t i e s w h i c h c a n p a r t i c i p a t e i n n o n h y d r o p h o b i c b o n d i n g , 
s u c h as c o m p l e x a t i o n o f e x c h a n g e d c a t i o n s by t h e amino o r c a r b o x y l 
g r o u p s ( 2 ) , h y d r o g e n b o n d i n g ( 1 ) , and e v e n c o v a l e n t b o n d i n g ( 6 2 ) . 

O r g a n i c compounds c o n t a i n i n g p o l a r f u n c t i o n a l g r o u p s a r e n o t 
t h e o n l y o r g a n i c s o l u t e s t h a t c a n p a r t i c i p a t e i n s o r p t i o n i n t e r a c 
t i o n s i n e x c e s s o f o r g a n i c m a t t e r p a r t i t i o n i n g . S c h w a r z e n b a c h and 
W e s t a l l ( 56 ) f o u n d t h a t s i l i c o n a n d a l u m i n u m o x i d e s , n o n - e x p a n d i n g 
c l a y m i n e r a l s , and a l ow f Q C a q u i f e r m a t e r i a l , a l l e x h i b i t e d more 
s o r p t i o n c a p a c i t y f o r h a l o g e n a t e d a n d a r o m a t i c s o l u t e s t h a n c o u l d be 
e x p l a i n e d by p a r t i t i o n i n g i n t o t h e o r g a n i c m a t t e r . F u r t h e r m o r e , a l l 
o f t h e s e s a m p l e s w i t h t h i s " a n o m a l o u s l y " h i g h s o r p t i o n c a p a c i t y h a d 
f Q C v a l u e s l e s s t h a n 0 . 0 0 1 , w h i c h l e d them t o c a u t i o n a g a i n s t u s i n g 
a n y o f t h e numerous c o r r e l a t i o n s when t h e s o r b e n t h a s a n f Q C b e l o w 
0 . 0 0 1 . 

I n s u p p o r t o f t h i s f i n d i n g , C u r t i s e t a l . ( 63 ) f o u n d e n h a n c e d 
s o r p t i o n f o r f i v e h a l o g e n a t e d o r g a n i c s o l u t e s o n t o a n a q u i f e r m a t e 
r i a l w i t h b o t h a l ow s u r f a c e a r e a ( 0 . 8 m 2 / g ) and a l ow f ( 0 . 0 0 0 2 ) . 
T h e s e d a t a , a l o n g w i t h t h o s e o f S c h w a r z e n b a c h and W e s t a l l ( 56 ) a r e 
p r e s e n t e d i n F i g u r e 6 a l o n g w i t h t h e p a r t i t i o n i n g d a t a p r e s e n t e d i n 
F i g u r e 2 . U n l i k e t h e d a t a p r e s e n t e d i n F i g u r e 5 , a l l o f t h e d a t a 
p r e s e n t e d i n F i g u r e 6 a r e f o r h a l o g e n a t e d a l i p h a t i c and a r o m a t i c 
c o m p o u n d s , a n d h e n c e s p e c i f i c s o r p t i o n m e c h a n i s m s , s u c h a s c o m p l e x a 
t i o n i n t e r a c t i o n s o r h y d r o g e n b o n d i n g , s h o u l d be n e g l i g i b l e . The 
h i g h e r t h a n p r e d i c t e d K Q C v a l u e s f o r t h e s o r b e n t s w i t h l ow f Q C 

s u g g e s t t h a t s o r p t i o n o n t o t h e m i n e r a l s u r f a c e s i s a s i g n i f i c a n t 
f a c t o r . The p a r t i t i o n c o n s t a n t c o r r e l a t e s p o s i t i v e l y w i t h K Q W , 
w h i c h i s e x p e c t e d , s i n c e b o t h t h e f r e e e n e r g y o f s o r p t i o n and 
p a r t i t i o n i n g i n o c t a n o l / w a t e r i n c r e a s e l i n e a r l y w i t h t h e number o f 
m e t h y l e n e g r o u p s ( 8 - 1 1 ) . 

S i n c e a d s o r p t i o n a t a m i n e r a l s u r f a c e i s a r e p l a c e m e n t p r o c e s s , 
we w o u l d e x p e c t m i n e r a l s u r f a c e s w i t h weak a f f i n i t y f o r w a t e r t o 
h a v e t h e s t r o n g e s t a f f i n i t y f o r h y d r o p h o b i c s o l u t e s . I n f r a r e d 
s p e c t r o s c o p y shows t h a t s i l o x a n e s u r f a c e s o n c l a y s w i t h l i t t l e i s o 
m o r p h i c s u b s t i t u t i o n f o r m weake r h y d r o g e n bonds t h a n w a t e r f o rms 
w i t h i t s e l f ( 6 4 ) , w h i c h c o r r e s p o n d s t o one o f t h e d e f i n i t i o n s o f a 
h y d r o p h o b i c s u r f a c e o f f e r e d by T e x t e r e t a l . ( 6 5 ) . T h e r e f o r e , 
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m i n e r a i s u r f a c e s o f s e d i m e n t s n e e d t o be c h a r a c t e r i z e d w i t h r e s p e c t 
t o t h e i r a f f i n i t y f o r w a t e r i n o r d e r t o p r e d i c t a d s o r p t i o n o f h y d r o 
p h o b i c s o l u t e s . 

S o r p t i o n K i n e t i c s 

The r a t e a t w h i c h p o l l u t a n t s s o r b t o s e d i m e n t s has f r e q u e n t l y b e e n 
a s sumed t o o c c u r r a p i d l y a n d c o n s e q u e n t l y e q u i l i b r a t i o n s t u d i e s h a v e 
o f t e n b e e n c o n d u c t e d by m i x i n g s a m p l e f o r 24 h o u r s . K a r i c k h o f f 
(1_, 66 ) h a s r e p o r t e d t h a t s o r p t i o n may r e q u i r e up t o two months t o 
r e a c h an a p p a r e n t e q u i l i b r i u m . S i m i l a r l y , d e s o r p t i o n has a l s o b e e n 
o b s e r v e d t o r e q u i r e on t h e o r d e r o f mon ths t o r e a c h c o m p l e t i o n 
( 6 7 , 6 8 ) . M c C a l l and A g i n ( 67 ) o b s e r v e d t h a t t h e d e s o r p t i o n r a t e o f 
p i c l o r a m was i n v e r s e l y r e l a t e d t o t h e c o n t a c t t i m e . 

Two m o d e l s , a f i r s t - o r d e r k i n e t i c m o d e l and a h i n d e r e d d i f f u 
s i o n m o d e l , h a v e b e e n p r o p o s e d t o d e s c r i b e t h e s o r p t i o n and d e s o r p 
t i o n r a t e s o f h y d r o p h o b i c m o l e c u l e s . The p o s s i b l e o r i g i n o f s l o w 
s o r p t i o n r a t e s i n c l u d e ( 1
p o l y m e r - l i k e o r g a n i c m a c r o m o l e c u l e
m i c r o p o r o u s m i n e r a l s o r i n t o t h e i n t e r l a m e l l a r r e g i o n s o f e x p a n d i n g 
c l a y s . T h e s e two p r o c e s s e s may i n t e r a c t s y n e r g i s t i c a l l y i n t h e c a s e 
o f c a r b o n a t e m i n e r a l s , w h i c h c a n be b o t h p o r o u s and c o n t a i n s i g n i f i 
c a n t amounts o f o r g a n i c c a r b o n ( 6 9 ) . 

T h e F i r s t - O r d e r K i n e t i c M o d e l . K a r i c k h o f f (1^, 68 ) h a s p r o p o s e d a 
t w o - c o m p a r t m e n t e q u i l i b r i u m - k i n e t i c m o d e l f o r d e s c r i b i n g t h e s o l u t e 
u p t a k e o r r e l e a s e by a s e d i m e n t . T h i s m o d e l i s b a s e d on t h e a s s u m p 
t i o n t h a t two t y p e s o f s o r p t i o n s i t e s e x i s t : l a b i l e s i t e s , S ^ , 
w h i c h a r e i n e q u i l i b r i u m w i t h b u l k a q u e o u s s o l u t i o n , a n d h i n d e r e d 
s i t e s , S H , w h i c h a r e c o n t r o l l e d by a s l o w f i r s t - o r d e r r a t e p r o c e s s . 
C o n c e p t u a l l y , s o r p t i o n a c c o r d i n g t o t h i s m o d e l c a n be c o n s i d e r e d 
e i t h e r a s a t w o - s t a g e p r o c e s s : 

( 35 ) 

o r , a l t e r n a t i v e l y , a s a p a r a l l e l p r o c e s s : 

( 36 ) 

where C i s t h e s o l u t i o n c o n c e n t r a t i o n and q r e p r e s e n t s t h e s o r b e d 
c o n c e n t r a t i o n . K a r i c k h o f f a n d M o r r i s ( 6 8 ) o b s e r v e d t h a t t h e f r a c 
t i o n o f l a b i l e s i t e s d e c r e a s e d w i t h i n c r e a s i n g s o r p t i o n a n d , more 
i m p o r t a n t l y , t h e r a t e o f d e s o r p t i o n was i n v e r s e l y p r o p o r t i o n a l t o 

K o w * 
The t w o - p h a s e k i n e t i c m o d e l d e v e l o p e d by K a r i c k h o f f ( 65 ) i s 

c a p a b l e o f f i t t i n g e i t h e r t h e s o r p t i o n o r d e s o r p t i o n o f a s o r b i n g 
s o l u t e . F o r l i n e a r i s o t h e r m s , t h e m a t h e m a t i c a l d e s c r i p t i o n g i v e n by 
K a r i c k h o f f ( 1 ) a n d o t h e r s ( 6 7 , 7 0 , 71 ) i s v i r t u a l l y i d e n t i c a l t o 
t h a t o f a mass t r a n s f e r p r o c e s s ( 7 2 ) . 

We may a l s o p o s t u l a t e t h a t t h e r a t e o f s o r p t i o n o r d e s o r p t i o n 
c a n be d e s c r i b e d by a d i f f u s i v e m e c h a n i s m . The a p p l i c a t i o n o f d i f 
f u s i o n e q u a t i o n s t o d e s c r i b e t h e u p t a k e o f a s o r b i n g s o l u t e c a n be 
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q u i t e r e s t r i c t i v e b e c a u s e o f t h e need t o s a t i s f y r i g i d b o u n d a r y 
c o n d i t i o n s ( 6 8 , 7 3 ) . H o w e v e r , s o l u t i o n s f o r t h e d i f f u s i v e u p t a k e 
i n t o s u c h d i f f e r e n t g e o m e t r i e s a s a p l a n e s h e e t , a c y l i n d e r , o r a 
s p h e r e d e v i a t e o n l y s l i g h t l y ( 7 3 ) . T h e r e f o r e i t i s u s e f u l t o e x a m 
i n e t h e s o l u t i o n t o t h e d i f f u s i o n e q u a t i o n t o e v a l u a t e i m p o r t a n t 
p a r a m e t e r s c o n t r o l l i n g t h e d i f f u s i v e u p t a k e o f a s o l u t e . 

The D i f f u s i o n M o d e l . The u p t a k e o f a s o l u t e by a s o r b e n t c a n be 
a n a l y z e d by a d i f f u s i o n m o d e l , w h i c h h a s b e e n u s e d s u c c e s s f u l l y t o 
m o d e l a d s o r p t i o n r a t e s o n t o a c t i v a t e d c a r b o n ( 7 4 , 7 5 ) , i o n e x c h a n g 
e r s ( 7 2 ) , h e t e r o g e n e o u s c a t a l y s t s ( 7 6 ) , and s o i l c o l u m n s ( 7 7 ) . F o r 
t h e p u r p o s e o f i l l u s t r a t i o n , we c a n c o n s i d e r t h e d i f f u s i o n o f a 
compound i n t o a s p h e r i c a l s o r b e n t g r a i n u n d e r c o n d i t i o n s o f l i n e a r 
s o r p t i o n and no e x t e r i o r mass t r a n s f e r l i m i t a t i o n s ( 7 3 ) , w h i c h i s 
d e s c r i b e d by 

D 2 
9C
3 t

where D e = e f f e c t i v e d i f f u s i o n c o e f f i c i e n t , ( L 2 / T ) ; R^ = a d i m e n -
s i o n l e s s e q u i l i b r i u m p a r t i t i o n c o e f f i c i e n t , r = r a d i a l d i s t a n c e 
f r o m t h e c e n t e r o f t h e s o r b i n g g r a i n , ( L ) , and t = t i m e . R p i s a 
d i m e n s i o n l e s s p a r t i t i o n c o e f f i c i e n t e q u a l t o ρ/ε K ^ , where ρ = 
s o r b e n t g r a i n d e n s i t y (M/L ) , ε = s o r b e n t i n t e r n a l p o r o s i t y ( L / L ) , 
K d = s o r b e n t p a r t i t i o n c o e f f i c i e n t ( L 3 / M ) . T h e e f f e c t i v e d i f f u s i o n 
c o e f f i c i e n t a c c o u n t s f o r t h e m o l e c u l a r d i f f u s i v i t y and t o r t u o s i t y i n 
t h e s o r b e n t g r a i n . 

When t h e s o r b e n t i s i n i t i a l l y f r e e f r o m s o l u t e , E q u a t i o n 37 c a n 
be s o l v e d a n a l y t i c a l l y ( 73 ) t o g i v e t h e r a t i o o f t h e mass s o r b e d a t 
t i m e t t o t h e mass s o r b e d a t e q u l i b r i u m ( i . e . , t h e f r a c t i o n a l 
a p p r o a c h t o e q u i l i b r i u m ) . The m a t h e m a t i c a l s o l u t i o n d e p e n d s o n t h e 
mass f r a c t i o n u l t i m a t e l y s o r b e d f r o m t h e a q u e o u s p h a s e ( F ) , and i s 
most c o n v e n i e n t l y p r e s e n t e d i n t e r m s o f τ , a d i m e n s i o n l e s s t i m e 
p a r a m e t e r g i v e n by 

1 D t 

T - r + T T - V ( 3 8 ) 

Ρ a 

where a i s t h e r a d i u s o f t h e s o r b e n t g r a i n . T h e q u a n t i t y [ a ^ ( l + 
R p ) ] / D e can be c o n s i d e r e d a r e l a x a t i o n t i m e f o r d i f f u s i o n a c c o m p a n i e d 
by l i n e a r s o r p t i o n . T h r e e s o l u t i o n s t o E q u a t i o n 38 c o r r e s p o n d i n g t o 
v a l u e s o f F e q u a l t o 0 . 2 , 0 . 5 , and 0 . 8 a r e i l l u s t r a t e d i n F i g u r e 7 . 

S e v e r a l i m p o r t a n t a s s u m p t i o n s were n e c e s s a r y t o a c h i e v e t h e 
s o l u t i o n g i v e n i n E q u a t i o n 3 8 . F i r s t , i t i s a ssumed t h a t t h e r a t e 
o f s o r p t i o n i s much f a s t e r t h a n t h e r a t e o f d i f f u s i o n . T h i s i m p l i e s 
t h a t a l l s o l u t e i n t h e i n t e r n a l p o r e s o f t h e s o r b e n t i s a t e q u i l i b 
r i u m w i t h i t s i m m e d i a t e s u r r o u n d i n g s . I n a d d i t i o n , i t i s a s sumed 
t h a t t h e s o r p t i o n s i t e s a r e homogeneous and t h a t o n c e a compound i s 
s o r b e d t o t h e s o l i d , i t d o e s n o t m i g r a t e a l o n g t h e s u r f a c e . 
F i n a l l y , t o s o l v e t h e d i f f u s i o n e q u a t i o n , t h e i n h e r e n t a s s u m p t i o n 
r e q u i r e d i s t h a t t h e g e o m e t r y o r p h y s i c a l d i m e n s i o n s o f t h e s o r b e n t 
do n o t change d u r i n g t h e c o u r s e o f t h e e x p e r i m e n t due t o a b r a s i o n , 
d i s s o l u t i o n , s w e l l i n g , o r o t h e r p r o c e s s . 
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F i g u r e 7 . T h e f r a c t i o n a l a p p r o a c h t o e q u i l i b r i u m ( a f t e r 7 3 ) . 
F r a c t i o n a l u p t a k e = mass o f s o l u t e s o r b e d a t e q u i l i b r i u m / m a s s o f 
s o l u t e a d d e d t o s y s t e m ; f r a c t i o n a l a p p r o a c h t o e q u i l i b r i u m = mass 
o f s o l u t e s o r b e d a t t i m e τ /mass o f s o l u t e s o r b e d a t t i m e » . 

F i g u r e 7 shows t h a t f o r F = 0 . 5 , a s o r b i n g ( o r d e s o r b i n g ) s o l 
u t e w i l l h a v e r e a c h e d 95% o f t h e u l t i m a t e s o r p t i o n c a p a c i t y a t 
( τ 9 5 ) * ' ^ = 0 . 3 8 . I f we assume » 1, t h e n E q u a t i o n 38 c a n be 
r e a r r a n g e d t o g i v e 

( 0 . 3 8 ) 2 R a 2 

e 

T h u s we s e e t h a t t^y^ i s p r o p o r t i o n a l t o R a n d s q u a r e o f p a r t i c l e 
r a d i u s . 

F o r a h y p o t h e t i c a l s o r b e n t w i t h p r o p e r t i e s l i s t e d i n T a b l e I I , 
we assume t h a t e x p e r i m e n t s h a v e shown t h a t s o r p t i o n o f d i c h l o r o b e n -
z e n e ( l o g K Q w = 3 . 3 ) i s 95% c o m p l e t e w i t h i n one d a y . R e q u a l s 1000 
o n t h e b a s i s o f t h e c o r r e l a t i o n o f K a r i c k h o f f e t a l . ( 1 5 ) . I f we 
e s t i m a t e Rp f o r o t h e r s o l u t e s f r o m t h e same c o r r e l a t i o n and assume 
n e g l i g i b l e m i n e r a l s o r p t i o n , we may e s t i m a t e t h e t i m e r e q u i r e d t o 
r e a c h 95% o f e q u i l i b r i u m f o r o t h e r c o m p o u n d s . T h e s e c a l c u l a t i o n s 
i m p l y t h a t a p p r o x i m a t e l y 0 . 1 d a y s w i l l be r e q u i r e d t o r e a c h 95% 
e q u i l i b r i u m f o r b e n z e n e ( l o g K Q w = 2 . 1 ) , a p p r o x i m a t e l y 10 d a y s f o r 
1 , 2 , 4 , 5 - t e t r a c h l o r o b e n z e n e ( l o g K Q W = 4 . 7 ) and a p p r o x i m a t e l y 100 
d a y s w i l l be r e q u i r e d f o r h e x a c h l o r o b e n z e n e ( l o g K Q W = 5 . 5 ) . 
C l e a r l y t h e t i m e r e q u i r e d t o a p p r o a c h e q u i l i b r i u m c a n be s u b s t a n 
t i a l l y l o n g e r t h a n p r o v i d e d i n u s u a l l a b o r a t o r y p r o t o c o l s , d e p e n d i n g 
o n t h e s t r e n g t h o f s o r p t i o n . 
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T a b l e I I . Assumed S o r b e n t P r o p e r t i e s U s e d t o 
E s t i m a t e t h e T i m e t o E q u i l i b r i u m 

P r o p e r t y 

B u l k d e n s i t y (p) 
I n t e r n a l p o r o s i t y ( ε ) 

f o c 
M o l e c u l a r d i f f u s i v i t y ( n

m o l ) 

T o r t u o s i t y ( T ) 

P a r t i c l e r a d i u s ( a ) 

Assumed V a l u e 

1700 ( k g / m 3 ) 

0 . 0 5 (- ) 

0 . 0 2 (- ) 

1 0 " 9 ( m 2 / s ) 

10 

2 . 4 χ 1 0 " 4 m 

S i n c e t h e same g e n e r a l s o l u t i o n h o l d s f o r d e s o r p t i o n u n d e r c o n 
d i t i o n s o f l i n e a r e q u i l i b r i u m , s i m i l a r a r g u m e n t s c a n be e m p l o y e d t o 
d e s c r i b e t h e d i f f u s i o n o u t o f t h e s o r b e n t ( 7 3 ) . 

P r e v i o u s l y , i t was n o t e
t h e c o a r s e f r a c t i o n o f a
t h a n t h e o r g a n i c m a t t e r a s s o c i a t e d w i t h s m a l l e r m a t e r i a l s ( 1 5 ) . 
T h i s d i s c r e p a n c y i s c o n s i s t e n t w i t h a r a d i a l d i f f u s i o n m o d e l : s i n c e 
Tg^cg i s p r o p o r t i o n a l t o a ( E q u a t i o n 3 9 ) , t h e t i m e r e q u i r e d t o r e a c h 
e q u i l i b r i u m s h o u l d i n c r e a s e w i t h t h e s q u a r e o f the p a r t i c l e d i a m e t e r . 
C l e a r l y i f t h e same m i x i n g t i m e were u s e d f o r b o t h f i n e - g r a i n e d and 
c o a r s e - g r a i n e d s o r b e n t s , t h e c o a r s e r m a t e r i a l c o u l d h a v e b e e n f a r 
f r o m e q u i l i b r i u m . 

Wu and Gschwend (78 ) s u c c e s s f u l l y e m p l o y e d a r a d i a l d i f f u s i o n 
m o d e l t o d e s c r i b e l a b o r a t o r y o b s e r v e d s o r p t i o n a n d d e s o r p t i o n k i n e t 
i c s . T h e i r d a t a show t h a t s o r p t i o n and d e s o r p t i o n r a t e s were s l o w e r 
f o r more h y d r o p h o b i c compounds and s o r b e n t s w i t h a l a r g e r g r a i n s i z e 
i n a manner c o n s i s t e n t w i t h t h e r a d i a l d i f f u s i o n m o d e l . 

I n many e a r l y e x p e r i m e n t s , h y s t e r e s i s was o b s e r v e d f o r h i g h l y 
h y d r o p h o b i c compounds s u c h a s PCBs ( 7 9 , 8 0 ) . S i n c e t h e t i m e t o 
r e a c h e q u i l i b r i u m c a n be q u i t e l o n g f o r s t r o n g l y h y d r o p h o b i c 
c o m p o u n d s , a s o l u t e may h a v e n e v e r r e a c h e d e q u i l i b r i u m d u r i n g t h e 
s o r p t i o n i s o t h e r m e x p e r i m e n t . C o n s e q u e n t l y , w o u l d be u n d e r e s t i 
m a t e d , w h i c h l e a d s t o t h e d i s c r e p a n c y b e t w e e n t h e s o r p t i o n a n d 
d e s o r p t i o n c o e f f i c i e n t s t h a t was a t t r i b u t e d t o h y s t e r e s i s . The c a s e 
f o r h y s t e r e s i s b e i n g a n a r t i f a c t i s s u p p o r t e d by r e c e n t d a t a f o r 
t e t r a c h l o r o b e n z e n e ( l o g Κ = 4 . 7 ) , i l l u s t r a t i n g t h a t s o r p t i o n a n d 
d e s o r p t i o n r e q u i r e a p p r o x i m a t e l y two days t o r e a c h e q u i l i b r i u m w i t h 
a p p r o x i m a t e l y e q u a l t i m e c o n s t a n t s ( 7 8 ) . F i n a l l y , t h e d i f f u s i o n 
m o d e l i s c o n s i s t e n t w i t h t h e o b s e r v a t i o n t h a t t h e e x t e n t o f h y s t e r e 
s i s was i n v e r s e l y r e l a t e d t o p a r t i c l e s i z e ( 8 1 ) . 

Summary a n d C o n c l u s i o n s 

I n g e n e r a l , t h e d r i v i n g f o r c e f o r t h e s o r p t i o n o f n o n p o l a r o r g a n i c 
compounds by s e d i m e n t s i s t h e i r i n c o m p a t i b i l i t y w i t h w a t e r a s a s o l 
v e n t , i . e . , t h e i r h y d r o p h o b i c i t y , and t h e i r a f f i n i t y f o r t h e l i p o 
p h i l i c e n v i r o n m e n t o f t h e s e d i m e n t o r g a n i c m a t t e r . I f t h e f r a c t i o n 
o f o r g a n i c m a t t e r i s low and t h e s p e c i f i c s u r f a c e o f t h e m i n e r a l m a 
t r i x i s h i g h r e l a t i v e t o t h e h y d r o p h o b i c i t y o f t h e s o l u t e , s o r p t i o n 
by m i n e r a l s u r f a c e s may become s i g n i f i c a n t , and o r g a n i c s o r p t i o n may 
become i n s i g n i f i c a n t . P r a c t i c a l a p p r o a c h e s f o r e v a l u a t i n g d o m i n a n c e 
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r a n g e s f o r o r g a n i c and i n o r g a n i c s o r p t i o n s have b e e n e v a l u a t e d . I f 
t h e a q u e o u s p h a s e c o n t a i n s o r g a n i c c o s o l v e n t s o r o r g a n i c m a c r o m o l e -
c u l e s , t h e a q u e o u s - p h a s e a c t i v i t y o f t h e h y d r o p h o b i c s o l u t e i s 
l o w e r e d . The e f f e c t o f o r g a n i c m a c r o m o l e c u l e s ( u s u a l l y c h a r a c t e r 
i z e d a s DOC) h a s b e e n m o d e l e d a s a b i n d i n g b e t w e e n t h e h y d r o p h o b i c 
s o l u t e a n d t h e m a c r o m o l e c u l e . The e f f e c t o f o r g a n i c c o s o l u t e s h a s 
b e e n m o d e l e d by s e m i - e m p i r i c a l c o r r e l a t i o n s . The s i g n i f i c a n c e o f 
b o t h e f f e c t s i n c r e a s e s w i t h i n c r e a s i n g h y d r o p h o b i c i t y o f t h e o r g a n i c 
s o l u t e and t h e c o n c e n t r a t i o n s o f DOC and c o s o l v e n t s . DOC may be 
r e s p o n s i b l e f o r h y s t e r e t i c a d s o r p t i o n i s o t h e r m s i n b a t c h a d s o r p t i o n 
e x p e r i m e n t s . 

T h e k i n e t i c s o f s o r p t i o n c a n be c o n s i d e r e d a s t h e sum o f two 
p r o c e s s e s : 1 ) r a p i d s o r p t i o n by l a b i l e s i t e s w h i c h a r e i n e q u i l i b 
r i u m w i t h s o l u t e s d i s s o l v e d i n b u l k s o l u t i o n , and 2 ) h i n d e r e d 
s o r p t i o n by s i t e s w h i c h a r e a c c e s s i b l e o n l y by s l o w d i f f u s i o n . 
A l t e r n a t i v e l y , s o r p t i o n k i n e t i c s c a n be m o d e l e d by a r a d i a l d i f f u -
s i o n a l p r o c e s s i n t o s p h e r i c a l s o r b e n t s . The s l o w s o r p t i o n p r o c e s s 
p r e v e n t s c o m p l e t e e q u i l i b r a t i o
t y p i c a l b a t c h e x p e r i m e n t s
d e c r e a s e s w i t h i n c r e a s i n g h y d r o p h o b i c i t y , t i m e t o e q u i l i b r i u m i s 
l o n g e r f o r h i g h l y h y d r o p h o b i c c o m p o u n d s . 

T h e d e s c r i p t i o n o f t h e s o r p t i o n p r o c e s s i s l a r g e l y b a s e d on 
e m p i r i c a l c o r r e l a t i o n s , w i t h o u t k n o w l e d g e o f t h e d e t a i l e d s t r u c t u r e 
o f t h e s e d i m e n t s . No d o u b t , i n t h e f u t u r e a g r e a t e r e f f o r t w i l l 
h a v e t o be made t o u n d e r s t a n d s o r p t i o n b e h a v i o r i n t e r m s o f s e d i m e n t 
c o n s t i t u e n t s . I t w i l l n o t s u f f i c e t o c o n s i d e r s o r p t i o n o n t o s e d i 
ments s i m p l y i n t e r m s o f p a r t i t i o n i n g i n t o a u n i f o r m , t h e r m o d y n a m i -
c a l l y i d e a l , s t a t i o n a r y o r g a n i c p h a s e . 

L i s t o f Symbo l s and A b b r e v i a t i o n s 

Symbo l s : 

( L V 1 ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



10. C U R T I S E T A L . Sorption of Hydrophobic Organic Compounds 2 1 3 

K ^ 0 d i s t r i b u t i o n c o e f f i c i e n t f o r s o l u t e bound t o i n o r g a n i c s u r 
f a c e s ( L 3 M - 1 ) 

ο _ ι 
K Q c o r g a n i c - c a r b o n - n o r m a l i z e d d i s t r i b u t i o n c o e f f i c i e n t ( L M L ) 
K Q W o c t a n o l - w a t e r p a r t i t i o n c o e f f i c i e n t ( - ) 
K o c K o c e l u d i n g t h e e f f e c t o f C D O C ( L V 4 ) 

i d e a l Κ Λ „ ( ΐ Α τ 1 ) 
ow ow x 7 9 — 1 

K g s u r f a c e s p e c i f i c p a r t i t i o n c o e f f i c i e n t ( L M ) 
η p o r o s i t y ( - ) 
q s o r b e d c o n c e n t r a t i o n (M/M) 
r r a d i a l d i s t a n c e f r o m t h e c e n t e r o f a s o r b i n g g r a i n ( L ) 
R gas c o n s t a n t ( J K ' ^ m o l " " 1 ) 
Rp e q u i l i b r i u m p a r t i t i o n c o e f f i c i e n t ( - ) 
S a queous s o l u b i l i t y ( M L - 3 ) 
S A s p e c i f i c s u r f a c e a r e a ( L M~^) 
S^ a q u e o u s s o l u b i l i t y o f a s u p e r c o o l e d l i q u i d (ML~ ) 
S m a q u e o u s s o l u b i l i t y i n a m i x e d s o l v e n t (ML } 
S g a q u e o u s s o l u b i l i t y o f a n o r g a n i c s o l i d (ML ) 
t t i m e ( t ) 
Τ a b s o l u t e t e m p e r a t u r e ( T ) 
T m m e l t i n g t e m p e r a t u r e ( T ) 
V£ m o l a r v o l u m e o f s o l u t e i n pha se i ( L 3 M - 1 ) 
χ m o l e f r a c t i o n c o n c e n t r a t i o n ( m o l m o l ) 

G r e e k S y m b o l s : 
α e m p i r i c a l c o n s t a n t ( - ) 

a c t i v i t y c o e f f i c i e n t o f a s o l u t e i n p h a s e i ( - ) 

a c t i v i t y c o e f f i c i e n t o f a s o l u t e i n p h a s e i s a t u r a t e d w i t h a 
c o s o l v e n t ( - ) 

δ s o l u b i l i t y p a r a m e t e r o f a s o l u t e ( c a l M ' ^ L " " 3 ) 1 ' 2 

<5p s o l u b i l i t y p a r a m e t e r o f a p o l y m e r ( c a l M"~*L ) ^ 2 

Δ γ ° d i f f e r e n c e i n s u r f a c e t e n s i o n (Mt~ ) 
ε s o r b e n t i n t e r n a l p o r o s i t y ( L ^ L ^ ) 
ρ s o r b e n t g r a i n b u l k d e n s i t y (ML ) 
p Q C b u l k d e n s i t y o f o r g a n i c m a t t e r ( M L " ) 
τ t i m e c o n s t a n t f o r d i f f u s i o n a c c o m p a n i e d by l i n e a r s o r p t i o n (- ) 
φ v o l u m e f r a c t i o n o f s o l u t e i n p o l y m e r (- ) 
φρ vo lume f r a c t i o n o f p o l y m e r i n s o l u t i o n ( - ) 
χ F l o r y - H u g g i n s i n t e r a c t i o n p a r a m e t e r ( - ) 
X J J e n t h a l p i c c o n t r i b u t i o n t o χ (- ) 
X S e n t r o p i e c o n t r i b u t i o n t o χ ( - ) 
Ω e f f i c i e n c y f a c t o r f o r s o r p t i o n (- ) 

A c k n o w l e d g m e n t s 

We t h a n k W i l l i a m B a l l , S amue l K a r i c k h o f f , and P h i l Gschwend f o r 
h e l p f u l s u g g e s t i o n s and c o m m e n t s . T h i s s t u d y was s u p p o r t e d by t h e 
R o b e r t S . K e r r E n v i r o n m e n t a l R e s e a r c h L a b o r a t o r y o f t h e U . S . E n v i 
r o n m e n t a l P r o t e c t i o n A g e n c y u n d e r a s s i s t a n c e a g r e e m e n t s R - 8 0 8 8 5 1 a n d 
R - 8 1 2 4 6 2 - 0 1 - 0 . A l t h o u g h t h e i n f o r m a t i o n d e s c r i b e d i n t h i s a r t i c l e 
h a s b e e n f u n d e d i n p a r t by t h e U . S . E P A , i t h a s n o t b e e n s u b j e c t e d 
t o t h e A g e n c y ' s r e q u i r e d p e e r and a d m i n i s t r a t i v e r e v i e w and t h e r e 
f o r e d o e s n o t n e c e s s a r i l y r e f l e c t t h e v i e w s o f t h e A g e n c y a n d no 
o f f i c i a l e n d o r s e m e n t s h o u l d be i n f e r r e d . 
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Distinguishing Adsorpt ion from Surface Precipitation 

Garrison Sposito 
Department of Soil and Environmental Sciences, University of California, Riverside, 
CA 92521 

Measurements of the chemical composition of an aqueous 
solution phase are interpreted commonly to provide 
experimental evidence for either adsorption or surface 
precipitation mechanisms in sorption processes  The 
conceptual aspect
their usefulnes
precipitation phenomena are reviewed critically. It 
is concluded that the inherently macroscopic, indirect 
nature of the data produced by such measurements limit 
their applicability to determine sorption mechanisms in 
a fundamental way. Surface spectroscopy (optical or 
magnetic resonance), although not a fully developed 
experimental technique for aqueous colloidal systems, 
appears to offer the best hope for a truly molecular-
level probe of the interfacial region that can 
discriminate among the structures that arise there 
from diverse chemical conditions. 

The loss of a chemical species from an aqueous solution phase to a 
contiguous solid phase may be termed a sorption process. Among the 
mechanisms by which sorption processes occur, the three principal 
ones are: precipitation, the growth of a solid phase exhibiting a 
primitive molecular unit (a complex) that repeats itself in three 
dimensions; adsorption, an accumulation of matter at the interface 
between an aqueous solution phase and a solid adsorbent without the 
development of a three-dimensional molecular arrangement; and ab-
sorpt ion, the diffusion of an aqueous chemical species into a solid 
phase (1,2). A precipitation mechanism may be initiated by either 
homogeneous or heterogeneous nucleation, may involve the formation 
of a solid mixture either by inclusion or by coprecipitation, or may 
take place on the surface of a pre-existent solid phase (surface pre
cipitation). Regardless of these variations, the essential charac
teristic of precipitation is the development of a solid phase whose 
molecular ordering is intrinsically three-dimensional (2). An ad
sorption [strictly speaking, positive adsorption (1_)] mechanism, on 
the other hand, involves only two-dimensional molecular arrangements 
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on a s u r f a c e . T h i s l a t t e r r e s t r i c t i o n d o e s no t p r e c l u d e m i x e d 
a d s o r b a t e s [ " t w o - d i m e n s i o n a l s o l i d s o l u t i o n s " ( 2 ) ] , b u t i t d o e s 
e l i m i n a t e s o l i d p h a s e s whose s t r u c t u r e i s i n h e r e n t l y t h r e e - d i m e n 
s i o n a l , e v e n i f t h e y f o r m o n s u r f a c e s and a r e h i n d e r e d i n t h e i r 
g r o w t h f o r s t e r e o c h e m i c a l r e a s o n s [ e . g . , i n t e r l a y e r m e t a l h y d r o x i d e s 
on 2 : 1 l a y e r t y p e a l u m i n o s i l i c a t e s ( 1 ) ] . F rom t h i s p o i n t o f v i e w , 
" m u l t i l a y e r a d s o r p t i o n " must r e f e r t o a s u c c e s s i o n o f a d s o r b a t e 
l a y e r s , e a c h o f whose m o l e c u l a r o r d e r i n g c a n be i n f l u e n c e d o n l y b y 
t h e l a y e r on w h i c h i t f o rms and n o t b y any o t h e r p r e v i o u s l y a d s o r b e d 
l a y e r s . In t h e same v e i n , " a b s o r p t i o n " must r e f e r t o t h e p e n e t r a t i o n 
o f a c h e m i c a l s p e c i e s i n t o a s o l i d p h a s e b e y o n d t h e n a n o m e t e r d e p t h 
f r om i t s p e r i p h e r y t h a t o p e r a t i o n a l l y d e f i n e s t h e i n t e r f a c i a l r e g i o n . 

A c e n t r a l p r o b l e m i n t h e c h e m i s t r y o f n a t u r a l w a t e r s y s t e m s i s 
t h e e s t a b l i s h m e n t o f e x p e r i m e n t a l m e t h o d s w i t h w h i c h t o d i s t i n g u i s h 
a d s o r p t i o n f r o m s u r f a c e p r e c i p i t a t i o n ( 1 - 3 ) . C o r e y (2 ) h a s w r i t t e n 
a c o m p r e h e n s i v e r e v i e w o f t h i s p r o b l e m w h i c h s h o u l d be r e a d a s an 
i n t r o d u c t i o n t o t h e p r e s e n t e s s a y , p a r t i c u l a r l y f o r h i s s e t o f s i x 
c o n c l u s i o n s t h a t s e t o u
a d s o r p t i o n o r p r e c i p i t a t i o n
p r e h e n s i v e r e v i e w , b u t i n s t e a d f o c u s e s on t h r e e p o p u l a r a p p r o a c h e s 
t o t h e a d s o r p t i o n / s u r f a c e p r e c i p i t a t i o n d i c h o t o m y . The e m p h a s i s h e r e 
i s on t h e c o n c e p t u a l r e l a t i o n s h i p o f e a c h a p p r o a c h t o t h e d e f i n i n g 
s t a t e m e n t s made a b o v e : To what e x t e n t i s an a p p r o a c h c a p a b l e o f 
d i s t i n g u i s h i n g a d s o r p t i o n f r o m s u r f a c e p r e c i p i t a t i o n ? 

S o l u b i l i t y M e t h o d s 

A d s o r p t i o n i s o t h e r m s . The q u a n t i t y o f a c h e m i c a l s p e c i e s i a d s o r b e d 
p e r u n i t mass o f a s o l i d m a t e r i a l c o n t a c t i n g an aqueous s o l u t i o n 
pha se i s c a l c u l a t e d w i t h t h e e q u a t i o n ( 1 ) : 

q . = n . - M m. (1 ) 
η ι ι w ι 

where n ^ i s t h e t o t a l number o f m o l e s o f s p e c i e s i i n t h e s u s p e n s i o n 
p e r k i l o g r a m o f s o l i d , M w i s t h e mass o f w a t e r p e r u n i t mass o f 
s o l i d , and m^ i s t h e m o l a l i t y o f t h e a d s o r p t i v e i i n t h e aqueous 
s o l u t i o n p h a s e . In b a t c h e x p e r i m e n t s M w i s t h e i n v e r s e o f the 
s u s p e n s i o n d e n s i t y , whe rea s i n c o l u m n e x p e r i m e n t s M w i s t h e g r a v i 
m e t r i c w a t e r c o n t e n t . E q u a t i o n 1 r e p r e s e n t s t he s u r f a c e e x c e s s o f 
s p e c i e s i a s s i g n e d t o an i n t e r f a c e where t h e r e i s no ne t a c c u m u l a t i o n 
o f w a t e r Q ) ; h e n c e , t h e s u p e r s c r i p t w on t h e l e f t s i d e o f t h e e q u a 
t i o n . 

A d s o r p t i o n phenomena f r e q u e n t l y a r e s t u d i e d by m e a s u r i n g s o l e l y 
t h e c h a n g e i n c o n c e n t r a t i o n o f a s p e c i e s i i n t h e aqueous s o l u t i o n 
p h a s e . S i m p l e m a s s - b a l a n c e c o n s i d e r a t i o n s (1 ) show t h a t E q u a t i o n 1 
c a n be r e w r i t t e n i n a f o r m c o m p a t i b l e w i t h t h i s m e t h o d o l o g y : 

q ^ w ) = Am.M (2 ) 
η ι ι Tw 

where Δπΐ£ = m° - m^ and m° i s t h e m o l a l i t y o f s p e c i e s _i_ i n M.pw 

k i l o g r a m s o f w a t e r i n t h e a q u e o u s s o l u t i o n pha se p r i o r t o i t s b e i n g 
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b r o u g h t i n t o c o n t a c t w i t h 1 k g o f s o l i d m a t e r i a l . E q u a t i o n 2 p r o 
v i d e s a b a s i s f o r c a l c u l a t i n g q ^ w ) a s a l o s s o f mass f r om a q u e o u s 
s o l u t i o n . The c r i t i c a l a s s u m p t i o n u n d e r l y i n g i t s e q u i v a l e n c e t o 
E q u a t i o n 1 i s t h a t t h e s p e c i e s i ( e . g . , H2PO4"" o r C d 2 + ) p r e s e r v e s 
i t s c h e m i c a l i d e n t i t y a f t e r i t a c c u m u l a t e s on t h e a d s o r b e n t . T h i s 
a s s u m p t i o n s e l d o m i s c h e c k e d e x p e r i m e n t a l l y b y c h e m i c a l s p e c i e s 
a n a l y s i s o f t h e s o l i d m a t e r i a l a f t e r r e a c t i o n . O f t e n e v e n t h e a q u e 
ou s s o l u t i o n p h a s e i s n o t s p e c i a t e d and i r e f e r s , f o r e x a m p l e , t o 
C d ( l l ) i n s t e a d o f C d 2 + ( a q ) , w i t h a c o n c o m i t a n t l a c k o f s p e c i f i c i t y 
i n what i s a c t u a l l y b e i n g a d s o r b e d . When q ^ ^ w ^ and m£ r e f e r t o 
t o t a l c o n c e n t r a t i o n s i n s t e a d o f s p e c i e s c o n c e n t r a t i o n s , t h e t a s k o f 
d i s t i n g u i s h i n g a d s o r p t i o n f r o m s u r f a c e p r e c i p i t a t i o n becomes c o r r e 
s p o n d i n g l y more d i f f i c u l t . 

A g r a p h o f q ^ w ) a g a i n s t m ^ , o r an e q u i v a l e n t c o n c e n t r a t i o n 
v a r i a b l e , a t f i x e d t e m p e r a t u r e and p r e s s u r e i s an a d s o r p t i o n i s o 
t h e r m . D a t a o f t h i s k i n d t y p i c a l l y h a v e b e e n f i t t e d n u m e r i c a l l y t o 
s p e c i a l c a s e s o f t h e e q u a t i o n (3): 

η b c ? m 

q(w> . Σ - J L J ^ (3) 
1 m=l [1 + Β c . m r m 

m ι 

where C£ i s t h e c o n c e n t r a t i o n o f an a d s o r p t i v e i i n t h e aqueous 
s o l u t i o n p h a s e ( e . g . , t h e m o l a l i t y ) and b m , 1^, B ^ 3 m, 6m, and ym 

(m = l , . . . , n ) a r e a d j u s t a b l e p a r a m e t e r s . E q u a t i o n 3 r e p r e s e n t s an 
a d s o r p t i o n i s o t h e r m e q u a t i o n . P o p u l a r s p e c i a l c a s e s o f t h i s e x 
p r e s s i o n i n c l u d e (_3,j4) t h e L a n g m u i r e q u a t i o n (3 m = <$ M = Y M = 1, 
B m = K m ; n = l o r 2 ) , t h e v a n B e m m e l e n - F r e u n d l i c h e q u a t i o n - 0 , 
0 < 3 m < 1; η = 1 ) , and t h e T o t h e q u a t i o n ( B m = 1, ^ = K ^ m , 
ym = l / ^ m ; η = 1 ) . In g e n e r a l , t h e l a r g e r i s t h e number o f a d 
j u s t a b l e p a r a m e t e r s i n an a d s o r p t i o n i s o t h e r m e q u a t i o n , t h e b e t t e r 
i t s f i t t o e x p e r i m e n t a l d a t a i s l i k e l y t o b e . 

The p r o v e n a n c e o f e x p r e s s i o n s l i k e t h a t i n E q u a t i o n 3 h a s n e v e r 
b e e n shown t o be u n i q u e l y a n a d s o r p t i o n m e c h a n i s m . On t h e c o n t r a r y , 
i t i s p o s s i b l e t o d e r i v e s p e c i a l c a s e s o f E q u a t i o n 3, s u c h as t h e 
c l a s s i c a l L a n g m u i r e q u a t i o n 

, , b Κ c . 
_(w) 1 

1 +~K c 7 
1 

(4 ) 

on t h e b a s i s o f s o r p t i o n m e c h a n i s m s f o r c a t i o n s and a n i o n s i n v o l v i n g 
o n l y p r e c i p i t a t i o n r e a c t i o n s ( 1_,_5). The s i t u a t i o n f o r t h e " t w o -
s u r f a c e " L a n g m u i r e q u a t i o n , a f o u r - p a r a m e t e r v e r s i o n o f E q u a t i o n 3, 

q 
(w) _ _J_ 1_ i_ 2 2 ι / c \ 
i 1 + K . c . " 1 + K 0 c . 

i i 2 ι 

i s y e t more a m b i g u o u s . On s t r i c t l y m a t h e m a t i c a l g r o u n d s (6), i t h a s 
b e e n shown t h a t E q u a t i o n 5 c a n be f i t t o any s e t o f s o r p t i o n d a t a f o r 
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w h i c h a p l o t o f q £ ^ w V c £ ( t h e d i s t r i b u t i o n c o e f f i c i e n t ) a g a i n s t q j / w ^ 
i s c o n v e x t o w a r d t h e x - a x i s and h a s f i n i t e ( e x t r a p o l a t e d ) v_- and x -
i n t e r c e p t s . T h i s r e s u l t i s i n d e p e n d e n t o f t he m e c h a n i s m o f t h e s o r p 
t i o n p r o c e s s . U n f o r t u n a t e l y , many s o r p t i o n d a t a — i n d e e d , most — 
meet t h e m a t h e m a t i c a l c r i t e r i a r e q u i r e d i n o r d e r t o a p p l y E q u a t i o n 5. 
T h e s e k i n d s o f d i f f i c u l t i e s make e v i d e n t t h e p o i n t t h a t a d s o r p t i o n 
i s o t h e r m e q u a t i o n s s h o u l d be r e g a r d e d s i m p l y a s c u r v e - f i t t i n g d e v i c e s 
w i t h o u t a p r i o r i c h e m i c a l s i g n i f i c a n c e , b u t w i t h p r e d i c t i v e c a p a 
b i l i t y u n d e r l i m i t e d c o n d i t i o n s . The m e c h a n i s t i c i m p l i c a t i o n o f t h i s 
c o n c l u s i o n c a n be f o r m a l i z e d i n t h e f o l l o w i n g r u l e (I): 

The a d h e r e n c e o f e x p e r i m e n t a l s o r p t i o n d a t a t o an a d 
s o r p t i o n i s o t h e r m e q u a t i o n p r o v i d e s no e v i d e n c e as t o 
t h e a c t u a l m e c h a n i s m o f a s o r p t i o n p r o c e s s . 

The s c o p e o f t h i s g e n e r a l r u l e e x t e n d s t o a d s o r p t i o n i s o t h e r m s 
w h i c h t u r n c o n v e x t o t h e c o n c e n t r a t i o n a x i s a t h i g h e r a d s o r p t i v e 
c o n c e n t r a t i o n s (7) and t
i n p l o t s o f q j / w ^ " a g a i n s t pH a t f i x e d t o t a l a d s o r p t i v e i_ c o n c e n 
t r a t i o n (I). A d s o r p t i o n i s o t h e r m s t h a t show a " m o n o l a y e r k n e e " a t 
l o w e r c o n c e n t r a t i o n s f o l l o w e d by an upward t u r n a t h i g h e r c o n c e n t r a 
t i o n s o f a d s o r p t i v e c a n be m o d e l e d b y r e t a i n i n g two o r more t e r m s i n 
E q u a t i o n 3 and c h o o s i n g t h e a d j u s t a b l e p a r a m e t e r s j u d i c i o u s l y ( e . g . , 
a L a n g m u i r f i r s t t e r m and a v a n B e m m e l e n - F r e u n d l i c h s e c o n d t e r m ( 7 ) ) . 

T h i s p o s s i b i l i t y doe s no t i m p l y t h a t a d s o r p t i o n a l o n e g o v e r n s t h e 
p r o c e s s d e s c r i b e d b y i s o t h e r m s t h a t g row c o n t i n u a l l y w i t h t h e a d s o r p 
t i v e c o n c e n t r a t i o n , a n y more t h a n f i t t i n g t h e d a t a b y a n a d s o r p t i o n 
s u r f a c e p r e c i p i t a t i o n m o d e l (J7) w o u l d i m p l y t h a t s u r f a c e p r e c i p i t a 
t i o n was i n d e e d t h e c o n t r o l l i n g p r o c e s s a t h i g h e r c o n c e n t r a t i o n s . 
The same c o n c l u s i o n a p p l i e s t o t h e m o d e l i n g o f a d s o r p t i o n " e d g e s " o r 
" e n v e l o p e s " . Tha t an a d s o r p t i o n " e d g e " f o r a m e t a l r e a c t i n g w i t h a 
h y d r o u s o x i d e e x h i b i t s i t s s h a r p r i s e a t l o w e r pH v a l u e s t h a n i t d o e s 
when t h e a d s o r b e n t i s a b s e n t c a n mean e i t h e r t h a t an a d s o r p t i o n p r o 
c e s s h a s o c c u r r e d o r t h a t s u r f a c e p r e c i p i t a t i o n o f t h e m e t a l as a 
h y d r o u s o x i d e h a s b e e n i n d u c e d by t h e p r e s e n c e o f t h e a d s o r b e n t . No 
d i r e c t e v i d e n c e f a v o r i n g one i n t e r p r e t a t i o n o r t h e o t h e r c a n be p r o 
v i d e d by t h e s e d a t a a l o n e . S i m i l a r l y , t h e enhancement o f m e t a l 
s o r p t i o n s o m e t i m e s o b s e r v e d when a s t r o n g l y s o r b i n g a n i o n h a s b e e n 
r e a c t e d p r e v i o u s l y w i t h a h y d r o u s o x i d e a d s o r b e n t may be m o d e l e d 
e i t h e r as a m e t a l - a n i o n s u r f a c e p r e c i p i t a t e e f f e c t (8) o r a m e t a l -
a n i o n s u r f a c e c o m p l e x e f f e c t (9 ) . S o r p t i o n d a t a t h e m s e l v e s do not 
p r o v i d e f o r a c h o i c e o f m o d e l , u n l e s s t h e i o n - a c t i v i t y p r o d u c t f o r 
a p r o p o s e d s u r f a c e p r e c i p i t a t e e x c e e d s t h e c o r r e s p o n d i n g s o l u b i l i t y 
p r o d u c t c o n s t a n t . 

I o n - A c t i v i t y P r o d u c t s . As i n t h e d e t e r m i n a t i o n o f t he amount s o r b e d 
t h r o u g h E q u a t i o n 2 , t h e c h a r a c t e r i z a t i o n o f s u r f a c e p r e c i p i t a t e s 
o f t e n u t i l i z e s m e a s u r e m e n t s made s o l e l y on t h e aqueous s o l u t i o n p h a s e . 
S o l u b i l i t y s t u d i e s l i m i t e d i n t h i s way r u n a r i s k o f b e i n g a m b i g u o u s 
as t o m e c h a n i s m b e c a u s e o f t h e l a c k o f d i r e c t i n f o r m a t i o n a b o u t t h e 
s o l i d p h a s e ( 1 0 ) . I n r e s p e c t t o t h e aqueous s o l u t i o n p h a s e , a m b i g u i t y 
c a n be m i n i m i z e d i f e q u i l i b r i u m i s a p p r o a c h e d b o t h f r o m s u p e r s a t u r a -
t i o n and f r o m u n d e r s a t u r a t i o n ; i f t h e e q u i l i b r a t i o n t i m e i s v a r i e d 
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s y s t e m a t i c a l l y ; i f t h e aqueous s o l u t i o n p h a s e i s m o n i t o r e d t h r o u g h 
two o r more c o n c e n t r a t i o n ( o r a c t i v i t y ) v a r i a b l e s s u s c e p t i b l e t o 
q u a n t i t a t i o n w i t h h i g h p r e c i s i o n ; and i f t h e s t o i c h i o m e t r y o f t h e 
assumed p r e c i p i t a t i o n - d i s s o l u t i o n r e a c t i o n i s v e r i f i e d e x p e r i m e n 
t a l l y ( 1 0 ) . 

Once t h e c o m p o s i t i o n o f t h e aqueous s o l u t i o n p h a s e h a s b e e n 
d e t e r m i n e d , t h e a c t i v i t y o f an e l e c t r o l y t e h a v i n g t h e same c h e m i c a l 
f o r m u l a as t h e assumed p r e c i p i t a t e c a n be c a l c u l a t e d ( 1 1 , 1 2 ) . T h i s 
c a l c u l a t i o n may u t i l i z e e i t h e r mean i o n i c a c t i v i t y c o e f f i c i e n t s and 
t o t a l c o n c e n t r a t i o n s o f t h e i o n s i n t h e e l e c t r o l y t e , o r s i n g l e - i o n 
a c t i v i t y c o e f f i c i e n t s and f r e e - s p e c i e s c o n c e n t r a t i o n s o f t h e i o n s i n 
t h e e l e c t r o l y t e ( 1 1 ) . I f t h e l a t t e r a p p r o a c h i s u s e d , t h e computed 
e l e c t r o l y t e a c t i v i t y i s t e r m e d an i o n - a c t i v i t y p r o d u c t ( 1 2 ) . R e 
g a r d l e s s o f w h i c h a p p r o a c h i s a d o p t e d , t h e c a l c u l a t e d e l e c t r o l y t e 
a c t i v i t y i s c o m p a r e d t o t h e s o l u b i l i t y p r o d u c t c o n s t a n t o f t h e 
assumed p r e c i p i t a t e as a t e s t f o r t h e e x i s t e n c e o f t h e s o l i d p h a s e . 
I f t h e c a l c u l a t e d i o n - a c t i v i t y p r o d u c t i s s m a l l e r t h a n t h e c a n d i d a t e 
s o l u b i l i t y p r o d u c t c o n s t a n t
c l u d e d n o t t o h a v e f o rme
m e a s u r e m e n t s . T h i s j udgment mus t be t e m p e r e d , o f c o u r s e , i n l i g h t 
o f t h e p r e c i s i o n w i t h w h i c h b o t h e l e c t r o l y t e a c t i v i t i e s and s o l u 
b i l i t y p r o d u c t c o n s t a n t s c a n be d e t e r m i n e d ( 1 2 ) . 

The d i f f i c u l t y h e r e i s t h a t t h e i o n - a c t i v i t y p r o d u c t i n c l u d e s 
n o t o n l y t h e G i b b s e n e r g y c h a n g e i n a s o l i d d i s s o l u t i o n p r o c e s s b u t 
a l s o t h e a c t i v i t y o f t h e s o l i d i t s e l f . C o n s i d e r , as a s i m p l e e x 
a m p l e , t h e d i s s o l u t i o n o f C d C 0 3 ( s ) , f o r w h i c h t h e i o n - a c t i v i t y 
p r o d u c t ( IAP ) i s ( 1 2 ) : 

LAP = [ C d 2 + ] [ C 0 2 ~ ] = Κ [ C d C O . ( s ) ] (6 ) 
J so J 

where K g o = 1 0 ~ H a t 298 Κ (10 ) and [ ] r e p r e s e n t s a t h e r m o d y n a m i c 
a c t i v i t y . I f C d ( l l ) h a s c o p r e c i p i t a t e d w i t h a n o t h e r m e t a l ( e . g . , 
C a ( l l ) ) t o f o r m a s o l i d s o l u t i o n , t h e n [CdC03] < 1 and IAP < K s o . 
Thus a h o m o g e n e o u s , m i x e d s u r f a c e p r e c i p i t a t e t y p i c a l l y c a n be e x 
p e c t e d t o p r o d u c e l ow IAP v a l u e s a n d , i f t h e c h e m i c a l e l e m e n t o f 
i n t e r e s t i s i n t h e m i x t u r e o n l y i n t r a c e a m o u n t s , t h e d i s c r e p a n c y 
b e t w e e n IAP and K g o e a s i l y c a n be an o r d e r o f m a g n i t u d e ( 1 , 1 0 ) . A 
l ow IAP v a l u e o f t h i s k i n d t h e n m i g h t be i n t e r p r e t e d t o mean t h a t 
s u r f a c e p r e c i p i t a t i o n h a d n o t o c c u r r e d , and t h a t a d s o r p t i o n h a d 
o c c u r r e d , b e c a u s e u n d e r s a t u r a t i o n e x i s t e d i n t h e aqueous s o l u t i o n 
p h a s e . The e r r o r o f s u c h a c o n c l u s i o n , i n t h e a b s e n c e o f a d i r e c t 
e x a m i n a t i o n o f t h e s o l i d p h a s e , i s a p p a r e n t f rom E q u a t i o n 6 : O n l y 
p r e c i p i t a t e s whose a c t i v i t y e q u a l s o r e x c e e d s 1 . 0 h a v e b e e n e l i m i 
n a t e d . The i n f e r e n c e t o be d r awn f r o m t h i s d i s c u s s i o n c a n be 
f o r m a l i z e d c o n s e r v a t i v e l y i n t h e r u l e ( 1 ) : 

The e x p e r i m e n t a l o b s e r v a t i o n t h a t an i o n - a c t i v i t y p r o 
d u c t i s s m a l l e r t h a n a c o r r e s p o n d i n g s o l u b i l i t y p r o d u c t 
c o n s t a n t b y a n o r d e r o f m a g n i t u d e o r l e s s p r o v i d e s no 
e v i d e n c e as t o t h e g e n e r a l m e c h a n i s m o f a s o r p t i o n 
p r o c e s s . 
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In s y s t e m s where s u r f a c e p r e c i p i t a t i o n h a s b e e n v e r i f i e d on t h e 
b a s i s o f a d i r e c t e x a m i n a t i o n o f t h e s o l i d p h a s e , i t s omet imes i s 
t r u e t h a t , b e c a u s e o f e p i t a x i a l o r o t h e r s t e r e o c h e m i c a l c o n s t r a i n t s , 
t h e a c t i v i t y o f e v e n an aged p r e c i p i t a t e i s l a r g e r t h a n 1 . 0 , r e l a t i v e 
t o a s t a n d a r d s t a t e i n w h i c h t h e s o l i d p h a s e i s m a c r o c r y s t a l l i n e and 
f r e e o f i n c l u s i o n s ( 1 2 ) . The l a r g e r s o l i d - p h a s e a c t i v i t y l e a d s t o 
an IAP l a r g e r t h a n K s o ( c f . E q u a t i o n 6 ) . A t y p i c a l e xamp l e o f 
t h i s e f f e c t i s i n t h e p r e c i p i t a t i o n o f a l u m i n u m h y d r o u s o x i d e s o n t o 
t h e i n t e r l a y e r s i l o x a n e s u r f a c e s o f 2 : 1 l a y e r t y p e a l u m i n o s i l i c a t e s 
d u r i n g w e a t h e r i n g . When an a l u m i n u m h y d r o x y - s o l i d p r e c i p i t a t e s 
o n t o t h e i n t e r l a y e r s u r f a c e o f s m e c t i t e o r v e r m i c u l i t e , IAP = 
[ A l 3 + ] [0H""1 3 ^ 1 0 ~ 3 2

j whe r ea s f o r m a c r o c r y s t a l l i n e g i b b s i t e , 
K s o = 1 0 ~ 3 ^ ( 1 3 ) . The f a c t t h a t IAP > K g o i m p l i e s a l o w e r d e g r e e 
o f c r y s t a l l i n i t y o r c r y s t a l l i n e s i z e e x i s t s i n t h e s u r f a c e p r e c i p i 
t a t e . 

K i n e t i c s M e t h o d s 

E l e c t r o k i n e t i c b e h a v i o r
an aqueous s o l u t i o n p h a s e c o n t a c t i n g a c h a r g e d a d s o r b e n t p r o d u c e s a 
r e s p o n s e a t t h e s o l i d - l i q u i d i n t e r f a c e known as an e l e c t r o k i n e t i c 
phenomenon ( 1 , 1 4 ) . The p r i n c i p a l e l e c t r o k i n e t i c phenomena o f r e l e 
v a n c e t o s o r p t i o n e x p e r i m e n t s a r e : e l e c t r o p h o r e s i s , t h e r e s p o n s e o f 
a c h a r g e d a d s o r b e n t t o an a p p l i e d , c o n s t a n t e l e c t r i c f i e l d ; e l e c t r o -
o s m o s i s , t h e r e s p o n s e o f an e l e c t r o l y t e s o l u t i o n n e a r a s t a t i o n a r y , 
c h a r g e d a d s o r b e n t t o an a p p l i e d e l e c t r i c f i e l d , and t h e s t r e a m i n g 
p o t e n t i a l , t h e r e s p o n s e o f an e l e c t r o l y t e s o l u t i o n n e a r a s t a t i o n a r y , 
c h a r g e d a d s o r b e n t t o an a p p l i e d , u n i f o r m p r e s s u r e g r a d i e n t . F o r a l l 
t h r e e phenomena , e x p e r i m e n t a l d a t a c a n be s u m m a r i z e d i n c a l c u l a t i o n s 
o f t h e z e t a p o t e n t i a l ζ , t h e i n n e r e l e c t r o s t a t i c p o t e n t i a l n e a r t h e 
a d s o r b e n t s u r f a c e a t t h e p l a n e o f s h e a r i n d u c e d by an a p p l i e d e l e c 
t r i c f i e l d o r p r o d u c e d by an a p p l i e d p r e s s u r e g r a d i e n t ( 1 , 1 4 ) . 

The s i g n i f i c a n c e o f ζ f o r d i s t i n g u i s h i n g a d s o r p t i o n f r om s u r f a c e 
p r e c i p i t a t i o n h a s b e e n b r o u g h t i n t o c l e a r f o c u s b y James and H e a l y 
( 1 5 ) . They p o i n t e d o u t t h a t ζ o f t e n d e c r e a s e s t o a min imum v a l u e , 
f o l l o w e d by a r i s e t o a maximum v a l u e t h e n d e c l i n e t o w a r d n e g a t i v e 
v a l u e s , as t h e pH i s i n c r e a s e d i n an aqueous s u s p e n s i o n c o n t a i n i n g a 
h y d r o u s o x i d e a d s o r b e n t and a h y d r o l y z a b l e m e t a l c a t i o n a d s o r p t i v e . 
T h i s b e h a v i o r c a n be i n t e r p r e t e d as t h e r e s u l t o f a g r a d u a l a c c u m u 
l a t i o n o f h y d r o l y t i c s p e c i e s o f t h e m e t a l on t h e s u r f a c e o f t h e 
a d s o r b e n t ( p r o d u c i n g a ne t i n c r e a s e i n s u r f a c e c h a r g e and an i n 
c r e a s e i n ζ w i t h i n c r e a s i n g pH) w h i c h c u l m i n a t e s i n t h e f o r m a t i o n o f 
a h y d r o x y - p o l y m e r c o a t i n g o f t h e m e t a l on t h e a d s o r b e n t ( p r o d u c i n g 
u l t i m a t e l y a n e t d e c r e a s e i n b o t h ζ and t h e s u r f a c e c h a r g e , w h i c h 
g r a d u a l l y r e f l e c t s t h a t o f t h e c o a t i n g , n o t t h e a d s o r b e n t ) . T h i s 
i n t e r p r e t a t i o n a p p l i e s t o any b i v a l e n t , t r i v a l e n t , o r t e t r a v a l e n t 
m e t a l c a t i o n t h a t h y d r o l y z e s t o some e x t e n t above pH 6 i n aqueous 
s o l u t i o n ( 1 6 ) . The m a g n i t u d e o f t h e c o n c e n t r a t i o n o f h y d r o l y t i c 
m e t a l s p e c i e s i n s o l u t i o n i s n o t r e l e v a n t , e v e n i f t h e c o n c e n t r a t i o n 
i s v e r y s m a l l , s i n c e aqueous s o l u t i o n s a r e e f f e c t i v e l y o p e n s y s t e m s 
w i t h r e s p e c t t o t h e s e s p e c i e s . I f an a d s o r b e n t e x h i b i t s a h i g h 
enough a f f i n i t y f o r a h y d r o l y t i c s p e c i e s , i t c a n be a d s o r b e d a t o n c e 
and be r e p l a c e d i n t h e aqueous s o l u t i o n p h a s e t h r o u g h h y d r o l y s i s o f a 
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s o l v a t e d s p e c i e s u n t i l t h e a v a i l a b i l i t y o f t he l a t t e r h a s b e e n e x 
h a u s t e d . The c o n c e n t r a t i o n o f t h e h y d r o l y t i c s p e c i e s may r e m a i n 
q u i t e s m a l l , bu t i t s a d s o r p t i o n i s d e t e r m i n e d by t h e a f f i n i t y o f t he 
a d s o r b e n t f o r i t and t h e t o t a l m e t a l c o n c e n t r a t i o n i n aqueous s o l u 
t i o n . 

I f a s u r f a c e p r e c i p i t a t e o f m e t a l h y d r o x y - p o l y m e r h a s fo rmed on 
an a d s o r b e n t , t h e ζ - ρ Η r e l a t i o n s h i p f o r t h e c o a t e d a d s o r b e n t s h o u l d 
r e s e m b l e c l o s e l y t h a t o b s e r v e d f o r p a r t i c l e s c o n s i s t i n g p u r e l y o f t h e 
h y d r o x y - p o l y m e r o r t h e h y d r o u s o x i d e o f t h e m e t a l ( 1 5 ) . T h i s k i n d o f 
e v i d e n c e f o r C o ( l l ) , L a ( l l l ) , and T h ( I V ) p r e c i p i t a t i o n on s i l i c a 
c o l l o i d s was c i t e d by James and H e a l y ( 1 5 ) . I t s h o u l d be n o t e d , 
h o w e v e r , t h a t t he i n c r e a s e i n ζ t o w a r d a maximum v a l u e o f t e n o c c u r s 
a t pH v a l u e s w e l l b e l o w t h a t r e q u i r e d t h e r m o d y n a m i c a l l y t o i n d u c e 
b u l k - s o l u t i o n homogeneous p r e c i p i t a t i o n o f a m e t a l h y d r o u s o x i d e ( 1 5 , 
1 6 ) . I f s u r f a c e p r e c i p i t a t i o n i s i n t h e i n c i p i e n t s t a g e u n d e r t h e s e 
c o n d i t i o n s , i t must be a n u c l e a t i o n phenomenon . James and H e a l y ( 15 ) 
a r g u e t h a t t h e m i c r o s c o p i c e l e c t r i c f i e l d a t the s u r f a c e o f a c h a r g e d 
a d s o r b e n t i s s u f f i c i e n t l
and i n d u c e p r e c i p i t a t i o
s o l u t i o n p r e c i p i t a t i o n o f a m e t a l h y d r o u s o x i d e . 

B o t h S c h i n d l e r ( 17 ) and F u e r s t e n a u e t a l . ( 18 ) h a v e c a l l e d 
a t t e n t i o n t o t h e p o i n t t h a t t h e s u r f a c e p r e c i p i t a t i o n c o n c e p t need 
n o t be i n v o k e d t o e x p l a i n t h e ζ - ρ Η r e l a t i o n s h i p d e s c r i b e d a b o v e . I f 
o n l y s o l v a t e d m e t a l c a t i o n s a d s o r b i n i n n e r - s p h e r e s u r f a c e c o m p l e x e s , 
t h e i r a d s o r p t i o n w i l l be e n h a n c e d by d e c r e a s i n g t h e a d s o r b e n t c h a r g e 
t h r o u g h i n c r e a s i n g t h e pH and t h e y w i l l c o n c o m i t a n t l y i n c r e a s e ζ by 
b r i n g i n g p o s i t i v e c h a r g e t o t h e s o l i d - l i q u i d i n t e r f a c e . At h i g h pH 
v a l u e s , t h e m e t a l c a t i o n s w i l l b e g i n t o h y d r o l y z e s i g n i f i c a n t l y i n 
a queous s o l u t i o n and t h e s e h y d r o l y t i c s p e c i e s c a n f o r m a t t h e e x p e n s e 
o f a d s o r b e d s p e c i e s , w i t h t h e r e s u l t t h a t ζ d e c r e a s e s as t h e m e t a l 
c a t i o n s d e s o r b t o h y d r o l y z e . The q u a l i t a t i v e f o r m o f t h e ζ - ρ Η r e 
l a t i o n s h i p p r o d u c e d by t h i s m e c h a n i s m r e s e m b l e s e x p e r i m e n t a l o b s e r v a 
t i o n s f o r t h e b i v a l e n t m e t a l c a t i o n - s i l i c a s y s t e m c l o s e l y ( 1 7 ) . The 
i m p l i c a t i o n o f t h i s f a c t i s t h a t an o b s e r v e d ζ - ρ Η r e l a t i o n s h i p d o e s 
n o t p r o v i d e an u n a m b i g u o u s m e t h o d o f d i s t i n g u i s h i n g a d s o r p t i o n f r o m 
s u r f a c e p r e c i p i t a t i o n . 

R e a c t i o n k i n e t i c s . The t i m e - d e v e l o p m e n t o f s o r p t i o n p r o c e s s e s o f t e n 
h a s b e e n s t u d i e d i n c o n n e c t i o n w i t h m o d e l s o f a d s o r p t i o n d e s p i t e t h e 
w e l l - k n o w n i n j u n c t i o n t h a t k i n e t i c s d a t a , l i k e t h e r m o d y n a m i c d a t a , 
c a n n o t be u s e d t o i n f e r m o l e c u l a r m e c h a n i s m s ( 1 9 ) . E x p e r i e n c e w i t h 
b o t h c a t i o n i c and a n i o n i c a d s o r p t i v e s h a s shown t h a t s o r p t i o n r e 
a c t i o n s t y p i c a l l y a r e r a p i d i n i t i a l l y , o p e r a t i n g on t i m e s c a l e s o f 
m i n u t e s o r h o u r s , t h e n d i m i n i s h i n r a t e g r a d u a l l y , on t i m e s c a l e s o f 
d a y s o r weeks ( 1 6 , 2 0 - 2 5 ) . T h i s d e c l i n e i n r a t e u s u a l l y i s n o t 
i n t e r p r e t e d t o be h o m o g e n e o u s : The r a p i d s t a g e o f s o r p t i o n k i n e t i c s 
i s d e s c r i b e d by one r a t e l a w ( e . g . , t h e E l o v i c h e q u a t i o n ) , whe r ea s 
t h e s l o w s t a g e i s d e s c r i b e d by a n o t h e r ( e . g . , an e x p r e s s i o n o f f i r s t 
o r d e r i n t h e a d s o r p t i v e c o n c e n t r a t i o n ) . T h e r e i s , h o w e v e r , no p r o 
f o u n d s i g n i f i c a n c e t o be a t t a c h e d t o t h i s o b s e r v a t i o n , s i n c e a c o n 
s e n s u s d o e s n o t e x i s t as t o w h i c h r a t e l aws s h o u l d be u s e d t o m o d e l 
e i t h e r f a s t o r s l o w s o r p t i o n p r o c e s s e s ( 1 6 , 2 1 , 2 2 , 2 4 ) . I f a s o r p t i o n 
p r o c e s s i s i n i t i a t e d f r o m a s t a t e o f s u p e r s a t u r a t i o n w i t h r e s p e c t t o 
one o r more p o s s i b l e s o l i d p h a s e s i n v o l v i n g an a d s o r p t i v e , o r i f t h e 
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a d s o r b e n t s p r e s e n t a r e e i t h e r p o o r l y c r y s t a l l i z e d o r w e l l h y d r a t e d , 
i t i s l i k e l y t h a t m u l t i p l e s o r p t i o n m e c h a n i s m s w i l l o p e r a t e r i g h t 
f r om t h e b e g i n n i n g ( 1^2) . The t i m e - d e v e l o p m e n t o f t h e s o r p t i o n 
p r o c e s s t h e n s h o u l d r e f l e c t t h i s m u l t i p l i c i t y and d e f y any s i m p l e 
i n t e r p r e t a t i o n i n t e r m s o f an a d s o r p t i o n m e c h a n i s m . 

When t h e k i n e t i c s o f a s o r p t i o n p r o c e s s do a p p e a r t o s e p a r a t e 
a c c o r d i n g t o v e r y s m a l l and v e r y l a r g e t i m e s c a l e s , t h e a l m o s t u n i 
v e r s a l i n f e r e n c e made i s t h a t p u r e a d s o r p t i o n i s r e f l e c t e d b y t h e 
r a p i d k i n e t i c s ( 1 6 , 2 1 , 2 2 , 2 6 ) . The s l o w k i n e t i c s a r e i n t e r p r e t e d 
e i t h e r i n t e r m s o f s u r f a c e p r e c i p i t a t i o n (20 ) o r d i f f u s i o n o f t h e 
a d s o r b a t e i n t o t h e a d s o r b e n t ( 1 6 , 2 4 ) . W i t h r e s p e c t t o m e t a l c a t i o n 
s o r p t i o n , " r a p i d k i n e t i c s " r e f e r s t o t i m e s c a l e s o f m i n u t e s ( 1 6 , 2 6 ) , 
w h e r e a s f o r a n i o n s o r p t i o n i t r e f e r s t o t i m e s c a l e s up t o h o u r s Τ Γ , 
2 1 ) . The i n t e r p r e t a t i o n o f t h e s e t i m e s c a l e s as c h a r a c t e r i s t i c o f 
a d s o r p t i o n r e s t s a l m o s t e n t i r e l y o n t h e p r e m i s e t h a t s u r f a c e p h e 
nomena i n v o l v e l i t t l e i n t h e way o f m o l e c u l a r r e a r r a n g e m e n t and 
s t e r i c h i n d r a n c e e f f e c t s ( 1 6 , 2 1 ) . 

An i l l u s t r a t i o n o f
g u i s h i n g a d s o r p t i o n f r o
s o r p t i o n o f o—phosphate b y c a l c i t e ( 2 7 - 3 0 ) . The l o s s o f o - p h o s p h a t e 
f r o m a q u e o u s s o l u t i o n i n t h e p r e s e n c e o f c a l c i t e i s p r o n o u n c e d on a 
t i m e s c a l e o f t e n s o f m i n u t e s and i s e n h a n c e d by i n c r e a s i n g t e m p e r a 
t u r e o r pH ( 2 7 - 2 9 ) . T h e r e a f t e r , on a t i m e s c a l e o f h o u r s o r d a y s , 
t h e o - p h o s p h a t e s o l u b i l i t y d e c r e a s e s g r a d u a l l y , t h e n d r o p s s h a r p l y 
a g a i n ( 2 7 , 2 8 ) . T h i s b e h a v i o r i s i n t e r p r e t e d m e c h a n i s t i c a l l y a s 
a d s o r p t i o n o f o - p h o s p h a t e a t s e l e c t i v e s i t e s on c a l c i t e f o l l o w e d by 
t h e n u c l e a t i o n o f a c a l c i u m p h o s p h a t e s o l i d on t h e s u r f a c e ( 2 7 , 2 9 , 
3 0 ) . The g r a d u a l d e c l i n e i n o - p h o s p h a t e s o l u b i l i t y , w h i c h p e r s i s t s 
l o n g e r t h e s m a l l e r i s t h e i n i t i a l o - p h o s p h a t e c o n c e n t r a t i o n ( 2 8 ) , 
r e p r e s e n t s t h e p e r i o d o f r e a r r a n g e m e n t o f a d s o r b e d o - p h o s p h a t e 
c l u s t e r s i n t o c a l c i u m p h o s p h a t e n u c l e i ( 2 7 , 2 9 ) . E p i t a x i a l , t h r e e -
d i m e n s i o n a l g r o w t h o f c a l c i u m p h o s p h a t e c r y s t a l s t h e n f o l l o w s . 
S c a n n i n g e l e c t r o n m i c r o g r a p h s o f c a l c i t e t a k e n d u r i n g t h e r e 
a r r a n g e m e n t p e r i o d ( 30 ) show h e m i s p h e r i c a l g r o w t h s o f £ - p h o s p h a t e 
( i d e n t i f i e d b y m i c r o p r o b e a n a l y s i s ) a t edge s i t e s and d i s l o c a t i o n s 
on t h e c r y s t a l s u r f a c e . G r i f f i n and J u r i n a k (29 ) f o u n d t h e a d s o r p t i o n 
k i n e t i c s t o be s e c o n d - o r d e r , whe r ea s t h e r e a r r a n g e m e n t k i n e t i c s were 
f i r s t - o r d e r . S i m i l a r r e s u l t s f o r t h e s l o w e r k i n e t i c s o f £ - p h o s p h a t e 
s o r p t i o n b y m e t a l h y d r o u s o x i d e s and s o i l s h a v e b e e n r e p o r t e d ( 2 0 , 
2 1 ) , b u t no c o n s e n s u s e x i s t s ( 2 3 , 2 5 , 3 1 ) . The p r i n c i p a l c r i t e r i o n , 
h o w e v e r , i s n o t h o m o g e n e i t y o f t h e r a t e l a w , b u t a c l e a r s e p a r a t i o n 
o f t h e k i n e t i c s a c c o r d i n g t o t i m e s c a l e (1_) · 

S u r f a c e S p e c t r o s c o p y 

S o l u b i l i t y and k i n e t i c s m e t h o d s f o r d i s t i n g u i s h i n g a d s o r p t i o n f r o m 
s u r f a c e p r e c i p i t a t i o n h a v e t h e common f e a t u r e s o f b e i n g e s s e n t i a l l y 
m a c r o s c o p i c i n n a t u r e and o f n o t u t i l i z i n g a d i r e c t e x a m i n a t i o n o f 
s o r b e d m a t e r i a l . The e s s e n t i a l d i f f e r e n c e b e tween an a d s o r b a t e and 
a s u r f a c e p r e c i p i t a t e l i e s w i t h m o l e c u l a r s t r u c t u r e , h o w e v e r , and 
i t i s i n e v i t a b l e t h a t m e t h o d o l o g i e s n o t e q u i p p e d t o e x p l o r e t h a t 
s t r u c t u r e d i r e c t l y w i l l p r o d u c e amb i guous r e s u l t s r e q u i r i n g ad h o c 
a s s u m p t i o n s i n o r d e r t o i n t e r p r e t t h e m . The p r i n c i p a l t e c h n i q u e f o r 
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i n v e s t i g a t i n g m o l e c u l a r s t r u c t u r e i s s p e c t r o s c o p y ( 3 2 , 3 3 ) . S u r f a c e 
s p e c t r o s c o p y , b o t h o p t i c a l and m a g n e t i c , o f f e r s t h e b e s t o p p o r t u n i t y 
a t p r e s e n t t o e l u c i d a t e t h e s t r u c t u r e s o f c h e m i c a l s p e c i e s a t t h e 
s o l i d - l i q u i d i n t e r f a c e . 

S u r f a c e s p e c t r o s c o p i c t e c h n i q u e s must be s e p a r a t e d c a r e f u l l y 
i n t o t h o s e w h i c h r e q u i r e d e h y d r a t i o n f o r s amp l e p r e s e n t a t i o n and 
t h o s e w h i c h do n o t . Among t h e f o r m e r a r e e l e c t r o n m i c r o s c o p y and 
m i c r o p r o b e a n a l y s i s , X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y , and i n f r a r e d 
s p e c t r o s c o p y . T h e s e m e t h o d s h a v e b e e n a p p l i e d f r u i t f u l l y t o show t h e 
e x i s t e n c e o f e i t h e r i n n e r - s p h e r e s u r f a c e c o m p l e x e s o r s u r f a c e p r e 
c i p i t a t e s on m i n e r a l s f ound i n s o i l s and s e d i m e n t s ( 1 3 b , 3 0 , 3 1 - 3 7 ) , 
b u t t h e a p p l i c a b i l i t y o f t h e r e s u l t s t o n a t u r a l s y s t e m s i s n o t w i t h 
o u t some a m b i g u i t y b e c a u s e o f t h e d e s s i c a t i o n p r e t r e a t m e n t i n v o l v e d . 
I f i n d e p e n d e n t e x p e r i m e n t a l e v i d e n c e f o r i n n e r - s p h e r e c o m p l e x a t i o n o r 
s u r f a c e p r e c i p i t a t i o n e x i s t s , t h e s e m e t h o d s p r o v i d e a p o w e r f u l means 
o f c o r r o b o r a t i o n . 

X - r a y d i f f r a c t i o n , Raman s p e c t r o s c o p y , and m a g n e t i c r e s o n a n c e 
s p e c t r o s c o p y ( n u c l e a r an
q u i r e d e h y d r a t i o n o f t h
l o n g s t a n d i n g f o r t h e d e t e c t i o n o f s u r f a c e p r e c i p i t a t e s t h a t i s 
u s u a l l y — b u t need n o t be — a p p l i e d t o d r i e d m a t e r i a l s ( 3 0 , 3 8 - 4 1 ) . 
Raman s p e c t r o s c o p y ( 4 2 ) a n d n u c l e a r m a g n e t i c r e s o n a n c e s p e c t r o s c o p y 
( 3 2 , 3 3 ) h a v e n o t o f t e n b e e n u s e d t o d i s t i n g u i s h s u r f a c e s p e c i e s i n 
aqueous s y s t e m s c o m p r i s i n g n a t u r a l c o l l o i d s , b u t t h e i r p o t e n t i a l f o r 
t h i s k i n d o f i n v e s t i g a t i o n r e m a i n s s i g n i f i c a n t ( 3 3 , 3 7 ) . P e r h a p s t h e 
mos t u s e f u l t e c h n i q u e h a s b e e n e l e c t r o n s p i n r e s o n a n c e s p e c t r o s c o p y 
( 3 2 , 4 3 ) , p a r t i c u l a r l y t h e a p p l i c a t i o n s o f i t made by M c B r i d e and h i s 
c o w o r k e r s ( 4 4 - 4 8 ) . A l t h o u g h l i m i t e d i n t r i n s i c a l l y ( 32 ) t o o n l y t h r e e 
m e t a l s o f m a j o r i n t e r e s t i n n a t u r a l c o l l o i d a l s y s t e m s — F e ( I I I ) , 
M n ( I l ) , and C u ( l l ) — t h i s me thod h a s b e e n u n i q u e l y s u c c e s s f u l i n 
p r o v i d i n g a g e n e r a l u n d e r s t a n d i n g o f t h e c o n d i t i o n s u n d e r w h i c h a d 
s o r p t i o n o r s u r f a c e p r e c i p i t a t i o n i s l i k e l y t o o c c u r . 

A p r o t o t y p i c a l e x a m p l e o f e l e c t r o n s p i n r e s o n a n c e (ESR) s p e c t r o 
s c o p y a p p l i e d t o s u r f a c e s p e c i a t i o n on a l a y e r s i l i c a t e i s C u ( l l ) 
s o r p t i o n b y h e c t o r i t e ( 4 4 b ) . The ESR s p e c t r u m o f a C u - h e c t o r i t e 
s u s p e n s i o n shows a g r a d u a l d e c r e a s e i n t h e i n t e n s i t y o f t h e l i n e 
c h a r a c t e r i s t i c o f t h e C u d ^ O ) ^ * s p e c i e s as pH i n c r e a s e s , c o n s i s t e n t 
w i t h t h e g r a d u a l a p p e a r a n c e o f h y d r o l y t i c s p e c i e s o f C u ( I I ) w h i c h do 
n o t p r o d u c e an ESR s i g n a l . A t pH < 5 . 2 , t h e f r a c t i o n o f C u ( I I ) i n 
h y d r o l y t i c s p e c i e s on t h e h e c t o r i t e s u r f a c e i s much l a r g e r t h a n i n 
a q u e o u s s o l u t i o n , i n d i c a t i n g a h i g h a f f i n i t y o f t h e s u r f a c e f o r t h e s e 
s p e c i e s . A i r - d r i e d C u - h e c t o r i t e p r e s e n t s ESR s p e c t r a a s s i g n a b l e t o 
C u ( l l ) bound i n i n n e r - s p h e r e s u r f a c e c o m p l e x e s i n t h e h e c t o r i t e 
i n t e r l a y e r s , b y c o n t r a s t w i t h t h e d i f f u s e - i o n swarm o r o u t e r - s p h e r e 
s u r f a c e c o m p l e x C u ( l l ) i n f e r r e d f r o m t h e s u s p e n s i o n s p e c t r a . As pH 
i n c r e a s e s , t h i s a d s o r b e d C u ( l l ) c o n v e r t s g r a d u a l l y t o h y d r o l y t i c 
s p e c i e s . K i n e t i c s d a t a t a k e n w i t h t h e ESR s p e c t r a i n s u s p e n s i o n were 
c o n s i s t e n t w i t h t h e f o r m a t i o n o f s u r f a c e p r e c i p i t a t e s a t pH > 6 . A 
s i m i l a r s t u d y o f C u ( l l ) s o r p t i o n by m i c r o c r y s t a l 1 i n e g i b b s i t e (47 ) 
p r o d u c e d s p e c t r a l e v i d e n c e f o r i n n e r - s p h e r e s u r f a c e c o m p l e x e s o f 
Cu2+ p r e d o m i n a t i n g b e l o w pH 5 and C u - h y d r o x y s p e c i e s — e v e n t u a l l y 
C u ( 0 H ) 2 ( s ) — p r e d o m i n a t i n g above pH 5 . F o r b o t h h e c t o r i t e and 
g i b b s i t e , t h e IAP = [ C u 2 + ] [ 0 H ~ ] 2 f o r t h e s u r f a c e h y d r o x y s p e c i e s was 
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smal ler than the s o l u b i l i t y product constant of mac roc ry s t a l l i n e 
Cu(OH) 2 ( s ) . 

Concluding Remarks 

S o l u b i l i t y and k i n e t i c s methods for d i s t i n g u i s h i n g adsorpt ion from 
surface p r e c i p i t a t i o n su f fe r from the fundamental weakness o f being 
macroscopic approaches that do not involve a d i r e c t examination o f 
the s o l i d phase. Information about the composit ion o f an aqueous 
s o l u t i o n phase i s not s u f f i c i e n t to permit a c l e a r inference of a 
so rp t i on mechanism because the aqueous s o l u t i o n phase does not d e 
termine unique ly the nature of i t s contiguous s o l i d phases, even at 
e q u i l i b r i u m (49) . Perhaps more important i s the fact that adsorpt ion 
and surface p r e c i p i t a t i o n are e s s e n t i a l l y molecular concepts on which 
s t r i c t l y macroscopic approaches can provide no unambiguous data (12, 
21). Molecular concepts can be studied only by molecular methods. 
It i s for t h i s reason that spectroscopy o f f e r s the only experimental 
method for c h a r a c t e r i z i n
m a t i c a l l y dest ined to ru
is not to say that d i f f i c u l t i e s of a t e chn i c a l nature w i l l not a r i s e 
(40-48) , nor that the conceptual d i f f i c u l t y of d i f f e r i n g time sca les 
among spect roscop ic techniques w i l l cause no problems (50). None
t h e l e s s , i t i s to be hoped that future i nve s t i g a t i ons of so rp t ion 
reac t ions w i l l focus more on probing the molecular s t ruc tu re of the 
mineral/water in te r f ace than on attempting s imply to d i v ine what the 
s t ruc tu re may be. 
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Adsorpt ion-Desorpt ion Kinetics 
at the Meta l -Oxide-So lut ion Interface 
Studied by Relaxation Methods 

Tatsuya Yasunaga1 and Tetsuya Ikeda2 
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Chemical relaxatio
mechanisms of reactions of ions at the mineral/water 
interface. In this paper, a review of chemical re
laxation studies of adsorption/desorption kinetics of 
inorganic ions at the metal oxide/aqueous interface 
is presented. Plausible mechanisms based on the 
triple layer surface complexation model are discussed. 
Relaxation kinetic studies of the intercalation/ 
deintercalation of organic and inorganic ions in 
layered, cage-structured, and channel-structured 
minerals are also reviewed. In the intercalation 
studies, plausible mechanisms based on ion-exchange 
and adsorption/desorption reactions are presented; 
steric and chemical properties of the solute and 
interlayered compounds are shown to influence the 
reaction rates. We also discuss the elementary 
reaction steps which are important in the stereo
selective and reactive properties of interlayered 
compounds. 

The fast reactions of ions between aqueous and mineral phases have 
been studied extensively in a variety of fields including colloidal 
chemistry, geochemistry, environmental engineering, soil science, 
and catalysis (1-6). Various experimental approaches and techniques 
have been utilized to address the questions of interest in any given 
field as this volume exemplifies. Recently, chemical relaxation 
techniques have been applied to study the kinetics of interaction of 
ions with minerals in aqueous suspension (7). These methods allow 
mechanistic information to be obtained for elementary processes 
which occur rapidly, e.g., for processes which occur within seconds 
to as fast as nanoseconds (8). Many important phenomena can be 
studied including adsorption/desorption reactions of ions at 
electri fied interfaces and intercalation/deintercalation of ions 
with minerals having unique interlayer structure. 

In this paper, a review of the mechanistic information that has 
been obtained in chemical relaxation studies of reactions of ions 
with metal oxide minerals in aqueous suspensions is discussed. The 
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r e v i e w i s d e v i d e d i n t o f i v e s e c t i o n s : (1) P r i n c i p l e s o f C h e m i c a l 
R e l a x a t i o n M e t h o d , (2) E x p e r i m e n t a l M e t h o d s and M a t e r i a l s , (3) 
S u r f a c e R e a c t i o n K i n e t i c s , (4) I n t e r c a l a t i o n K i n e t i c s , a n d (5) 
Summary a n d C o n c l u s i o n s . 

P r i n c i p l e s o f t h e C h e m i c a l R e l a x a t i o n M e t h o d s 

C h e m i c a l r e l a x a t i o n me thods i n v o l v e s m a l l p e r t u r b a t i o n s o f e q u i l i b 
r i u m (8) . The d e p e n d e n c e s o f t h e e q u i l i b r i u m c o n s t a n t Κ on t e m p e r a 
t u r e , p r e s s u r e , and t h e e l e c t r i c f i e l d a r e g i v e n b y 

31nK = ΔΗ 

V 3T ; P R T 2 K ± J 

j H n K _ _ ΔΗ 
^ 3 P }T RT K } 

^ BE ; P , T R

w h e r e ΔΗ, Δ ν , a n d ΔΜ a r e t h e s t a n d a r d e n t h a l p y , s t a n d a r d v o l u m e , a n d 
e l e c t r i c moment o f r e a c t i o n . I n j u m p - r e l a x a t i o n m e t h o d s , t h e e q u i 
l i b r i u m c o n s t a n t i s c h a n g e d b y r a p i d l y a l t e r i n g a n e x t e r n a l p a r a m e 
t e r ( t e m p e r a t u r e , p r e s s u r e , o r e l e c t r i c f i e l d s t r e n g t h ) . T h e r e -
e q u i l i b r a t i o n o r r e l a x a t i o n c a n be o b s e r v e d b y some s u i t a b l e means 
o f d e t e c t i o n s u c h a s c o n d u c t i v i t y ( F i g u r e 1 ) . 

E x p e r i m e n t a l M e t h o d s a n d M a t e r i a l s 

(a) A p p a r a t u s . P r e s s u r e - j u m p r e l a x a t i o n w i t h e l e c t r i c c o n d u c t i v i t y 
d e t e c t i o n c a n b e a p p l i e d t o r e a c t i o n s o c c u r i n g o n t h e o r d e r o f 
s e c o n d s t o m i l l i s e c o n d s . T h e d e t a i l s o f t h e measu rement o f t h e 
r e l a x a t i o n s i g n a l s u s i n g t h e p r e s s u r e - j u m p a p p a r a t u s w i t h c o n d u c 
t i v i t y d e t e c t i o n h a v e b e e n d e s c r i b e d e l s e w h e r e ( 7 ) . I t h a s a t i m e 
c o n s t a n t o f 80 y s a t a b u r s t i n g p r e s s u r e o f 200 a t m . 

The e l e c t r i c - f i e l d - j u m p m e t h o d w i t h e l e c t r i c c o n d u c t i v i t y 
d e t e c t i n g s y s t e m c a n b e a p p l i e d t o r e a c t i o n s o c c u r i n g on t h e o r d e r 
o f m i l l i s e c o n d s t o m i c r o s e c o n d s . T h e r i s e t i m e o f t h e a p p l i e d 
e l e c t r i c f i e l d i s much f a s t e r t h a n 0 . 1 y s . T h e s t r e n g t h o f t h e 
e l e c t r i c f i e l d i s 20 k V / c m . T h e d e t a i l s o f t h e e l e c t r i c - f i e l d - j u m p 
a p p a r a t u s c a n b e f o u n d e l s e w h e r e ( 9 ) . 

R e a c t i o n s w h i c h c a n n o t be p e r t u r b e d b y c h a n g i n g a n e x t e r n a l 
p a r a m e t e r may be d e t e c t e d by t h e s t o p p e d - f l o w m e t h o d . T h e d e t e c t i o n 
s y s t e m o f t h i s a p p a r a t u s i s t h e same a s t h a t o f t h e p r e s s u r e - j u m p 
a p p a r a t u s d e s c r i b e d p r e v i o u s l y ( 1 0 ) . F o r t h i s s y s t e m , a q u e o u s 
e l e c t r o l y t e s o l u t i o n a n d a n a q u e o u s m e t a l - o x i d e s u s p e n s i o n a r e m i x e d 
r a p i d l y b y o p e r a t i n g an e l e c t r i c s o l e n o i d v a l v e u n d e r n i t r o g e n gas 
o f 7 a t m . T h e d e a d t i m e o f t h i s a p p a r a t u s i s 15 ms . 

T h e ζ - p o t e n t i a l o f t h e m e t a l - o x i d e p a r t i c l e s was m e a s u r e d b y 
means o f t h e m i c r o - e l e c t r o p h o r e s i s m e t h o d ( 1 1 ) . 

(b) M a t e r i a l s a n d Samp le P r e p a r a t i o n . T h e m e t a l o x i d e s u s e d w e r e 
Fe2Û3 , Fe30 i t , α -FeOOH, T1O2, s i l i c a - a l u m i n a , a n d y - A l 2 0 3 . L a y e r e d 
compounds u s e d w e r e a - a n d γ - z i r c o n i u m p h o s p h a t e s ( α - , γ - Z r P ) , T1S2, 
h y d r o t a l c i t e - l i k e compound ( H T ) , m o n t m o r i l l o n i t e ( M o n t ) , z e o l i t e 4A 
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( Z - 4 A ) , a n d z e o l i t e H - Z S M - 5 . T h e i n t e r l a y e r d i s t a n c e v a r i e d b y t h e 
i n t e r c a l a t i o n was d e t e r m i n e d f r o m X - r a y d i f f r a c t i o n p a t t e r n s . T h e 
i n t e r l a y e r s p a c e o f t h e c r y s t a l l i n e z e o l i t e i s s e p a r a t e d b y t h e 
t h r e e - d i m e n s i o n a l c a g e s t r u c t u r e s . T h e mean d i a m e t e r s o f p a r t i c l e s 
w e r e a p p r o x i m a t e l y 1 ym. S u c h s m a l l p a r t i c l e s f o r m e d v e r y s t a b l e 
s u s p e n s i o n s w i t h no s i g n o f s e d i m e n t a t i o n o v e r t h e t i m e c o u r s e o f 
t h e k i n e t i c m e a s u r e m e n t s . T h e a n a l y t i c a l t e c h n i q u e s u s e d t o o b t a i n 
t h e e q u i l i b r i u m c o n c e n t r a t i o n a r e d e s c r i b e d e l s e w h e r e ( 1 0 - 2 2 ) . A l l 
s a m p l e s w e r e e q u i l i b r a t e d f o r 2 4 - 7 2 h a f t e r p r e p a r a t i o n . T h e t e m 
p e r a t u r e was c o n t r o l l e d a t 25 ° C . 

S u r f a c e R e a c t i o n K i n e t i c s 

I n a q u e o u s s u s p e n s i o n s , m e t a l o x i d e s h a v e a m p h o t e r i c p r o p e r t i e s 
( 4 ) . One c a n d e s c r i b e t h e a d s o r p t i o n / d e s o r p t i o n o f H + a n d c o u n t e r 
i o n o n s u r f a c e h y d r o x y l g r o u p s (SOH) u s i n g t h e f o l l o w i n g mass a c t i o n 
e q u a t i o n s : 

i n t h e pH r a n g e b e l o w t h
k i 

S0H£ SOH + H+ ( I ) 

k 2 

S0H+ + A " ^ SOHt A " ( I I ) 
k _ 2 

i n t h e pH r a n g e a b o v e t h e p H z p c 

k 3 

SOH a * - S O " + H+ ( I I I ) 

k -3 
ki* 

S O " + B+ ^ S O " B + ( IV ) 

w h e r e p H z p c , A ~ , a n d B + s t a n d f o r t h e pH o f t h e z e r o p o i n t c h a r g e o f 
t h e m e t a l o x i d e , a n a n i o n , a n d a c a t i o n , r e s p e c t i v e l y , a n d k ^ ( i = l , 
2 , 3 , 4) a r e t h e r a t e c o n s t a n t s . F o r t h e a b o v e r e a c t i o n s , t h e 
e q u i l i b r i u m c o n s t a n t s a r e g i v e n b y 

[S0H] [H+ ] ε ψ 0 βψ 0 

Κι = - e x p ( ) - K l n t e x p ( ) (4 ) 
[S0H+] k T V 

[S0H+ Α " ] εψ 

K a n i o n - Τ e * P ( — ) = 4 n i o n e x P ( ~ & > <5> 
[ S 0 H + ] [ A - ] g k B T k f i T 

[ S 0 ~ ] [ H + ] ε ψ 0 βψ 0 

K 2 = e x p ( ) = K * n t e x p ( ) (6 ) 
[SOH] k B T k R T 

[ S O " B + ] θ ψ β . βψ 

K c a t i o n " — « p < - — = K ^ | i o n e x p ( - (7) 
[ S 0 ~ ] [ B + ] 3 k T k T 
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w h e r e t h e s u b s c r i p t s ο a n d 3 r e f e r t o t h e p l a n e s o f a d s o r b e d H + a n d 
c o u n t e r i o n (A~ a n d B + ) , r e s p e c t i v e l y , ψο a n d ψβ a r e t h e e l e c t r o 
s t a t i c p o t e n t i a l a t t h e s u r f a c e a n d 3 - p l a n e , r e s p e c t i v e l y . K j n t 

a r e t h e i n t r i n s i c e q u i l i b r i u m c o n s t a n t s a n d k g i s t h e B o l t z m a n n 
c o n s t a n t . A c c o r d i n g t o t h e s u r f a c e c o m p l e x a t i o n m o d e l d e s c r i b e d b y 
D a v i s e t a l . (4), t h e p o t e n t i a l a n d c h a r g e r e l a t i o n s h i p s i n t h e 
e l e c t r i c d o u b l e l a y e r a r e g i v e n b y 

Ψο - Ψ3 = σο/Ci (8) 

% ~ * d = " a d / c 2 (9> 

σ 0 + + σ d = 0 (10) 

w h e r e i s t h e mean p o t e n t i a l a t t h e s l i p p i n g p l a n e , w h i c h i s 
a s sumed e q u a l t o t h e ζ - p o t e n t i a l i n t h e s e s t u d i e s , a n d σο, σβ, a n d 
σ^ a r e t h e c h a r g e d e n s i t y a t t h e s u r f a c e p l a n e , t h e β - p l a n e , a n d 
t h e s l i p p i n g p l a n e , r e s p e c t i v e l y
c a p a c i t a n c e s i n t h e i n n e
r e s p e c t i v e l y . F r o m G o u y - C h a p m a n d i f f u s e l a y e r t h e o r y , σ^ ( y C / c m 2 ) 
i s 

βψ , 
a d = - 11.74 C 1 / 2 s i n n C ^ O ( I D 

Β 

w h e r e C i s t h e e q u i l i b r i u m c o n c e n t r a t i o n f o r a s y m m e t r i c a l e l e c t r o 
l y t e i n t h e b u l k p h a s e . T h e e x p r e s s i o n s o f σο a n d σ^ a r e 

σ 0 = A([S0H+] + [S0H+ A""] - [SO""] - [S0~ B + ] ) (12) 

σ β = A([S0" B+]-[S0H+ A " ] ) (13) 
w i t h 

10 6 F/( [P ]S ) (14) 

w h e r e F i s t h e F a r a d a y c o n s t a n t , [P ] i s t h e p a r t i c l e c o n c e n t r a t i o n , 
a n d S i s t h e s p e c i f i c s u r f a c e a r e a . 

(a ) A d s o r p t i o n / D e s o r p t i o n K i n e t i c s o f P o t e n t i a l D e t e r m i n i n g I o n s . 
A p p l i c a t i o n o f t h e p r e s s u r e - j u m p me thod t o t h e a c i d i c s u s p e n s i o n s 
o f m e t a l o x i d e s s h i f t s e q u i l i b r i u m f o r r e a c t i o n s I a n d I I t o w a r d s 
d i s s o c i a t i o n . U n d e r t h e c o n d i t i o n p H < p H z p c , r e a c t i o n s I I I a n d IV 
a b o v e c a n be n e g l e c t e d b e c a u s e t h e c o u n t e r i o n o f S O - i s v a n i s h i n g l y 
s m a l l . S i n c e no r e l a x a t i o n i s o b s e r v e d i n a c i d - f r e e s u s p e n s i o n s , 
homogeneous HClOi * s o l u t i o n , o r t h e s u p e r n a t a n t s o l u t i o n o f c e n t r i -
f u g e d s a m p l e s , t h e s i n g l e r e l a x a t i o n f o u n d i n t h e p r e s s u r e - j u m p 
s t u d i e s h a s b e e n a t t r i b u t e d t o p r o t o n a d s o r p t i o n / d e s o r p t i o n o n t h e 
s u s p e n d e d p a r t i c l e s (12). 

When c o u n t e r i o n b i n d i n g r e a c t i o n I I i s e x t r e m e l y r a p i d , t h e 
c o n c e n t r a t i o n d e p e n d e n c e o f t h e r e l a x a t i o n t i m e i s g i v e n b y (11) 

βψ 0 K a n i o n + [ S 0 H £ ] 
τ"1 = k i n t e x p ( XtSOH] +[H+] + K i ) 

2 k f i T K a n l o n + [ S 0 H £ ] + [ A ~ ] 

(15) 
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I n o r d e r t o v e r i f y E q u a t i o n 1 5 , one must d e t e r m i n e t h e 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 o f [ S O H ] , [SOH"|], [ H + ] , a n d [ A " ] . T h e s u r f a c e 
c o n c e n t r a t i o n s a r e d e t e r m i n e d by p o t e n t i o m e t r i c t i t r a t i o n s w h i l e 
s o l u t e c o n c e n t r a t i o n s a r e m e a s u r e d u s i n g s t a n d a r d a n a l y t i c a l 
t e c h n i q u e s ( 1 2 ) . T h e s u r f a c e p o t e n t i a l ψο c a n be e v a l u a t e d b y u s i n g 
t h e f o l l o w i n g r e l a t i o n ( 4 ) : 

= 2 . 3 0 3 ( p K ^ n t - p K i ) (16 ) 

V . 
T h e v a l u e o f K Î ^ Ï o n f o r t h e p e r c h l o r a t e i o n u s e d i n t h i s s t u d y was 
n o t k n o w n , b u t n u m e r i c a l v a l u e s o f t h e c o n s t a n t f o r v a r i o u s o t h e r 
a n i o n s h a v e b e e n r e p o r t e d t o b e 5 0 - 1 0 0 . S i n c e τ - 1 i n E q u a t i o n 15 
i s q u i t e i n s e n s i t i v e t o t h e v a l u e o f κ|£![οη i n t h i s r a n g e , K a n ï o n = 
50 was u s e d i n t h e p l o t o f τ " 1 v s . t h e c o n c e n t r a t i o n t e r m o n t h e 
l e f t h a n d s i d e o f E q u a t i o n 1 5 . T h e v a l u e s o f t h e r a t e c o n s t a n t s 
o b t a i n e d i n t h e T1O2, F e 2 0 3 , F e s O i * , s i l i c a - a l u m i n a , a n d a - a n d γ -
z i r c o n i u m p h o s p h a t e s y s t e m

T a b l e I . R a t e C o n s t a n t s o f t h e A d s o r p t i o n / D e s o r p t i o n 
and E q u i l i b r i u m A c i d i t y C o n s t a n t s 

k * n t 

s y s t e m - p K i n t 
m o l - 1 dm 3 s " 1 s " 1 

- p K i n t 

T i 0 2 / H + 6 . 2 x l O 5 1 .3 x l O 1 4 . 7 
F e 2 0 3 / H + 2 . 4 x l O 5 1.6 x l O " 1 6 . 2 
F e 3 0 4 / H + 1 .4 x l O 5 3 . 4 x l O " 1 5 . 6 
s i l i c a - a l u m i n a / H " * " 2 . 9 x l O 4 4 . 6 x l O 1 2 . 8 
a - Z r P / H + 1 .8 x l O 5 1.9 x l O 2 3 . 0 
Y - Z r P / H + 2 . 4 x l O 1 * 1 . 3 x l O 2 2 . 3 

To compa re t h e r a t e c o n s t a n t s o f t h e a d s o r p t i o n / d e s o r p t i o n β o f 
H + i n a q u e o u s s u s p e n s i o n s o f t h e m e t a l o x i d e s , we p l o t t e d l o g k - j - n t 

a n d l o g k i n t a g a i n s t p K i i n F i g u r e 2 . I n t h e s y s t e m s o f T1O2, 
Fe2Û3 , Fe30i+, and α - z i r c o n i u m p h o s p h a t e , t h e v a l u e s f o r l o g k i n t a r e 
r e l a t e d l i n e a r l y t o p K i . T h i s s u g g e s t s t h a t t h e i n t r i n s i c a c i d i t y 
o f t h e m e t a l o x i d e compounds i s r e l a t e d t o t h e d e s o r p t i o n s t e p . A s 
h a s b e e n p o i n t e d o u t b y A s t u m i n a n a n d S c h e l l y ( 1 3 ) , due t o r e d u c t i o n 
o f d i m e n s i o n a l i t y d u r i n g a d s o r p t i o n , r a t e c o n s t a n t s w i t h v a l u e s a s 
l ow a s 1 0 5 m o l - 1 dm 3 s " 1 , may b e i n d i c a t i v e o f d i f f u s i o n c o n t r o l . 
H e n c e , t h e n e a r l y c o n s t a n t v a l u e o f t h e a d s o r p t i o n r a t e c o n s t a n t k i 
( ~ 1 0 5 m o l " 1 dm 3 s " 1 ) may b e due t o d i f f u s i o n l i m i t a t i o n . On t h e 
o t h e r h a n d t h e d e s o r p t i o n s t e p h a v i n g a much h i g h e r a c t i v a t i o n 
( k _ i « 1 0 5 m o l " 1 d m 3 s " 1 ) r e f l e c t s d i f f e r e n c e s i n t h e c h e m i c a l 
n a t u r e o f t h e a c i d s i t e s o f m i n e r a l s . H o w e v e r , i n t h e s i l i c a - a l u m i n a 
and γ - z i r c o n i u m p h o s p h a t e s y s t e m s , t h e a d s o r p t i o n r a t e c o n s t a n t s a r e 
one o r d e r o f m a g n i t u d e s m a l l e r , i n d i c a t i n g t h e p o s s i b i l i t y o f a 
c h e m i c a l r e a c t i o n c o n t r o l l e d a d s o r p t i o n s t e p i n t h e s e s y s t e m s . 
T h i s may be due t o t h e h i g h e r a c i d i t y o f t h e s u r f a c e s i t e s ( s e e K i n t ) 
v a l u e s i n T a b l e I ) and h e n c e h i g h e r a c t i v a t i o n e n e r g y o f p r o t o n 
a d s o r p t i o n f o r t h e s i l i c a - a l u m i n a and γ - z i r c o n i u m p h o s p h a t e . 
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F i g u r e 1. T y p i c a l r e l a x a t i o n c u r v e i n t h e a q u e o u s γ - Α 1 0  -
C u ( N 0 3 ) 2 s u s p e n s i o n o b s e r v e
[P] = 30 g / d m 3 , and I

l o g K f 

F i g u r e 2 . R e l a t i o n s h i p s b e t w e e n k ^ n t ( · ) , k * n t ( ο ) , a n d a c i d i t y 
c o n s t a n t K ^ n t ; Q ) a - Z r P , (2) γ - Z r P , (3) T i 0 2 , (4) F e 3 0 4 , (5) 
F e 2 0 3 , (6) s i l i c a - a l u m i n a . 
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(b ) A d s o r p t i o n / D e s o r p t i o n K i n e t i c s o f C o u n t e r i o n s . F o r t h e f a s t 
p r o c e s s i n t h e a c i d i c s u s p e n s i o n s o f α-FeOOH - HC1 a n d HClOi* s y s t e m s , 
e l e c t r i c - f i e l d - j u m p s t u d i e s w e r e c a r r i e d o u t ( 1 4 ) . A s i n g l e r e l a x 
a t i o n c a u s e d b y t h e s e c o n d W i e n e f f e c t was o b s e r v e d . I t h a s b e e n 
shown t h a t t h e r e l a x a t i o n t i m e f o r s u r f a c e p r o t o n a t i o n r e a c t i o n I 
i s o n t h e o r d e r o f m i l l i s e c o n d s , a n d t h u s i t may b e a s s u m e d t h a t t h e 
r e a c t i o n I c a n n o t p o s s i b l y c o n t r i b u t e t o r e l a x a t i o n s o f m i c r o s e c o n d 
o r d e r o b s e r v e d i n t h e s e e l e c t r i c - f i e l d e x p e r i m e n t s . I n r e a c t i o n I I , 
i t i s n o t e d t h a t t h e i n t e r a c t i o n b e t w e e n t h e p r o t o n a t e d s u r f a c e 
h y d r o x y l g r o u p a n d t h e c o u n t e r i o n r e s u l t s i n a d e c r e a s e o f e l e c t r o 
s t a t i c p o t e n t i a l i n t h e v i c i n i t y o f s u r f a c e a n d a n i n c r e a s e i n t h e 
amount o f p r o t o n a d s o r b e d . 

F o r t h e c o u n t e r i o n b i n d i n g r e a c t i o n I I , t h e c o n c e n t r a t i o n 
d e p e n d e n c e o f t h e r e l a x a t i o n t i m e i s d e r i v e d a s (12) 

τ " 1 = k i n t e x p ( P - ) { [ S 0 H + ] + [ A - ] + ( K a n i o n ) - 1 e x p ( £ ) } (17 ) 
2 k B T k T 

I n E q u a t i o n 1 7 , ψβ was c a l c u l a t e d f r o m t h e ζ - p o t e n t i a l b y u s i n g 
E q u a t i o n s 5 - 1 1 , C i = 1 4 0 , a n d C2 = 20 a s r e p o r t e d b y D a v i s e t a l . 
(4 ) . T h e v a l u e o f φο was e s t i m a t e d f r o m t h e a c i d i t y c o n s t a n t ρ Κ ^ η ί : 

a n d t i t r a t i o n d a t a u s i n g E q u a t i o n 1 6 . H o w e v e r , when t h e e x p e r i 
m e n t a l v a l u e s o f τ " " 1 a r e p l o t t e d a g a i n s t t h e c o n c e n t r a t i o n t e r m , t h e 
r e s u l t d o e s n o t e v e n r e m o t e l y r e s e m b l e a s t r a i g h t l i n e t h r o u g h t h e 
o r i g i n , a n d h e n c e r e a c t i o n I I w h i c h h a s b e e n s u g g e s t e d b y D a v i s e t 
a l . (4_) may b e e l i m i n a t e d f r o m c o n s i d e r a t i o n . T a k i n g i n t o a c c o u n t 
a p o s s i b l e , t h o u g h somewhat more c o m p l i c a t e d e x p l a n a t i o n o f t h e 
s u r f a c e r e a c t i o n , i . e . , a s s u m i n g r e a c t i o n I I i n v o l v e s t h e d i f f u s i o n 
o f a n a n i o n w i t h t h r e e d e g r e e s o f t r a n s l a t i o n a l f r e e d o m t o t h e 3 -plane 
f o l l o w e d by t h e s u r f a c e r e a c t i o n IV a s shown b e l o w , l e a d s t o 

+ s u r f a c e ^ ^ Ag ( d i f f u s i o n p r o c e s s ) (V) 

k* 

k l -
S0H+ + A3 ^ k z ^ S0H+ A " (V I ) 

-2 
[S0H+ A " ] [ A " ] B 

K a n i o n = ~ , r _ — " = K a n i o n K d ( 1 8 ) 

[ S0H+ ] [A ] g [A ] 

w h e r e K d i s t h e e q u i l i b r i u m c o n s t a n t o f t h e d i f f u s i o n r e a c t i o n . 
A c c o r d i n g t o t h e r a t e t h e o r y f o r d i f f u s i o n o f an i o n f r o m b u l k 
s o l u t i o n t o a n o p p o s i t e l y c h a r g e d p a r t i c l e s u r f a c e ( 8 ) , t h e 
r e l a x a t i o n t i m e i s e x p e c t e d t o be s h o r t e r t h a n 0 . 1 y s . T h u s t h e 
r e l a x a t i o n t i m e f o r r e a c t i o n V I c o u p l e d w i t h r e a c t i o n V i s g i v e n 
b y (14 ) 

K d 

τ " 1 = k 2 i n t ( [ S O H t ] + [ A " ] f t ) + k 4 n t (19 ) 
K H + 1 p 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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w h e r e κ | ^ ο η (= ^ i n t / j ^ i n t ) w a s t r e a t e d a s a v a r i a b l e p a r a m e t e r . 
T h e v a l u e s o f t h e r a t e c o n s t a n t s o b t a i n e d i n t h e α - F e O O H - H C l a n d 
HClOit s y s t e m s a r e l i s t e d i n T a b l e I I . 

T a b l e I I . R a t e C o n s t a n t s o f t h e A d s o r p t i o n / D e s o r p t i o n 
o f t h e C o u n t e r i o n 

s y s t e m 
k £ n t k i n t 

K a n ï o n 
s y s t e m 

m o l " 1 dm 3 s " 1 s " 1 m o l " " 1 d m 3 

a - F e O O H / C l " 
a - F e 0 0 H / C 1 0 Î 

6 . 0 x 1 0 5 

1.4 x l O 5 

1 .0 x l O 1 * 
2 . 0 x l O 1 * 

60 ( 5 0 ) a 

6 

T h e v a l u e s r e p o r t e d b y D a v i s e t a l . ( 4 ) . K a n ï o n t a k e n 
e q u a l t o 60 m o l " 1 d m 3 f o r C l ~ a n d 6 m o l " 1 dm 3 f o r C I O 4 . 

I t s h o u l d b e n o t e d t h a t t h e v a l u e o f i n t h e a - F e O O H - H C l 
s y s t e m i s i n g o o d a g r e e m e n t w i t h t h a t r e p o r t e d b y D a v i s e t a l . 04). 

T h e K a n i o n shown i n T a b l e I I i n d i c a t e t h a t t h e i o n - p a i r s u r f a c e c o m 
p l e x o f C l ~ i s one o r d e r o f m a g n i t u d e s t r o n g e r t h a n ClOï» . 

F i g u r e 3 shows t h e pH d e p e n d e n c e f o r p h o s p h a t e a d s o r p t i o n o n 
γ Α 1 2 0 3 f o r a p h o s p h a t e c o n c e n t r a t i o n o f 8 χ 1 0 ~ 3 m o l d m " 3 , a t 1= 

1 . 5 x l O - 2 M , [P] = 30 g d m - 3 , and 2 5 ° C . I t i s w e l l known t h a t b e l o w 
t h e p H z p c i n t h e a b s e n c e o f p h o s p h a t e , b o t h t h e s u r f a c e - and 
ζ - p o t e n t i a l i n t h e γ - Α 1 2 0 3 s u s p e n s i o n a r e p o s i t i v e ; h o w e v e r i n t h e 
p r e s e n c e o f p h o s p h a t e , t h e s u r f a c e i s n e g a t i v e l y c h a r g e d a t pH 
v a l u e s b e l o w t h e z p c (pH = 8 . 5 i n d i c a t i n g s p e c i f i c a d s o r p t i o n o f 
p h o s p h a t e ( s e e F i g u r e 4 ) . A m e c h a n i s m t o e x p l a i n p h o s p h a t e 
a d s o r p t i o n b a s e d o n p r e s s u r e - j u m p s t u d i e s h a s b e e n p o s t u l a t e d b y 
M i k a m i e t a l . (15) 

k l 

A l O H ^ + H 2 P 0 ; ^ ^ A10H+ H 2 P 0 ; ( V I I ) 

k 2 

A10H2 + H P O 2 " ^ ^ A10H+ H P O 2 " ( V I I I ) 

k _ 2 

where Α Ι Ο Η * H2P0"£ a n d A10H2 H P O 2 " a r e t h e a d s o r b e d s t a t e s o f 
H2P0"£ and H P O 2 " , r e s p e c t i v e l y . A s s u m i n g t h a t t h e a d s o r b e d a n i o n s 
l o c a t e o n t h e same p l a n e a s t h a t o f t h e a d s o r b e d e l e c t r o l y t e 
c o u n t e r i o n , K i a n d K 2 a r e d e f i n e d a s 

[A10H+ H2P0;] εψ 
Κι = — exp(—Ε·) - K i n t β χ ρ ( — ( 2 0 ) 

[A10Htl[H2P0lt]ft k ^ T k j 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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F i g u r e 4 . ζ - p o t e n t i a l a s a f u n c t i o n o f pH a t I = 1 .5 x 1 0 2 a n d 
25 ° C . C o n c e n t r a t i o n o f p h o s p h a t e i s 8 x l 0 - 3 m o l dm" " 3 . 
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[ A10H Î H P O 2 " ] β ψ β 2βψ 
K2 = e x p ( — = K | n t e x p ( 6) (21) 

[ Α Ι Ο Η + Π Η Ρ Ο 2 - ] ^ k B T k B T 

F o r r e a c t i o n s V I I and V I I I , t h e c o n c e n t r a t i o n d e p e n d e n c e s o f 
t h e r e l a x a t i o n t i m e s a r e g i v e n b y 

β ψ β . ( K â 1 + [ Α Ι Ο Η | ] ) [ Η 2 Ρ Ο ; ] 

τ Γ 1 = k i n t { e x p ( £ ) { [ A 1 0 H Î ] + 
2k Τ Kz1 + [ A l O H t l + [ Η Ρ θ ξ ~ ] 

Β 

+ ( K } n t ) e x p ( S.)} Ξ k } n t F i (22 ) 

k B T 

τΞ1 = k i n t i e x p ( — £ )

+ ( Κ ^ ^ - ^ χ ρ ί - ^ ) } Ξ k £ n t F 2 (23) 

To c a l c u l a t e t h e c o n c e n t r a t i o n t e r m s i n E q u a t i o n s 22 a n d 2 3 , t h e 
i n t r i n s i c e q u i l i b r i u m c o n s t a n t s K i n t a n d K | n t , ψβ, a n d t h e 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 o f s u r f a c e s p e c i e s h a v e t o be o b t a i n e d . T h e s e 
v a l u e s w e r e d e t e r m i n e d b y s o l v i n g a s e t o f s i m u l t a n e o u s e q u a t i o n s , 
i . e . , E q u a t i o n s 4 - 1 4 , 20 a n d 2 1 . I n a s e r i e s o f c a l c u l a t i o n s , t h e 
v a l u e s , ^lon = 8 0 , KJ£t β 50, a n d C 2 = 20 y F / c m 2 , w h i c h h a v e 
b e e n r e p o r t e d b y D a v i s e t a l . ( 5 ) , w e r e u s e d . 

The p l o t s o f τ Τ 1 v s . F i a n d τ ^ 1 v s . F2 i n E q u a t i o n s 22 a n d 23 
a r e shown i n F i g u r e s 5 a n d 6 , r e s p e c t i v e l y , whe re t h e v a l u e o f t h e 
i n n e r l a y e r c a p a c i t a n c e C i was v a r i e d . B o t h p l o t s y i e l d s t r a i g h t 
l i n e s p a s s i n g t h r o u g h t h e o r i g i n a t C i = 1 8 0 . T h e r a t e c o n s t a n t s 
o f a d s o r p t i o n / d e s o r p t i o n o f p h o s p h a t e a n d c h r o m a t e on Y-AI2O3 a r e 
l i s t e d i n T a b l e I I I . T h e a d s o r p t i o n r a t e c o n s t a n t s f o r HCrOÛ a n d 

T a b l e I I I . R a t e C o n s t a n t s o f A d s o r p t i o n / D e s o r p t i o n 
o f t h e P h o s p h a t e a n d C h r o m a t e 

s y s t e m 

k i n t k i n t k j n t ki i n t 
2 

1 3 — 1 — 1 
m o l " dm s s 

Y - A 1 2 0 3 

p h o s p h a t e 

Y - A I 2 O 3 

c h r o m a t e 

2 . 3 1 .1 x l O 7 2 . 7 

9 . 9 x l O 1 * 5 . 2 x l O 1 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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1.5, 

0

F, . 10"*mol dm* 3 

F i g u r e 5 . P l o t s o f i f 1 v s . F i i n E q u a t i o n 22 u s i n g t h e v a r i o u s 
v a l u e s o f C i = 140 ( ο ) , 180 ( a ) , a n d 220 ( · ) . 

F i g u r e 6 . P l o t s o f Tz1 V S . F2 i n E q u a t i o n 23 u s i n g t h e v a r i o u s 
v a l u e s o f C i » 140 ( ο ) , 180 ( ο ) , 220 ( · ) . 
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one a n d two o r d e r s o f m a g n i t u d e s m a l l e r t h a t t h o s e f o r Η2ΡΟΊ"" a n d 
ΗΡΟ 2»"*, r e s p e c t i v e l y , w h i l e t h e v a l u e s o f d e s o r p t i o n r a t e c o n s t a n t 
f o r t h e f o r m e r a r e one o r d e r o f m a g n i t u d e l a r g e r t h a n t h o s e f o r t h e 
l a t t e r . T h i s i n d i c a t e s t h a t t h e i n t e r a c t i o n o f p h o s p h a t e w i t h 
A l O H t i s s t r o n g e r t h a n t h a t o f c h r o m a t e w i t h A10H£. On t h e o t h e r 
h a n d , t h e v a l u e o f C i = 180 d e t e r m i n e d i s s l i g h t l y l a r g e r t h a n t h a t 
r e p o r t e d b y D a v i s e t a l . ( 5 ) . T h i s d i f f e r e n c e may r e s u l t f r o m an 
i n c r e a s e o f t h e e l e c t r i c a l d o u b l e l a y e r d i e l e c t r i c c o n s t a n t c a u s e d 
b y t h e l a r g e amount o f a n i o n a d s o r b e d . 

( c ) A d s o r p t i o n / D e s o r p t i o n K i n e t i c s o f D i v a l e n t M e t a l I o n s . B a s e d o n 
p r e s s u r e - j u m p k i n e t i c s t u d i e s t h e m e c h a n i s m o f a d s o r p t i o n / d e s o r p t i o n 
o f C u 2 + , M n 2 + , Z n 2 + , C o 2 + , a n d P b 2 + o n t h e γ - Α 1 2 0 3 h a s b e e n p o s t u l a t 
e d ( 1 6 , 1 7 ) 

k i k 2 

A10H ^ ^ A l O M G ^ O ) ; ! " - ! ^ ^ ^ A 1 0 M 0 H ( H 2 0 ) n _ 2 (X I ) 

M ( H 2 0 ) 2 + H + + H 0 H

whe re A 1 0 M ( H 2 0 ) J _ 1 a n d A 1 0 M 0 H ( H 2 0 ) n _ 2 d e n o t e two k i n d s o f s u r f a c e 
c o m p l e x e s f o r m e d b y a d s o r p t i o n o f h y d r a t e d m e t a l i o n s , M ( H 2 0 ) 2 + . 
T h e d e p e n d e n c e s o f pH a n d ζ - p o t e n t i a l on t h e a d s o r b e d amount o f 
M ( H 2 0 ) + a t t h e t o t a l m e t a l i o n c o n c e n t r a t i o n s o f 3 x l O - 3 m o l dm"" 3 

a r e shown i n F i g u r e s 7 a n d 8 , r e s p e c t i v e l y . T h e amount a d s o r b e d 
f o r e a c h M 2 + i n c r e a s e s w i t h t h e p H , a n d t h e i n f l e c t i o n p o i n t s a r e 
s h i f t e d t o w a r d t h e l o w e r pH r e g i o n i n t h e o r d e r o f C o 2 + , Z n 2 + , P b 2 + , 
C u 2 + , w h i c h c o r r e s p o n d s t o t h e o r d e r o f t h e h y d r o l y s i s c o n s t a n t o f 
m e t a l i o n s . To e x p l a i n t h e M 2 + - a d s o r p t i o n / d e s o r p t i o n , H a c h i y a e t 
a l . ( 1 6 , 1 7 ) m o d i f i e d t h e t r e a t m e n t o f t h e c o m p u t e r s i m u l a t i o n 
d e v e l o p e d b y D a v i s e t a l . ( 4 ) . I n t h i s m o d e l , M 2 + b i n d s c o o r d i n a -
t i v e l y t o a m p h o t e r i c s u r f a c e h y d r o x y l g r o u p s . T h e e q u i l i b r i u m 
c o n s t a n t s a r e e x p r e s s e d a s 

[ A 1 0 M ( H 2 0 ) J _ 1 ] [ H f ] θψ 0 

Κι = = K Î n t e x p ( - ) (24 ) 
[ A 1 0 H ] [ M ( H 2 0 ) 2 + ] k B T 

[ A 1 0 M 0 H ( H 2 0 ) n _ 2 l [ H + ] βψ 0 

K 2 = = K | n t e x p ( ) (25 ) 
[ Α 1 0 Μ ( Η 2 0 ) ^ ! ΐ k B T 

M i s n o t a d s o r b e d a t t h e 3 - p l a n e o f a d s o r b e d c o u n t e r i o n s b u t a t 
t h e s u r f a c e p l a n e o f a d s o r b e d p r o t o n s . T h e s u r f a c e p o t e n t i a l ψο 
a n d s u r f a c e c h a r g e d e n s i t y a r e d e f i n e d b y 

Ψο - ΨΜ + Ψ Η (26) 

σο = σ Μ + σ Η 

F 
( [ A l O H t l + [ Α 1 0 Μ ( Η 2 0 ) + ] ) (27) 

[P ]S 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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F i g u r e 7 . pH d e p e n d e n c e
γ - Α 1 2 0 3 o f [P] = 30 g / d m 3 , t h e t o t a l m e t a l i o n c o n c e n t r a t i o n o f 
3 x l 0 - 3 m o l d m " 3 , and I = 7 . 5 x l O - 3 a t 25 ° C . T h e s o l i d c u r v e s 
a r e t h e t h e o r e t i c a l one s on t h e b a s i s o f t h e c o o r d i n a t e a d s o r p 
t i o n m o d e l . 

F i g u r e 8 . pH d e p e n d e n c e s o f t h e ζ - p o t e n t i a l s a n d i n t h e a q u e 
ous γ - Α 1 2 0 3 - Μ ( Ν 0 3 ) 2 a n d γ - Α 1 2 0 3 - Η Ν 0 3 s y s t e m s o f [P] = 30 g/dm 3 

a n d I = 7 . 5 x 1 0 3 a t 25 ° C . The s o l i d a n d d a s h e d c u r v e s show t h e 
ζ - p o t e n t i a l s i n γ - Α 1 2 0 3 - M ( N 0 3 ) 2 and γ - Α 1 2 0 3 - H N 0 3 s y s t e m s , 
r e s p e c t i v e l y . The d a s h - d o t t e d c u r v e r e p r e s e n t s ψ^. 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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ο ι ι 

where and ψ Η a r e t h e s u r f a c e p o t e n t i a l c r e a t e d b y M a n d H -
a d s o r p t i o n s , r e s p e c t i v e l y ; σ·^ a n d a r e t h e c o r r e s p o n d i n g c h a r g e 
d e n s i t i e s . U s i n g t h e above r e l a t i o n s h i p s , pH d e p e n d e n c e s o f t h e 
amount o f a d s o r b e d M 2 + we re n u m e r i c a l l y e v a l u a t e d w i t h K Î n t , K ^ n t , 
C i , a n d C 2 t r e a t e d as v a r i a b l e p a r a m e t e r s . A s c a n be s e e n 
f r o m . F i g u r e 7 , good m o d e l f i t t o d a t a was o b t a i n e d u s i n g t h e v a l u e s 
o f K ^ n t , K | n t , C i , a n d C 2 shown i n T a b l e I V . F r o m F i g u r e 9 a , one 
c a n s e e t h a t t h e v a l u e s o f Κ ^ η ϋ and Κ ^ η ϋ κ | η ί : c o r r e l a t e w i t h t h e 
h y d r o l y s i s c o n s t a n t s K n o f m e t a l i o n s . 

T a b l e I V . I n t r i n s i c C o n s t a n t s a n d C a p a c i t a n c e V a l u e s 
f o r D i v a l e n t M e t a l I o n B i n d i n g 

s y s t e m pKÎ n t p K | n t 

Ci c 2 

1.6 6 . 6 
1 .8 7 . 6 200 40 
2 . 4 8 . 6 200 30 
3 . 7 8 . 1 200 40 
4 . 7 7 . 6 200 40 

Y - A l 2 0 3 / C u 2 + 

Y - A l 2 0 3 / P b 2 + 
γ - Α 1 2 0 3 / Ζ η 2 + 

Y - A l 2 0 3 / C o 2 + 

γ - Α 1 2 0 3 / Μ η 2 + 

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

k i a k D 

Α Ι Ο Η Λ ^ * V ^ A I O J j L Λ . + ^ Α 1 0 Μ ( Η 2 0 ) ί _ ι ( X ) 
/ k - i a \ M ( H 2 0 ) n - i 

M ( H 2 0 ) a + H 2 0 K+ 

a n d a s s u m i n g k _ i a » k ^ , t h e r e l a x a t i o n t i m e i s g i v e n b y 

.1 k l ^ i t A l G M i H z O + . x ] + [ H + ] 

+ K Î i n t e x p ( ) ( [ A 1 0 H ] + [ M ( H 2 0 ) 2 + ] ) } (28) 

V 
w i t h 

k j i n t = k i n t ( 2 9 ) 

k l i n t β k i n t k i n t / k i n t . k i n t / R i n t ( 3 0 ) 

K j i n t = k j i n t / k ^ i n t = K i n t K i n t (31) 

whe re t h e k^ a r e r a t e c o n s t a n t s a c c o u n t i n g f o r i n t e r f a c i a l 
p o t e n t i a l a f f e c t s a s d e s c r i b e d b y M i k a m i e t a l . (15) a n d H a y e s a n d 
L e c k i e ( t h i s v o l u m e ) . F i g u r e 9b shows t h a t t h e v a l u e s o f k i n t 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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(= k " ! ^ ) o b t a i n e d c o r r e l a t e w i t h t h o s e f o r a r e l e a s e o f a w a t e r 
m o l e c u l e f r o m a h y d r a t e d m e t a l i o n , k j j 2 Q , i n t h e m e t a l c o m p l e x 
f o r m a t i o n i n homogeneous s y s t e m s . T h i s c o r r e l a t i o n i s c o n s i s t e n t 
w i t h t h e c o o r d i n a t i v e a d s o r p t i o n / d e s o r p t i o n o f M 2 + . I n a d d i t i o n , 
H a c h i y a e t a l . ( 1 6 , 1 7 ) r e p o r t e d t h a t γ - Α 1 2 0 3 h a s a t l e a s t two k i n d s 
o f t h e s u r f a c e s i t e s w i t h d i f f e r e n t a d s o r p t i o n e n e r g i e s , i . e . , one 
i s t h e s t r o n g s u r f a c e s i t e s o f t h e l a r g e s t f r a c t i o n a n d t h e o t h e r s 
a r e t h e r e m a i n i n g weak s i t e s o f t h e s m a l l f r a c t i o n among m u l t i s i t e s . 
S i m i l a r r e s u l t s f o r P b 2 + i o n a d s o r p t i o n / d e s o r p t i o n o n g o e t h i t e a r e 
r e p o r t e d b y H a y e s a n d L e c k i e ( t h i s v o l u m e ) . 

I n t e r c a l a t i o n K i n e t i c s 

L a y e r e d compounds s u c h a s m o n t m o r i l l o n i t e a n d z i r c o n i u m p h o s p h a t e 
i n t e r c a l a t e a d s o r b i n g m o l e c u l e s i n t o t h e i r two d i m e n s i o n a l i n t e r -
l a m e l l a r s p a c i n g . I n t e r c a l a t i o n a c c o m p a n i e s i o n e x c h a n g e i n w h i c h 
e x c h a n g e a b l e i o n s a r e b o u n d on t h e h o s t l a t t i c e i n t h e i n t e r l a y e r 
a n d a r e e x c h a n g e d w i t h
t h e s u r f a c e p o t e n t i a l .
p r o c e s s e s a r e g o v e r n e d m a i n l y b y s t e r i c p r o p e r t i e s o f t h e i n t e r 
c a l a t i n g m o l e c u l e w h i c h may d e p e n d o n b o t h t h e i n t e r l a y e r d i s t a n c e 
a n d t h e s i z e o f t h e g u e s t m o l e c u l e . R e c e n t l y , t h e m e c h a n i s m s o f 
i n t e r c a l a t i o n h a v e b e e n c l a r i f i e d b y t h e a u t h o r s u s i n g t h e c h e m i c a l 
r e l a x a t i o n m e t h o d ( 1 8 - 2 2 ) . H e r e we p r e s e n t t h e r e s u l t s o n t h e 
i n t e r c a l a t i o n k i n e t i c s a n d d i s c u s s how d i f f e r e n c e s i n t h e s t e r e o 
s e l e c t i v i t y a n d a c i d s t r e n g t h a f f e c t i n t e r c a l a t i o n p h e n o m e n a . 

Two c h e m i c a l r e l a x a t i o n p r o c e s s e s ( i n v o l v i n g d e c r e a s i n g 
c o n d u c t i v i t y ) h a v i n g a c h a r a c t e r i s t i c d u r a t i o n o f t h e o r d e r o f 
m i l l i s e c o n d s w e r e o b s e r v e d i n α - Z r P - a l k a l i m e t a l i o n , T i S 2 - a l k a l i 
m e t a l i o n , Z - 4 A - a l k y l a m m o n i u m i o n , H T - L - a n d D - h i s t i d i n e s , a n d 
Mont - L - a r g i n i n e s y s t e m s b y u s i n g t h e p r e s s u r e - j u m p m e t h o d ( 1 8 - 2 2 ) . 
S i n g l e r e l a x a t i o n s we re o b s e r v e d i n Z - 4 A - a l k a l i m e t a l i o n s y s t e m 
a n d s e v e r a l H - Z S M - 5 -NH*J* s y s t e m s w i t h s i l i c a - a l u m i n a r a t i o s o f 4 0 , 
8 0 , a n d 160 u s i n g t h e s t o p p e d - f l o w a n d t h e p r e s s u r e - j u m p m e t h o d s , 
r e s p e c t i v e l y . T h e k i n e t i c e x p e r i m e n t a l d a t a i n e a c h s y s t e m show 
t h a t t h e r e l a x a t i o n t i m e s d e p e n d o n t h e c o n c e n t r a t i o n o f a d d e d 
i n t e r c a l a t i n g s p e c i e s . T h e s t a t i c e x p e r i m e n t a l d a t a show t h a t 
i n t e r c a l a t i o n o f e a c h i o n i n t o t h e l a m e l l a r l a y e r o f t h e l a y e r e d 
compound t a k e s p l a c e a n d t h a t i n some s y s t e m s i o n - e x c h a n g e r e a c t i o n 
may accompany i n t e r c a l a t i o n . 

F o r i n t e r c a l a t i o n o f m o l e c u l e s i n t o t h e i n t e r l a m e l l a r l a y e r 
r e g i o n , t h e r e a c t i o n scheme i s w r i t t e n a s 

S (A) S (A) M S (M) A S (M) 

/ / / / / / / / / / / / / / / / / / / / / / / / 

ν s*—^ M ^ A · * = — \ ^ 
A f k _ x A k _ 2 M k _ 3 \ M 

777777 jf 777777 ////// \ III III 

s t e p 1 s t e p 2 s t e p 3 

w h e r e S ( A ) , S ( A ) M , S ( M ) A , S(M) d e n o t e t h e e x c h a n g e a b l e i o n , A , b o u n d 
i n t h e i n t e r l a y e r ; i n t e r c a l a t i n g i o n , M , a d s o r b e d a t t h e e n t r a n c e o f 
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t h e i n t e r l a y e r ; M i n t e r c a l a t e d d e e p l y b y t h e i n t r a c r y s t a l l i n e 
e x c h a n g e ; a n d M i n t e r c a l a t e d w i t h A r e l e a s e d f r o m t h e i n t e r l a y e r , 
r e s p e c t i v e l y . E x c h a n g e a b l e i o n s i n t h e i n t e r l a y e r o f t h e l a y e r e d 
compounds a r e H 4 * f o r α - Z r P a n d H - Z S M - 5 , N a + f o r Z - 4 A a n d M o n t , a n d 
CI"" f o r H T . I n t h e c a s e o f T i S 2 , t h e i n t e r l a y e r i s i n i t i a l l y 
v a c a n t . I n t y p i c a l i n t e r c a l a t i o n , s t e p 3 i s t h e r a t e d e t e r m i n i n g 
s t e p , r e q u i r i n g 2 4 - 7 2 h f o r e q u i l i b r a t i o n . U n d e r t h e a s s u m p t i o n 
t h a t s t e p 1 i s much f a s t e r t h a n s t e p 2 , t h e r e l a x a t i o n t i m e s a r e 
g i v e n b y 

τ Τ 1 = k i ( [ S ( A ) ] + [M]) + k _ x (32 ) 

[ S ( A ) ] + [M] 
T l 1 = k 2 ( [ M ] + [ S ( A ) ] ) + k _ 2 (33 ) 

K i + [ S ( A ) ] + [M] 

The r a t e c o n s t a n t s and i n t e r l a y e
d i f f r a c t i o n p a t t e r n s f o
a r e g i v e n i n T a b l e V . I n t h o s e s y s t e m s w h e r e i n t e r c a l a t i o n c a u s e s 
l a r g e c h a n g e s i n t h e i n t e r f a c i a l p o t e n t i a l ( Z r P a n d T i S 2 ) , E q u a t i o n s 
32 a n d 33 we re m o d i f i e d u s i n g i n t r i n s i c r a t e c o n s t a n t s . I n c a s e s 
w h e r e s t e a d y s t a t e r e a c t i v e i n t e r m e d i a t e s we re p o s t u l a t e d , t h e r a t e 
c o n s t a n t s i n E q u a t i o n s 32 a n d 33 w e r e m o d i f i e d a s shown i n T a b l e V . 

(a) S t e r e o s e l e c t i v e I n t e r c a l a t i o n . T h e v a l u e s o f r a t e c o n s t a n t s 
a n d i n t e r l a y e r s p a c i n g shown i n T a b l e V y i e l d i m p o r t a n t i n f o r m a t i o n 
w i t h r e s p e c t t o t h e s t e r e o s e l e c t i v i t y o f l a y e r e d , c h a n n e l e d , a n d 
c a g e - s t r u c t u r e d m i n e r a l s . I n p r e s s u r e - j u m p k i n e t i c s t u d i e s o f t h e 
i n t e r c a l a t i o n o f a l k a l i m e t a l i o n s i n t o α - Z r P , a s t r o n g c o r r e l a t i o n 
b e t w e e n t h e s i z e o f t h e m e t a l i o n a n d r e a c t i o n r a t e was f o u n d ( 2 0 ) . 
T h i s i s shown i n F i g u r e 10 w h e r e t h e r e i s a l i n e a r r e l a t i o n s h i p 
b e t w e e n l o g k i a n d l o g k 2 a n d t h e i n t e r l a y e r d i s t a n c e . The i n t e r 
p r e t a t i o n i s t h a t t h e a l k a l i m e t a l i o n s i z e d e t e r m i n e s t h e r e l a t i v e 
i n t e r l a y e r s p a c i n g i n α - Z r P w h i c h i n t u r n i n f l u e n c e s t h e r a t e s o f 
t h e i n t e r c a l a t i o n s t e p s 1 a n d 2 i n t h e r e a c t i o n scheme o f E q u a t i o n 
X I I shown a b o v e . I n s t u d i e s o f t h e i n t e r c a l a t i o n o f a l k a l i m e t a l 
i o n s i n t o T i S 2 a n d Z - 4 A ( 1 0 ) , t h e i n t e r l a y e r d i s t a n c e i s 
l e s s i n f l u e n c e d b y t h e i n t e r c a l a t i n g i o n a n d a s a r e s u l t t h e i n t e r 
c a l a t i o n r a t e s f o r e a c h a l k a l i m e t a l i o n a r e l e s s d e p e n d e n t o n t h e 
s i z e o f t h e i n t e r c a l a t i n g i o n ( T a b l e V ) . A p p a r e n t l y , t h e l a y e r e d 
T i S 2 compound a n d t h e c a g e - s t r u c t u r e d Z - 4 A z e o l i t e compounds a r e 
more r i g i d a n d t h e i r s t r u c t u r e a r e l e s s a f f e c t e d b y t h e i n t e r c a l a t 
i n g i o n s . 

T h e e f f e c t o f i o n s i z e o n t h e r a t e s o f i n t e r c a l a t i o n o f NH*J", 
CH3NH+, C 2 H 5 N H + , n - C 3 H 7 N H t , ί - 0 3 Η 7 Ν Η ^ , ( C H 3 ) 2 N H + , ( C H 3 ) 3 N H + , a n d 
( C H 3 ) l t N + i n t o Z - 4 A z e o l i t e h a s a l s o b e e n i n v e s t i g a t e d u s i n g t h e 
p r e s s u r e - j u m p t e c h n i q u e ( 1 8 ) . The r e s u l t s shown i n T a b l e V i l l u s 
t r a t e t h a t Z - 4 A a c t s l i k e a n i o n - s i e v e . F o r i o n s w i t h a v o l u m e 
( e s t i m a t e d f r o m v a n d e r W a a l s r a d i i ) g r e a t e r t h a n 120 A 3 no e x c h a n g e 
was o b s e r v e d , i . e . , n e i t h e r r e l a x a t i o n s o r a n y i o n - e x c h a n g e was 
f o u n d i n t h e i n t e r c a l a t i o n s t u d i e s o f i - C 3 H 7 N H " 3 " , ( C H 3 ) 3 N H + , Q a n d 
(CHg^N"*" ( a l l whose e s t i m a t e d v o l u m e s a r e g r e a t e r t h a n 120 A 3 ) . 
F i g u r e s 11 a n d 12 show t h e d e p e n d e n c e o f t h e i o n - e x c h a n g e a n d 
k i n e t i c r a t e c o n s t a n t s on t h e v o l u m e o f t h e a l k y l a m m o n i u m i o n s . A s 
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F i g u r e 9 . (a ) L o g a r i t h m i c p l o t o f K Î n t K | n t (o ) a n d K i n t ( · ) v s . 
t h e h y d r o l y s i s c o n s t a n t s o f t h e m e t a l i o n s , K ^ . (b ) R e l a t i o n 
s h i p b e t w e e n t h e a d s o r p t i o n r a t e c o n s t a n t s , k j i n t , a n d t h e r a t e 
c o n s t a n t s f o r a r e l e a s e o f w a t e r m o l e c u l e f r o m h y d r a t e d m e t a l 
i o n i n t h e m e t a l c o m p l e x f o r m a t i o n kjj2o» f o r t h e d i v a l e n t m e t a l 
i o n s . 
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i s a p p a r e n t f r o m t h e s e d a t a , t h e s m a l l e r i o n s a r e a b l e t o i n t e r 
c a l a t e more f a v o r a b l y i n t o t h e s o l i d p h a s e . F r o m F i g u r e 12 i t i s 
s e e n t h a t t h e t r e n d i n t h e o v e r a l l r e a c t i o n i s a f u n c t i o n o f b o t h 
s t e r i c f a c t o r s a n d c h e m i c a l p r o p e r t i e s o f t h e e x c h a n g i n g i o n . The 
i n t e r c a l a t i o n r a t e c o n s t a n t s k i a n d k 2 ( t h e i n t e r c a l a t i o n s t e p 
t h r o u g h t h e a p e r t u r e t o a n a d s o r p t i o n s i t e a n d t h e s u b s e q u e n t i o n -
e x c h a n g e s t e p ) c o r r e l a t e w i t h t h e c a t i o n v o l u m e , r e f l e c t i n g s t e r i c 
e f f e c t s . On t h e o t h e r h a n d , t h e r a t e c o n s t a n t k _ i ( d e i n t e r c a l a t i o n 
s t e p ) seems t o c o r r e l a t e b e t t e r w i t h t h e p K a v a l u e o f t h e a l k y l -
ammonium i o n a s shown i n F i g u r e 1 3 , s u g g e s t i n g t h a t t h e c h e m i c a l 
p r o p e r t i e s o f t h e e x c h a n g i n g i o n may a l s o b e i m p o r t a n t . 

A p o s s i b l e e x p l a n a t i o n f o r t h e p r e f e r e n c e o f l i v i n g s y s t e m s 
f o r t h e L ( l e v o r o t a t o r y ) o v e r t h e D ( d e x t r o r o t a t o r y ) o p t i c a l i s o m e r 
may b e a s s o c i a t e d w i t h t h e s t e r e o s e l e c t i v e p r o p e r t i e s o f l a y e r e d 
m i n e r a l s . T o t e s t t h i s h y p o t h e s i s , t h e r a t e s o f L - a n d D - h i s t i d i n e 
i n t e r c a l a t i o n i n t o HT l a y e r e d compound was i n v e s t i g a t e d u s i n g 
t h e p r e s s u r e - j u m p r e l a x a t i o n t e c h n i q u e ( 2 1 ) . The r a t e c o n s t a n t s 
and i n t e r l a y e r s p a c i n g b a s e
i n T a b l e V . A s shown t h
s u g g e s t s t h a t r e l a t i v e c h e m i c a l r e a c t i v i t y may be a s s o c i a t e d 
w i t h n a t u r a l s e l e c t i o n o f t h e L - f o r m o f amino a c i d s i n n a t u r e . 

(b) C a t a l y t i c I n t e r c a l a t i o n Phenomena . T h e a b i l i t y o f m i n e r a l 
s u r f a c e s t o c a t a l y z e h y d r o l y s i s r e a c t i o n s o f o r g a n i c c o n t a m i n a n t s 
i s a t o p i c o f c u r r e n t i n t e r e s t a n d d i s c u s s e d e l s e w h e r e i n t h i s 
v o l u m e ( s e e , e . g . , V o u d r i a s a n d R e i n h a r d ) . The h y d r o l y s i s o f L -
a r g i n i n e t o L - o r n i t h i n e a n d u r e a , c a t a l y z e d b y a r g i n a s e , i s w e l l known. 
H o w e v e r , t h i s r e a c t i o n t a k e s p l a c e o n l y v e r y s l o w l y i n t h e a b s e n c e 
o f a c a t a l y s t . T h e m e c h a n i s m f o r t h e h y d r o l y s i s r e a c t i o n i n t h e 
p r e s e n c e o f m o n t m o r i l l o n i t e u s i n g t h e p r e s s u r e - j u m p t e c h n i q u e was 
d e t e r m i n e d t o b e a s f o l l o w s ( 1 9 ) : 

k i k 2 k 3 

S ( N a ) ^ ^ s ( N a ) A r g + - " ^ S ( N a - O r n * U r e a ) ^ ^ S (Na ) ( X I I I ) 

A r g + ~ H 2 0 O r n o r U r e a 

T h e r a t e c o n s t a n t s f r o m t h i s s t u d y a r e g i v e n i n T a b l e V . T h e 
k i n e t i c d a t a show t h a t i n t e r c a l a t i o n s t e p s ( s t e p s 1 a n d 2) a r e 
r e s p o n s i b l e f o r t h e o b s e r v e d c a t a l y z e d h y d r o l y s i s . T h e much s l o w e r 
p r o d u c t r e l e a s e s t e p ( s t e p 3 ) , o c c u r i n g o v e r h o u r s a n d n o t a s s o c i 
a t e d w i t h t h e o b s e r v e d r e l a x a t i o n s , i s t h e r a t e l i m i t i n g s t e p . 
T h i s s t u d y s u g g e s t s t h a t i n t e r l a y e r s p a c i n g a n d m o l e c u l a r s i z e o f 
c o n t a m i n a n t may b e i m p o r t a n t i n d e t e r m i n i n g t h e c a t a l y t i c p o t e n t i a l 
o f m i n e r a l s i n t h e e n v i r o n m e n t . 

( c ) E f f e c t o f A c i d i c P r o p e r t i e s on I n t e r c a l a t i o n Phenomena . I n t h e 
c h a n n e l s o f t h e H - Z S M - 5 z o e l i t e , p r o t o n s b o u n d o n t h e a l u m i n o s i l i c a t e 
f r am ewo rk p l a y an i m p o r t a n t r o l e i n t h e i r c a t a l y t i c a n d a c i d i c 
a c t i v i t i e s ( 2 3 ) . T h e c a t a l y t i c a n d a c i d i c p r o p e r t i e s o f H - Z S M - 5 i n 
t u r n d e p e n d on t h e s i l i c a - a l u m i n a r a t i o ( 2 3 ) . T h e r a t e c o n s t a n t s 
o b t a i n e d f r o m t h e r e l a x a t i o n k i n e t i c s t u d i e s o f e x c h a n g e o f NH"J" f o r 
H + i n H - Z S M - 5 a t t h r e e d i f f e r e n t s i l i c a - a l u m i n a r a t i o s ( 4 0 , 8 0 , 160 ) 
(22) a r e s u m m a r i z e d i n T a b l e V . T h e m e c h a n i s m t h a t was p r o p o s e d i s 
a s f o l l o w s : 
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S (H) + N H l ^ ^ S(NH\) + H+ (X IV ) 

w h e r e t h e i n t e r m e d i a t e s S(H)NH"t a n d S ( N H O H + i n t h e r e a c t i o n scheme 
o f E q u a t i o n X I I a r e n o t r e q u i r e d t o i n t e r p r e t t h e k i n e t i c r e s u l t s 
i n t h i s s t u d y , i . e . , t h e r e l a x a t i o n o b s e r v e d was f o u n d t o be r e s u l t 
o f t h e i o n - e x c h a n g e r e a c t i o n . A s shown i n T a b l e V , t h e i n t e r l a y e r 
s p a c i n g s w e r e t h e same f o r a l l s i l i c a - a l u m i n a r a t i o s s t u d i e d ; h e n c e 
t h e t r e n d o f i n c r e a s i n g v a l u e s o f k i a n d k _ 3 c o r r e s p o n d s t o t h e 
i n c r e a s i n g a c i d i t y (more s i l i c a ) i n g o i n g f r o m a s i l i c a - a l u m i n a 
r a t i o o f 40 t o 1 6 0 , a n d i s d i r e c t l y r e l a t e d t o t h e a c i d i t y o f t h e 
i o n - e x c h a n g e s i t e . T h i s i m p l i e s t h a t i n s y s t e m s whe re t h e i n t e r 
c a l a t i n g i o n i s n o t a p p r e c i a b l y s t e r i c a l l y h i n d e r e d ( e . g . , NR*t) t h e 
c h e m i c a l p r o p e r t i e s o f t h e i o n - e x c h a n g e s i t e p l a y an i m p o r t a n t r o l e 
i n t h e r e l a t i v e r e a c t i v i t y o f t h e m i n e r a l s . 

Summary a n d C o n c l u s i o n

I n t h i s r e v i e w we h a v e shown t h a t c h e m i c a l r e l a x a t i o n m e t h o d s c a n be 
s u c c e s s f u l l y a p p l i e d t o s t u d y t h e d y n a m i c s o f r e a c t i o n s o c c u r i n g a t 
t h e m i n e r a l / w a t e r i n t e r f a c e . F o r r e a c t i o n s o f i n o r g a n i c i o n s w i t h 
c h a r g e d , e s s e n t i a l l y n o n p o r o u s m e t a l o x i d e s , e l e c t r i c a l d o u b l e l a y e r 
t h e o r y a n d e q u i l i b r i u m a n d r a t e d a t a c a n be c o m b i n e d t o o b t a i n 
p l a u s i b l e r e a c t i o n m e c h a n i s m s . M e c h a n i s m s o f a d s o r p t i o n / d e s o r p t i o n 
o f p r o t o n , e l e c t r o l y t e c o u n t e r i o n , a n d s p e c i f i c a l l y a d s o r b i n g a n i o n s 
a n d c a t i o n s h a v e b e e n d i s c u s s e d . R e l a x a t i o n k i n e t i c s t u d i e s o f 
i n t e r c a l a t i o n / d e i n t e r c a l a t i o n a n d i o n - e x c h a n g e o f i n o r g a n i c a n d 
o r g a n i c i o n s w i t h m i n e r a l s h a v i n g p r e d o m i n a t e l y i n t e r l a y e r s u r f a c e 
h a v e a l s o b e e n r e v i e w e d . The m e c h a n i s t i c i n f o r m a t i o n o b t a i n e d h a s 
i l l u s t r a t e d t h a t s t e r i c a n d c h e m i c a l p r o p e r t i e s o f i o n s a n d m i n e r a l s 
h a v e v a r y i n g d e g r e e s o f i n f l u e n c e o n t h e r a t e s o f r e a c t i o n . 
M i n e r a l s w i t h s t e r e o s e l e c t i v e , c a t a l y t i c a n d i o n - s i e v e p r o p e r t i e s 
h a v e b e e n d i s c u s s e d . 

A c k n o w l e d g m e n t s 

The a u t h o r s a r e g r a t e f u l t o K i m F . H a y e s a t S t a n f o r d U n i v e r s i t y f o r 
c r i t i c a l r e a d i n g o f t h e m a n u s c r i p t a n d f o r h e l p f u l d i s c u s s i o n . 

Literature Cited 

1. Allen, L. H.; Matijevic, E.; Meites, L. J. Inorg. Nucl. Chem. 
1971, 33, 1293-1299. 

2. Huang, C. P.; Stumm, W. J. J. Colloid Interface Sci. 1973, 43, 
409-420. 

3. James, R. O.; Healy, T. W. J. Colloid Interface Sci. 1972, 40, 
42-52, 53-64, 65-81. 

4. Davis, J. Α.; Leckie, J. O. J. Colloid Interface Sci. 1978, 
67, 90-107. 

5. Davis, J. Α.; Leckie, J . O. J. Colloid Interface Sci. 1980, 
74, 32-43. 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



12. YASUNAGA AND IKEDA Adsorption-Desorption Kinetics 253 

6. Whittinham, M. S.; Jacobson, A. J., Eds., "Intercalation 
Chemistry"; Academic Press: New York, 1982. 

7. Hachiya, K.; Ashida, M.; Sasaki, M.; Kan, H.; Inoue, T.; 
Yasunaga, T. J. Phys. Chem. 1979, 83, 1866-1871. 

8. Bernasconi, C. F. "Relaxation Kinetics"; Academic Press: New 
York, 1976. 

9. Tsuji, T.; Yasunaga, T.; Sano, T.; Ushio, H. J. Am. Chem. Soc. 
1976, 98, 813-818. 

10. Ikeda, T.; Nakahara, J.; Sasaki, M.; Yasunaga, T. J. Colloid 
Interface Sci. 1984, 97, 278-283. 

11. Dolzhenkova, A. N.; Gevorkyan, Β. Α.; Vishnyakova, G. V. 
Obogasch. Rud. (Leningrad), 1973, 18, 31. 

12. Astumian, R. D.; Sasaki, M.; Yasunaga, T.; Schelly, Z. A. 
J. Phys. Chem. 1981, 85, 3832-3835. 

13. Astumian, R. D.; Schelly, Z. A. J. Am. Chem. Soc. 1984, 106, 
304-308. 

14. Sasaki, M.; Moriya M.; Yasunaga, T.; Astumian, R. D. J. Phys. 
Chem. 1983, 87, 1449-1453

15. Mikami, N.; Sasaki
Yasunaga, T. J. Phys. Chem. 1983, 87, 1454-1458. 

16. Hachiya, K.; Sasaki, M.; Saruta, Y.; Mikami, N.; Yasunaga, T. 
J. Phys. Chem. 1984, 88, 23-27. 

17. Hachiya, K.; Sasaki, M.; Ikeda, T.; Mikami, N.; Yasunaga, T. 
J. Phys. Chem. 1984, 88, 27-31. 

18. Ikeda, T.; Sasaki, M.; Yasunaga, T. J . Phys. Chem. 1983, 87, 
745-749. 

19. Ikeda, T.; Yasunaga, T. J. Phys. Chem. 1984, 88, 1253-1257. 
20. Mikami, N.; Sasaki, M.; Yasunaga, T.; Hayes, K. F. J. Phys. 

Chem. 1984, 88, 3229-3233. 
21. Ikeda, T.; Amoh, H.; Yasunaga, T. J . Am. Chem. Sco. 1984, 106, 

5772-5775. 
22. Ikeda, T.; Yasunaga, T. J. Colloid Interface Sci. 1984, 99, 

183-186. 
23. Kokotailo, G. T.; Lowton, S. L.; Olson, D. H.; Meier, W. M. 

Nature (London), 1978, 272, 437-438. 

RECEIVED June 18, 1986 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



13 

Highly Selective Ion Exchange in Clay Minerals 
and Zeolites 

A. Maes and A. Cremers 
K. U. Leuven, Laboratorium voor Colloïdchemie, Kard. Mercierlaan 92, B-3030 Leuven, 
Belgium 

The charge density of the clay mineral and the 
polarizability difference between the exchanging 
pair of ions ar
the ion exchang
and organic ammonium cations. Highly selective ion 
exchange behaviour is discussed in terms of these 
parameters. It can essentially be ascribed to high 
enthalpic contributions resulting from enhanced 
electrostatic interactions. Complexation of 
transition metal ions with uncharged ligands leads 
to significant enhancements - up to three orders of 
magnitude - of ion selectivities in smectites and 
these effects prevail over the entire range of 
surface compositions. Similar enhancements in 
selectivity occur upon complexation in the rigid 
zeolite pores but are of a lesser extent. The 
extremely high Cs-selectivity observed in a small 
fraction of the charge of illites, illite-smectite 
interlayers and reduced charge montmorillonites, is 
a thermodynamically reversible ion exchange process 
and is discussed in terms of a multi-site Ion 
exchange model. In zeolites, the combination of a 
typical crystallographic configuration and cation 
properties may in certain cases (Ag, Na) lead to 
high selectivities in a limited number of exchange 
sites. 

The distribution of elements between the solid and the liquid 
phase is of primary importance for the transport processes in the 
environment. In addition, the uptake of elements in plants and 
other living organisms is determined by the speciation of the 
element in that phase. 

The distribution of the major elements (Ca, Mg, Na, K, ...) 
in soils is well known to be governed by ion-exchange processes 
(1). The behaviour of transition elements such as Co, Ni, Cd, Cu, 
etc. in natural systems (soils, sediments) often results from a 
combination of different effects such as precipitation, sorption 
in oxides, exchange in clay minerals and complexation with organic 
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m a t t e r . T h e s e e f f e c t s a r e l a r g e l y i n f l u e n c e d by t h e pH and r e d o x 
c o n d i t i o n s ( 2 - 3 ) . The b i n d i n g c a p a c i t y a n d b i n d i n g s t r e n g t h by i o n 
e x c h a n g e i n c l a y m i n e r a l s i s c o n s i d e r e d t o be weak r e l a t i v e t o 
o t h e r m e t a l a s s o c i a t i o n s u n d e r o x i d i z i n g c o n d i t i o n s , a n d 
n e g l i g i b l e u n d e r r e d u c i n g c o n d i t i o n s ( 2 - 3 ) . I n p u r e c l a y m i n e r a l s 
a n d a t s u f f i c i e n t l y l ow pH i o n e x c h a n g e m e c h a n i s m s a r e i n v o l v e d 
w h i c h a r e r u l e d b y s e l e c t i v i t y p a t t e r n s c o m p a r a b l e t o t h e e x c h a n g e 
o f t h e m a j o r e l e m e n t s . W i t h i n c r e a s i n g pH a g r a d u a l s h i f t o c c u r s 
f o r m p r e d o m i n a n t i o n e x c h a n g e t o w a r d s a s p e c i f i c a d s o r p t i o n 
b e h a v i o u r on ' o x i d e - l i k e 1 s u r f a c e s i n v o l v i n g e i t h e r b r o k e n b o n d s 
a t c l a y m i n e r a l e d g e s o r o x i d e c o a t i n g s ( 4 ) . 

E x t r e m e l y h i g h i o n e x c h a n g e a f f i n i t i e s a r e howeve r s o m e t i m e s 
o b s e r v e d f o r a l k a l i m e t a l s ( e . g . Cs ) a n d t r a n s i t i o n m e t a l i o n 
c o m p l e x e s i n c l a y m i n e r a l s and z e o l i t e s . T h e o b j e c t i v e o f t h i s 
p a p e r i s t o g i v e an a c c o u n t o f t h e f a c t o r s w h i c h a r e i n v o l v e d i n 
t h e s e h i g h s e l e c t i v i t y phenomena . The d i s c u s s i o n w i l l be f o c u s s e d 
m o s t l y o n m o n t m o r i l l o n i t e s a n d f a u j a s i t e s a s r e p r e s e n t a t i v e s o f 
t h e p h y l l o s i l i c a t e a n d

T h e r m o d y n a m i c b a c k g r o u n d 

T h e f r e e z <»nergy c h a n g e f o r t h e g e n e r a l c a t i o n e x c h a n g e r e a c t i o n 
b e t w e e n A a n d Β c a t i o n s o n a n e x c h a n g e r X , r e p r e s e n t e d b y 

AzA__ . T , zB t . z B v . A Z A 

z _ A X + z . B z . B X + z_,A 
Β A «- A Β 

i s w r i t t e n a s 

< X - < V B - v l > - < v i - v l > ( 1 ) 

a n d i s g o v e r n e d by t h e d i f f e r e n c e i n s t a n d a r d c h e m i c a l p o t e n t i a l s 
o f b o t h e x c h a n g i n g s p e c i e s i n t h e s u r f a c e ( i n d i c a t e d b y a b a r ) a n d 
s o l u t i o n p h a s e . 

F r o m a t h e r m o d y n a m i c v i e w p o i n t t h e t h e o r e t i c a l f r a m e w o r k 
( 5 - 6 ) a n d t h e e x p e r i m e n t a l m e a s u r e m e n t s o f s u c h e q u i l i b r i a a r e 
w e l l e s t a b l i s h e d . Two a p p r o a c h e s a r e c u r r e n t l y i n u s e . T h e y o n l y 
d i f f e r i n t h e d e f i n i t i o n o f t h e i o n a c t i v i t y a t t h e s u r f a c e , w h i c h 
i s e i t h e r e x p r e s s e d a s a n e q u i v a l e n t f r a c t i o n (5) o r a s a m o l a r 
f r a c t i o n ( 6 - 8 ) . 

B o t h a p p r o a c h e s l e a d t o i d e n t i c a l s t a n d a r d t h e r m o d y n a m i c 
v a l u e s o f e x c h a n g e ( 9 - 1 0 ) . S u c h a d i f f e r e n c e i n t h e c h o i c e o f t h e 
s u r f a c e c o n c e n t r a t i o n s c a l e i s o f c o u r s e o n l y i m p o r t a n t f o r 
h e t e r o v a l e n t e x c h a n g e e q u i l i b r i a . F o r t h e h e t e r o v a l e n t c a s e t h e 
n u m e r i c a l v a l u e f o r b o t h s e l e c t i v i t y c o e f f i c i e n t s , ( G a i n e s & 
Thomas ) a n d ( V a n s e l o v ) d i f f e r a n d , c o n s e q u e n t l y , t h e i r 
v a r i a t i o n w i t h s u r f a c e c o m p o s i t i o n a l s o d i f f e r s . 

A l t h o u g h b o t h m e t h o d s a r e t h e r m o d y n a m i c a l l y e q u i v a l e n t i t 
a p p e a r s t h a t + y e m a i n s i n d e p e n d e n t o f s u r f a c e c ^ m p o s ^ L o n 
e x c h a n g e s o f Na v e r s u ^ , Ca ( 1 1 - 1 2 ) , v e r s u s Co , Cu , N i , 
Cd (13 ) a n d v e r s u s Cu (14) i n m o n t m o r i l l o n i t e s . I n c o n t r a s t 
Kg v a l u e s i n c r e a s e w i t h o c c u p a n c y i n a l l t h e s e e q u i l i b r i a . 

S t r a i g h t f o r w a r d t h e r m o d y n a m i c d a t a r e l a t i n g t o t h e e x c h a n g e 
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o f t h e s e i o n s a r e o n l y o b t a i n e d f r o m m e a s u r e m e n t s i n C IO^ m e d i a . 
I n t h e c a s e o f Cu a n d C a e x c h a n g e i n Wyoming B e n t o n i t e ( 1 4 - 1 5 ) , i t 
was shown t h a t i o n p a i r f o r m a t i o n w i t h C I o r NO^ may l e a d t o 
h i g h e r s e l e c t i v i t i e s c o m p a r e d t o v a l u e s _ o b t a i n e j l i n C I O ^ , c a u s e d 
by t h e s e l e c t i v e a d s o r p t i o n o f t h e C u C l o r _ C a C l i o n - p a i r s . S i n c e 
mos t i o n e x c h a n g e d a t a we re o b t a i n e d i n C I o r NO,, m e d i a t h e y may 
be somewhat i n a c c u r a t e due t o t h e p r e s e n c e o f a t h i r d ( i o n - p a i r ) 
c o m p o n e n t . 

E x c h a n g e i n c l a y m i n e r a l s 

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

R a t h e r s m a l l s e l e c t i v i t y d i f f e r e n c e s a r e o b s e r v e d f o r h o m o v a l e n t -
and h e t e r o v a l e n t e x c h a n g e s i n v o l v i n g a l k a l i , a l k a l i n e e a r t h , 
b i v a l e n t t r a n s i t i o n m e t a l i o n s , a l u m i n i u m and r a r e e a r t h c a t i o n s , 
a s i s a m p l y e v i d e n c e d f r o m t h e e x t e n s i v e c o m p i l a t i o n by 
B r u g g e n w e r t a n d K a m p h o r s
c l a y m i n e r a l s : i l l i t e
k a o l i n i t e . 

H o m o v a l e n t e x c h a n g e o f i n o r g a n i c c a t i o n s . The d i f f e r e n c e i n AG° 
among t h e m o n o v a l e n t cap t ions r a n g e s f r o m a b o u t 0 . 6 ( N a - L i ) f o 
a b o u t 10 ( N a - C s ) k J E q i n a t y p i c a l m o n t m o r i l l o n i t e f r o m Camp 
B e r t e a u . D i f f e r e n c e s o b s e r v e d among t h e v a r i o u s c l a y m i n e r a l s 
( i l l i t e s , k a o l i n i t e s , v e r m i c u l i t e s , m o n t m o r i l l o n i t e s ) a r e a s c r i b e d 
t o d i f f e r e n c e s i n m i n e r a l c h a r g e d e n s i t y a n d / o r t o t h e 
m i n e r a l o g i c a l h e t e r o g e n e i t y o r p u r i t y . The c h a r g e d e n s i t y o f t h e 
m i n e r a l i s u n d o u b t e d l y a v e r y i m p o r t a n t p a r a m e t e r . T h i s i s 
u n e q u i v o c a l l y v e r i f i e d i n t h e N a - C s e x c h a n g e (17) m e a s u r e d on a n 
i s o s t r u c t u r a l s e r i e s o f m o n t m o r i l l o n i t e s o b t a i n e d b y c h a r g e 
r e d u c t i o n o f Camp B e r t e a u m o n t m o r i l l o n i t e u s i n g t h e H o f m a n n - K l e m e n 
e f f e c t ( 1 8 ) . F i g . l a shows t h a t e x c h a n g e d a t a o n s e v e r a l 
m o n t m o r i l l o n i t e s f o l l o w t h e r e d u c e d c h a r g e m o n t m o r i l l o n i t e s e r i e s 
( R . C . M . ) . S m a l l d e v i a t i o n s i n Wyoming B e n t o n i t e a n d Chamber s 
m o n t m o r i l l o n i t e may be a s c r i b e d t o t h e i n f l u e n c e o f t e t r a h e d r a l 
c h a r g e s u b s t i t u t i o n (19) a n d / o r t o t h e p r e s e n c e o f m i c a c e o u s 
c o m p o n e n t s ( 2 0 ) . 

I n g e n e r a l t h e t h e r m o d y n a m i c f u n c t i o n s o f e x c h a n g e f o r 
d i f f e r e n t p a i r s i n c r e a s e s w i t h i n c r e a s i n g d i f f e r e n c e i n h y d r a t i o n 
e n e r g y o f t h e i o n s (See t a b l e I ) . 

F o c u s i n g , o n t h e N a - C s p a i r , t h e AG i s l e s s p r o n o u n c e d w i t h 
d e c r e a s i n g c h a r g e d e n s i t y a n d t e n d s t o v a n i s h a t z e r o c h a r g e 
d e n s i t y , c o r r e s p o n d i n g t o a t e n d e n c y o f e q u a l d i f f e r e n c e s i n 
s u r f a c e a n d s o l u t i o n t e r m s i n e q . ( 1 ) . T h i s s i t u a t i o n i s p o s s i b l e 
i f t h e h y d r a t i o n s t a t u s o f t h e a d s o r b e d c a t i o n s t e n d s t o e q u a l 
t h a t o f s o l u t i o n c a t i o n s . I t f o l l o w s t h e r e f o r e t h a t t h e a c t i o n o f 
f o r c e s t h a t t e n d t o d e h y d r a t e t h e i n t e r l a m e l l a r c a t i o n s s u c h a s 
t h e i n c r e a s e i n c h a r g e d e n s i t y o f t h e m i n e r a l o r t h e i n c r e a s e i n 
e l e c t r o l y t e c o n c e n t r a t i o n ( 3 2 ) , e n h a n c e t h e s e l e c t i v i t y o f t h e 
l e a s t h y d r a t e d c a t i o n . 

T h e o b s e r v a t i o n t h a t t h e c a t i o n w i t h t h e s m a l l e s t h y d r a t i o n 
e n e r g y i s i n c r e a s i n g l y p r e f e r r e d w i t h i n c r e a s i n g c h a r g e d e n s i t y i s 
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F i g u r e 1. V a r i a t i o n , o f t h e AG° ( c i r c l e s ) a n d ΔΗ° 
— 1 J B X ex 

( t r i a n g l e s ) ( i n k J mpl ) w i t h t h e c h a r g e d e n s i t y o f t h e c l a y 
m i n e r a l ( i n m e q . cm ) f o r 

a ) t h e N a + ->· C s + e x c h a n g e i n d i f f e r e n t ROM ' s ( empty s y m b o l s ) 
(17) a n d c l a y s a s i n d i c a t e d , v i z . O t a y , H e c t o r i t e ( 1 7 ) , Camp 
B e r t e a u ( 2 1 ) , B a y a r d ( 2 2 ) , Wyoming B e n t o n i t e ( 2 3 ) , Chambe r s 
m o n t m o r i l l o n i t e ( c h l , ( 2 4 ) ; c h 2 , ( 2 2 ) ; c h 3 , ( 2 5 ) ) . 

+2 +2 
b ) t h e Ca -* enH^ e x c h a n g e i n O t a y , Camp B e r t e a u , H e c t o r i t e 
a n d 0 . 6 3 RCM ( R e d u c e d c h a r g e m o n t m o r i l l o n i t e r e t a i n i n g 63 % o f 
i t 1 s o r i g i n a l c h a r g e ) ( 2 6 ) . 

+2 +2 +2 +2 
c ) t h e Ca + C u ( e n ) 9 ( u p p e r p a r t ) a n d Ca + Cu ( l o w e r 
p a r t ) e x c h a n g e i n d i f f e r e n t R C M 1 s ( empty c i r c l e s ) (27) a n d 
c l a y s a s i n d i c a t e d , v i z . O t a y ( 2 7 ) , H e c t o r i t e ( 2 7 ) , 
L a p o n i t e ( 2 7 ) , Camp B e r t e a u (28) a n d Wyoming B e n t o n i t e 
( 2 9 ) . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 26 a n d 2 7 . 
C o p y r i g h t 1 9 7 8 , 1981 a n d 1 9 8 3 , The C h e m i c a l S o c i e t y . 
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s e m i - q u a n t i t a t i v e l y p r e d i c t e d (19) f r o m d o u b l e l a y e r t h e o r y 
c o r r e c t e d f o r h y d r a t i o n e f f e c t s ( 3 3 - 3 4 ) b y i n c o r p o r a t i n g t h e 
p o t e n t i a l e n e r g y d i f f e r e n c e b e t w e e n h y d r a t e d a n d u n h y d r a t e d 
c a t i o n s . 

E b e r l (35 ) p r e d i c t e d t h e o p p o s i t e v a r i a t i o n o f AG r (Na Cs ) 
w i t h c h a r g e d e n s i t y i n b o t h t h e d r y ( E i s e n m a n n m o d e l ( § ] > ) ) a n d t h e 
wet i n t e r l a y e r ( C r u i c k s h a n k m o d e l ( 37 ) ) a s shown i n f i g . 2 . By 
p l o t t i n g t h e e x p e r i m e n t a l d a t a o f Maes a n d C r e m e r s (17) i n f i g . 2 
i t i s a g a i n d e m o n s t r a t e d t h a t t h e d e c r e a s i n g h y d r a t i o n s t a t u s o f 
t h e i n t e r l a m e l l a r c a t i o n ( i n c r e a s i n g i n t e r l a y e r m o l a l i t y ) w i t h 
i n c r e a s i n g c h a r g e d e n s i t y c o r r e s p o n d s w i t h i n c r e a s i n g AG 
(Na + Cs ) . e X 

The h i g h h y d r a t i o n e n e r g i e s o f t h e b i v a l e n t a n d t r i v a l e n t 
c a t i o n s makes them more r e l u c t a n t t o d e h y d r a t e i n t h e 
i n t e r l a m e l l a r r e g i o n a t t h e s e c h a r g ^ d e n s i ^ e s i n m o n t m o r i l l o n i t e 
a n d c o n s e q u e n t l y o n l y s m a l l AG (A -> Β ) v a l u e s a r e e x p e c t e d 
a n d o b s e r v e d f o r a l k a l i n e e a r t T ? ( 3 2 , 3 8 ) a n d b i v a l e n t t r a n s i t i o n 
m e t a l i o n s ( 3 9 ) . 

The v a r i a t i o n o
d e n s i t y a r e e x p e c t e d t o be s i m i l a r t o , b u t s m a l l e r (27 ) t h a n 
m o n o v a l e n t - m o n o v a l e n t e x c h a n g e s . 

E x c h a n g e o f o r g a n i c ammonium c a t i o n s . E x c h a n g e s e l e c t i v i t y o f 
m o n o v a l e n t a l k y l ammonium c a t i o n s i n m o n t m o r i l l o n i t e s ( 4 0 - 4 1 ) a n d 
o c t a h e d r a l l y s u b s t i t u t e d s y n t h e t i c c l a y m i n e r a l s ( l a p o n i t e ) 
i n c r e a s e s w i t h t h e i r c h a i n l e n g t h (42 ) a n d a l o n g t h e s e r i e s 
p r i m a r y < s e c o n d a r y < t e r t i a r y < q u a t e r n a r y ammonium c a t i o n s . T h i s 
s e l e c t i v i t y r i s e i s a s c r i b e d t o t h e l o w e r i n g o f t h e a l k y l a m m o n i u m 
i o n h y d r a t i o n u p o n a d s o r p t i o n i n t h e i n t e r l a m e l l a r s p a c e . T h i s 
r e l a t i o n s h i p was shown b y t h e l i n e a r c o r r e l a t i o n b e t w e e n t h e AG 
a n d t h e ga s p h a s e b a s i c i t y o f t h e a m i n e s ( 4 2 - 4 3 ) . The gas p h a s e 
b a s i c i t y r e f e r s t o t h e f r e e e n e r g y o f i n t e r a c t i o n o f a p r o t o n a n d 
t h e a m i n e i n t h e g a s p h a s e ( 4 4 - 4 5 ) . The g a s p h a s e b a s i c i t y i t s e l f 
i s l o g i c a l l y c o r r e l a t e d w i t h t h e e l e c t r o n d e n s i t y d i s t r i b u t i o n o n 
t h e amine h e a d g r o u p u n d e r v a r y i n g c o n d i t i o n s o f c h a i n l e n g t h a n d 
r e p l a c e m e n t o f h y d r o g e n i n t h e h e a d g r o u p (45) w i t h o u t a n y 
i n t e r f e r i n g e f f e c t o f h y d r a t i o n f o r c e s . 

T h e t r u e g a s p h a s e b a s i c i t y o r d e r i s o b s e r v e d i n t h e 
m o n t m o r i l l o n i t e ( 4 3 ) , w h e r e a s i n s o l u t i o n t h e w e l l known a m i n e 
a n o m a l y e x i s t s , i . e . t h e e x p e c t e d i n d u c t i v e e f f e c t s o f t h e o r g a n i c 
c a r b o n c h a i n a r e s c r e e n e d o f f by t h e s o l v e n t . F o r e x a m p l e , 
i d e n t i c a l AG v a l u e s o f p r o t o n a t i o n a r e f o u n d i n s o l u t i o n f o r 
m e t h y l - a n d b u t y l a m m o n i u m . 

The i n d u c t i v e e f f e c t o f t h e c a r b o n c h a i n i n t h e c l a y p h a s e 
amount s t o ( o n l y ) 5 t o 7 % o f t h e e f f e c t i n t h e g a s p h a s e . 
Ammonium c a t i o n s i n t h e i n t e r l a m e l l a r r e g i o n o f c l a y m i n e r a l s a r e 
t h e r e f o r e l e s s h y d r a t e d t h a n i n e q u i l i b r i u m s o l u t i o n . The f r e e 
e n e r g y o f a l k y l a m m o n i u m e x c h a n g e i n c r e a s e s w i t h c h a r g e d e n s i t y 
f r o m L a p o n i t e (42) < Red H i l l m o n t m o r i l l o n i t e (40) < Camp B e r t e a u 
m o n t m o r i l l o n i t e (41) i n l i n e w i t h t h e s m a l l e r i n t e r l a m e l l a r 
h y d r a t i o n s t a t u s o f t h e a d s o r b e d c a t i o n a t h i g h e r c h a r g e d e n s i t y . 

The e x c h a n g e o f C a - e t h y l e n e d i a m m o n i u m i n a s e r i e s o f 
m o n t m o r i l l o n i t e s (26 ) shows AG v a l u e s w h i c h i n c r e a s e w i t h c h a r g e ex 
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F i g u r e 2 . C a l c u l a t e d v a r i a t i o n o f AG (Na 
, e x 

Cs ) ( k J m o l " 1 ) 
w i t h t h e e q u i v a l e n t a n i o n i c r a d i u s ( Â ) a t d i f f e r e n t i n t e r l a y e r 
m o l a l i t i e s ( 3 5 ) . D a t a o f Maes and C r e m e r s (17) a r e a l s o shown . 
( F i g u r e s u p p l i e d b y D . D . E b e r l ) . R e p r o d u c e d w i t h p e r m i s s i o n 
f r o m R e f . 3 5 . C o p y r i g h t 1 9 8 0 , The C l a y M i n e r a l s S o c i e t y . 
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d e n s i t y i n c r e a s e ( s e e f i g . l b ) s i m i l a r t o t h e N a - C s e x c h a n g e . 
R e l a t i v e l y h i g h AG v a l u e s a r e o b s e r v e d a s e x p e c t e d f r o m t h e 
s m a l l h y d r a t i o n e n e r g y o f one o f t h e e x c h a n g i n g c a t i o n s 
( e t h y l e n e d i a m m o n i u m ) . The d e c r e a s i n g a n d s m a l l d . ^ s p a c i n g w i t h 
c h a r g e d e n s i t y i n c r e a s e ( t a b l e I I ) a r e i n l i n e w i t h t h e p r e c e d i n g 
p i c t u r e o f s m a l l e r i n t e r l a m e l l a r a l k y l a m m o n i u m h y d r a t i o n a t h i g h e r 
c h a r g e d e n s i t y . 

C o r r e l a t i o n o f e x c h a n g e d a t a w i t h e l e c t r o n d e n s i t y 
d i s t r i b u t i o n i n o r g a n i c ammonium c a t i o n s i n d i c a t e t h a t s p r e a d i n g 
o f t h e c h a r g e ( d e r e a l i z a t i o n ) o v e r i n c r e a s e d v o l u m e s l e a d s t o 
h i g h e r s e l e c t i v i t i e s . T h i s was shown f o r a l k y l a m m o n i u m c a t i o n s 
( s e e t a b l e I I I ) a n d b i s q u a t e r n a r y ammonium c a t i o n s (47) o f 
d i f f e r e n t c h a i n l e n g t h . The t h e r m o d y n a m i c d a t a f o r t h e e x c h a n g e 
(AG , ΔΗ , AS ) among a l k a l i - a n d a l k a l i n e e a r t h m e t a l c a t i o n s a r e 
l i n e a r l y r e l a t e d t o t h e p o l a r i z a b i l i t y d i f f e r e n c e b e t w e e n b o t h 
e x c h a n g i n g c a t i o n s ( 3 8 ) . T h i s o b s e r v a t i o n f i t s i n n i c e l y w i t h t h e 
c o n c e p t o f c h a r g e d e r e a l i z a t i o n . 

H e t e r o v a l e n t e x c h a n g e
i n c r e a s i n g AG o f m o n o - b i v a l e n t e x c h a n g e w i t h c h a r g e d e n s i t y 
i n c r e a s e , s u c h à r e l a t i o n s h i p was n o t a l w a y s o b v i o u s ( 2 0 , 4 8 ) . 

By u s i n g a n i s o m o r p h i c s e r i e s o f r e d u c e d c h a r g e 
m o n t m o r i l l o n i t e s , t h e v a r i a b l e p a r a m e t e r c h a r g e d e n s i t y c a n be 
i s o l a t e d . I t was shown (46) t h a t AG° (Na Ca) i n s u c h a s e r i e s 
o f s a m p l e s i n c r e a s e s l i n e a r l y w i t h 6 2 i h e l o g a r i t h m o f t h e c h a r g e 
d e n s i t y . The e x p e r i m e n t a l f r e e e n e r g y l o s s i s l e s s d e p e n d e n t o n 
c h a r g e d e n s i t y t h a n d o u b l e l a y e r t h e o r y p r e d i c t s . T h i s m i g h t w e l l 
be due t o t h e i n v o l v e m e n t o f C a - N O ^ i o n p a i r s ( 1 5 ) , w h i c h a r e 
i n d e e d e x p e c t e d t o c o n t r i b u t e more t o t h e t o t a l f r e e e n e r g y c h a n g e 
w i t h d e c r e a s i n g e x c h a n g e c a p a c i t y . 

T h e s m a l l d i s c r e p a n c y b e t w e e n d o u b l e l a y e r p r e d i c t i o n s o f 
AG a n d AH v a l u e s , a s s u m i n g i n t e r a c t i o n s o f p o i n t c h a r g e s , a n d 
t h e e x p e r i m e n t a l observat ions we re a s c r i b e d t o t h e p a r t i a l 
d e h y d r a t i o n o f t h e C a - e x c h a n g e d f o r m , w h i c h i s more p r o n o u n c e d 
a t h i g h e r c h a r g e d e n s i t y a s v e r i f i e d b y t h e d e c r e a s i n g d ^ . 
s p a c i n g ( t a b l e I I ) a n d b y t h e i n c r e a s i n g e n d o t h e r m i c i t y a n a 
e n t r o p y o f e x c h a n g e . 

G o u l d i n g a n d T a l i b u d e e n (20) o b s e r v e d t h e r e v e r s e 
r e l a t i o n s h i p w i t h c h a r g e d e n s i t y f o r t h e Κ + Ca e x c h a n g e i n t h a t 
t h e s e l e c t i v i t y i n c r e a s e d f r o m New M e x i c o m o n t m o r i l l o n i t e ( 1 . 3 5 
meq/g) < Camp B e r t e a u ( 1 . 1 5 meq/g) < Red H i l l ( 1 . 1 2 meq/g) = 
Wyoming b e n t o n i t e ( 1 . 0 m e q / g ) . The s e l e c t i v i t y o r d e r i s g o v e r n e d 
b y t h e d e c r e a s i n g m i c a a n d h y d r o u s m i c a c h a r a c t e r o f t h e d i f f e r e n t 
m o n t m o r i l l o n i t e s . T h e c o n t r i b u t i o n o f m i c a a n d h y d r o u s m i c a 
i n t e r l a y e r s i s o b t a i n e d f r o m m e a s u r e m e n t s o f t h e d i f f e r e n t i a l 
e n t h a l p y o f K - C a e x c h a n g e ( s e e l a t e r ) . N o n - s p e c i f i c c o u l o m b i c 
i n t e r a c t i o n s ( o f p o i n t c h a r g e s ) a r e e x p e c t e d t o h o l d i r r e s p e c t i v e 
o f t h e c h a r g e o r i g i n a n d d e n s i t y . O t h e r f a c t o r s a r e t h e r e f o r e 
i n v o l v e d . D e t a i l e d a n a l y s i s o f t h e t h e r m o d y n a m i c d a t a (AH a n d AS 
t e r m s ) shows t h a t s p e c i f i c i n t e r a c t i o n s b e t w e e n t h e c a t i o n s a n d 
t h e s u r f a c e a s w e l l a s e n t r o p i e f a c t o r s d e t e r m i n e t h e o v e r a l l 
s e l e c t i v i t y a n d i t s v a r i a t i o n w i t h s u r f a c e c o m p o s i t i o n ( 2 0 ) . 
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C a t i o n s e l e c t i v i t y d e p e n d e n c y on l o a d i n g . The mass a c t i o n 
s e l e c t i v i t y c o e f f i c i e n t i s g e n e r a l l y f o u n d t o d e p e n d o n t h e i o n i c 
c o m p o s i t i o n o f t h e e x c h a n g e r (49 a n d r e f e r e n c e s t h e r e i n ) a n d on 
t h e c l o n i c + s t r e n g t h o f t h e s o l u t i o n ( 3 2 ) . The v a r i a t i o n o f t h e 
Κ (M^ M 2 ) w i t h s u r f a c e c o m p o s i t i o n i s r e l a t e d t o t h e 
d i f f e r e n c e i n t h e h y d r a t i o n s t a t u s o f t h e e x c h a n g i n g c a t i o n s i n 
t h a t t h e p r e f e r e n c e f o r t h e l e a s t h y d r a t e d c a t i o n d e c r e a s e s w i t h 
i t s i n c r e a s e i n o c c u p a n c y . T h i s d e p e n d e n c y i s more p r o n o u n c e d w i t h 
i n c r e a s i n g d i f f e r e n c e i n h y d r a t i o n e n e r g y o f t h e i o n s . I n 
h e t e r o v a l e n t e x c h a n g e t h e s e l e c t i v i t y f o r t h e i o n w i t h t h e h i g h e s t 
c h a r g e i n c r e a s e s w i t h i t s o c c u p a n c y . The f u n c t i o n a l d e p e n d e n c y o n 
s u r f a c e c o m p o s i t i o n i s more p r o n o u n c e d f o r h e t e r o v a l e n t ( 3 0 , 
5 0 - 5 4 ) t h a n f o r h o m o v a l e n t e x c h a n g e s ( 1 2 , 2 4 - 2 5 , 3 0 ) . 

S e v e r a l f a c t o r s h a v e b e e n i n v o k e d t o e x p l a i n t h e v a r i a t i o n 
w i t h s u r f a c e c o m p o s i t i o n . H e t e r o g e n e i t y o f e x c h a n g e s i t e s i s a n 
i m p o r t a n t f a c t o r i n v i e w o f t h e c h a r g e d e n s i t y d e p e n d e n c y o f t h e 
t h e r m o d y n a m i c f u n c t i o n s o f e x c h a n g e ( 1 7 , 2 6 - 2 7 ) a n d t h e m e a s u r e d 
h e t e r o g e n e i t y o f s u r f a c
d i f f e r e n t i a l h e a t o f e x c h a n g
h o m o v a l e n t (17) a n d h e t e r o v a l e n t (20) e x c h a n g e s . I n t h e l a t t e r 
c a s e t h e v a r i a t i o n was a s c r i b e d t o t h e p r e s e n c e o f a m i x t u r e o f 
d i f f e r e n t c l a y m i n e r a l s . D e m i x i n g ( 5 4 , _59), t a c t o i d f o r m a t i o n ( 1 1 , 
6 0 - 6 1 ) , a n d l a y e r s t a c k i n g , w h i c h i s i n f l u e n c e d by c h a r g e 
h e t e r o g e n e i t y a n d d e n s i t y ( 5 5 , 6 2 - 6 3 ) , a r e phenomena r e l a t e d t o 
t h e h y d r a t i o n s t a t u s o f t h e e x c h a n g i n g c a t i o n s a n d a r e a s o u r c e o f 
v a r i a t i o n o f Κ w i t h s u r f a c e c o m p o s i t i o n . 

K c B r i d e ^ 4 9 , 64) p r o p o s e s e n t r o p y c h a n g e s due t o s i t e 
l o c a l i z a t i o n o f t h e e x c h a n g i n g c a t i o n s t o e x p l a i n t h e s e l e c t i v i t y 
v a r i a t i o n o f i n o r g a n i c c a t i o n s w i t h c o m p o s i t i o n . E x c h a n g e among 
c o m p l e x c a t i o n s ( A g i e t h y l e n e d i a m i n e ) ^ C u ( e t h y l e n e d i a m i n e ) ^) i n 

Wyoming b e n t o n i t e ( 2 9 ) , i n w h i c h c a s e t h e i n t e r l a m e l l a r s p a c e i s 
c o l l a p s e d , shows a p r o n o u n c e d b u t o p p o s i t e v a r i a t i o n w i t h s u r f a c e 
c o m p o s i t i o n a n d i s r e l a t e d t o c h a n g e s i n 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 , due t o t h e h e t e r o g e n e o u s s u r f a c e c h a r g e 
d i s t r i b u t i o n . 

E x c h a n g e o f c a t i o n s o f h i g h p o l a r i z a b i l i t y 

The f o r m e r e x p e r i m e n t a l o b s e r v a t i o n s a l l o w one t o make p r e d i c t i o n s 
o n t h e c o n d i t i o n s n e c e s s a r y t o o b t a i n h i g h l y s e l e c t i v e e x c h a n g e 
b e h a v i o u r i n two c a s e s : 
1. By i n c r e a s i n g t h e c h a r g e d e r e a l i z a t i o n i n one o f t h e 

e x c h a n g i n g c a t i o n s ; 
2 . By i n c r e a s i n g t h e c h a r g e d e n s i t y o f t h e m i n e r a l . 

E x c h a n g e o f c o m p l e x c a t i o n s . C o m p l e x a t i o n o f t r a n s i t i o n m e t a l 
c a t i o n s w i t h u n c h a r g e d l i g a n d s s u c h a s w i t h a m i n e s a n d w i t h amino 
a c i d s r e s u l t s i n a s e l e c t i v i t y e n h a n c e m e n t c o m p a r e d t o t h e 
s e l e c t i v i t y o f t h e a q u e o u s m e t a l c a t i o n (27^ 6 5 - 7 2 ) . F i g . 3 shows 
a n e x a m p l e f o r t h e C u ( e t h y l e n e d i a m i n e ) « a d s o r p t i o n i n 
m o n t m o r i l l o n i t e s o f d i f f e r e n t c h a r g e d e n s i t y . S t a n d a r d 
t h e r m o d y n a m i c d a t a f o r o t h e r c a s e s a r e g i v e n i n t a b l e I V . I n a l l 
c a s e s t h e f r e e l i g a n d c o n c e n t r a t i o n i n e q u i l i b r i u m s o l u t i o n was 
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J 1 ι I • » ι : • ι ! • 
0.5 1.0 

mE g" 

F i g u r e 3 . L o g a r i t h m o f t h e s e l e c t i v i t y c o e f f i c i e n t f o r 
C a - C u ( e n ) a g a i n s t Cu c o n t e n t o f t h e e x c h a n g e r i n O t a y , • ; 
0 . 9 5 RCM, · , ο ; 0 . 7 4 RCM, • , ν ; h e c t o r i t e ^ A ; 0 . 5 9 RCM, • ,0 
a n d L a p o n i t e , 0 0 ; ( u p p e r c u r v e s ) a t 10 t o t a l n o r m a l i t y 
( c l o s e d s y m b o l s ) a n d a t h i g h i o n i c s t r e n g t h ( o p e n s y m b o l s ) . 
The l o w e r c u r v e s r e p r e s e n t t h e l o g o f t h e s e l e c t i v i t y f o r Ca -
Cu i n 0 . 9 5 RCM, o ; 0 . 7 4 RCM, ν a n d 0 . 5 9 RCM, α . R e p r o d u c e d 
w i t h p e r m i s s i o n f r o m R e f . 2 7 . C o p y r i g h t 1 9 7 9 , The C h e m i c a l 
S o c i e t y . 
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s u f f i c i e n t t o o b t a i n t h e f u l l y c o o r d i n a t e d c o m p l e x . S e l e c t i v i t y 
e n h a n c e m e n t s o f up t o t h r e e o r d e r s o f m a g n i t u d e a r e o b s e r v e d . T h e 
h i g h a f f i n i t y p r o c e s s was p u t t o u s e i n t h e d e t e r m i n a t i o n o f t h e 
c a t i o n e x c h a n g e c a p a c i t y o f s o i l s a n d c l a y m i n e r a l s ( 7 0 , 7 8 - 7 9 ) . 

The e n h a n c e d s e l e c t i v i t y o f t h e c o m p l e x e d t r a n s i t i o n m e t a l 
c a t i o n c o m p a r e d t o t h e u n c o m p l e x e d a q u e o u s f o r m c a n be e x p r e s s e d 
a s a g a i n i n t h e s t a b i l i t y c o n s t a n t o f t h e a d s o r b e d c o m p l e x w i t h 
r e s p e c t t o i t s s t a b i l i t y c o n s t a n t i n t h e s o l u t i o n p h a s e ( 8 0 ) . T h e 
c o m p l e x f o r m a t i o n r e a c t i o n a n d c o r r e s p o n d i n g s t a b i l i t y c o n s t a n t s 
o f a t r a n s i t i o n m e t a l c a t i o n M Z w i t h a n u n c h a r g e d l i g a n d L i n 
b o t h t h e s u r f a c e ( i n d i c a t e d b y b a r s ) a n d s o l u t i o n p h a s e a r e 
d e f i n e d a s 

M Z + + n L + M L Z + a n d M Z + + ML -> M L Z + 

<- η «- η 

MLn' 
z+ 

— z + —z+ 
The s u r f a c e s p e c i e s ML a n d M a r e e x p r e s s e d a s e q u i v a l e n t 
f r a c t i o n s o f t h e e x c n a n g e r c a p a c i t y ; ( L ) i s i n m o l / 1 . T h r e e 
m e t h o d s c a n be u s e d t o m e a s u r e t h e c o m p l e x f o r m a t i o n c o n s t a n t o f 
a d s o r b e d c o m p l e x e s . 
1) The i o n e x c h a n g e m e t h o d , ( 2 8 , 80) w h i c h c o n s i s t s i n 
d e t e r m i n i n g t h e i o n e x c h a n g e c o n s t a n t s o f a c o m p l e x e d a n d 
u n c o m p l e x e d t r a n s i t i o n m e t a l c a t i o n v e r s u s a n o n - c o m p l e x 
f o r m i n g r e f e r e n c e c a t i o n , l e a d i n g t o t h e d e t e r m i n a t i o n o f 

β η 11 e x ( L ) n 

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

h y p o t h e t i c a l e x c h a n g e c o n s t a n t ^ η ^ β χ ° f t n e c o m p l e x v e r s u s 

t h e u n c o m p l e x e d t r a n s i t i o n m e t a l i o n , a n d t h e c o m p l e x f o r m a t i o n 
c o n s t a n t i n s o l u t i o n (3 ) . U n i t p a r t i t i o n was v e r i f i e d f o r 
e t h y l e n e d i a m i n e i n t h e d a - C u - e t h y l e n e d i a m i n e s y s t e m ( 2 8 ) . T h e 
e x c e s s f r e e e n e r g y l o s s f o r t h e f o r m a t i o n o f t h e c o o r d i n a t i v e l y 
s a t u r a t e d c o m p l e x i n t h e i n t e r l a y e r p h a s e i s t h e n d e f i n e d a s 

I 
AG = - 2 . 3 RT l o g - 2 

e x c e s s 6 β 
η 

2) The B j e r r u m s u r f a c e c o m p l e x f o r m a t i o n f u n c t i o n ( 2 8 , 67) 
c o n s i s t s i n m e a s u r i n g t h e g r a d u a l f o r m a t i o n o f t h e t r a n s i t i o n 
m e t a l c o m p l e x a t t h e s u r f a c e , o r t h e mean l i g a n d number n ° , 
w i t h i n c r e a s i n g l i g a n d c o n c e n t r a t i o n . T h i s m e t h o d a l l o w s t o 
d e t e r m i n e t h e s u c c e s s i v e s u r f a c e c o m p l e x f o r m a t i o n c o n s t a n t s 
f r o m 
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- s 
n 

1 n 

1 + Σ? l L n 

1 n 

3) The s e l e c t i v i t y - c o m p l e x f o r m a t i o n f u n c t i o n (81) d e s c r i b e s t h e 
v a r i a t i o n o f t h e s e l e c t i v i t y c o e f f i c i e n t o f t h e t r a n s i t i o n m e t a l 
i o n v e r s u s a n o n c o m p l e x f o r m i n g r e f e r e n c e c a t i o n w i t h i n c r e a s i n g 
l i g a n d c o n c e n t r a t i o n a s 

K c (L ) 

K c ( aq ) 

T h e s e c o n d a n d t h i r
c o m p l e x a t i o n c o n s t a n t s a t v a r i o u s t r a n s i t i o n m e t a l l o a d i n g s a n d 
c o n s e q u e n t 1 y y i e l d a p p a r e n t c o m p o s i t i o n d e p e n d e n t c o n s t a n t s . I n 
t h e f i r s t m e t h o d o n t h e c o n t r a r y a t r u l y t h e r m o d y n a m i c c o n s t a n t i s 
o b t a i n e d u n d e r s t a n d a r d s t a t e c o n d i t i o n s . 

A l l t h r e e m e t h o d s l e a d t o c o n s i s t e n t s u r f a c e c o m p l e x a t i o n 
c o n s t a n t s i n c l a y m i n e r a l s ( 2 7 , 28) a n d z e o l i t e s ( 8 2 ) . The s u r f a c e 
p r o t o n a t i o n c o n s t a n t s o f t h e o r g a n i c compounds s u c h a s a m i n e s c a n 
be d e f i n e d a n d d e t e r m i n e d s i m i l a r l y ( 4 1 , 83) a n d a r e a l s o f o u n d t o 
b e e n h a n c e d In t h e c l a y i n t e r f a c e . 

The i n f l u e n c e o f t h e c h a r g e d e n s i t y o n t h e s e l e c t i v i t y o f 
c o m p ^ x c a t i o n s i s s i m i l a r t o t h e c a s e o f C a - e t h y l e n e d i a m m o n i u m 
( e n H ^ ) a n d N a - C s e x c h a n g e s a s shown i n f i g . I c f o r t h e c a s e o f 
t h e C a - C u ( e n ) 2 e x c h a n g e i n t h e i s o s t r u c t u r a l s e r i e s o f 
m o n t m o r i l l o n i t e s . 

The s t a b i l i z a t i o n f a c t o r w h i c h i s i d e n t i c a l t o 

l o g c ^ ( e n ) 2 Κ β χ i s g i v e n b y l o g | - « 2 . 0 1 1 0 7 Γ + 0 . 3 6 
η 

a n d ^ v a n i s h e s a t z e r o c h a r g e d e n s i t y (Γ « c h a r g e d e n s i t y i n meq 
cm ) . T h e s i m i l a r i t y o f c o m p l e x i o n s t a b i l i z a t i o n a n d s i m p l e 
i n o r g a n i c a n d o r g a n i c c a t i o n e x c h a n g e i s e v i d e n t . 

The s i m i l a r i t y i n t h e e x c h a n g e o f c o m p l e x c a t i o n s , o r g a n i c 
c a n o n s a n d s i m p l e inor^gan^c c a t i o n s i s a l s o a p p a r e n t i n t h a t b o t h 
Ca - e n H 2 (29) a n d Na - C s e x c h a n g e s j]3,7) i n m o n t m o r i l l o n i t e s o f 
v a r y i n g c h a r g e d e n s i t y a n d C a - C u ( e n ) 2 e x c h a n g e i n Camp B e r t e a u 
m o n t m o r i l l o n i t e (27 ) a r e a l l g o v e r n e d b y e x o t h e r m i c e n t h a l p y 
c h a n g e s . 

The t h e r m o d y n a m i c f u n c t i o n s o f e x c h a n g e i n a l l c a s e s a l s o 
d e c r e a s e w i t h d e c r e a s i n g c h a r g e d e n s i t y w h i c h may b e v i s u a l i z e d a s 
a " d i l u t i o n " o f t h e e x c h a n g e a b l e c a t i o n s i n t h e i n t e r l a m e l l a r 
p h a s e . T h i s 2 p r o c è s ^ i s v e ^ f i e d b y + £ h e i n c r e a s i n g s p a c i n g s 
f o r C u ( e n ) 2 , e n l l ^ , Ca a n d Cu ( t a b l e I I ) anci r e s u l t s i n 

1 + K j L + 

1 + Κ L + K X K 2 L 
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n e a r l y v a n i s h i n g A G ° , ΔΗ° a n d AS ° f u n c t i o n s a t z e r o c h a r g e 
d e n s i t y . J u d g i n g f r o m t h e s m a l l v a r i a t i o n o f t h e C u - C a e x c h a n g e 
w i t h c h a r g e d e n s i t y , t h e m a g n i t u d e o f t h e t h e r m o d y n a m i c f u n c t i o n s 
a r e c l e a r l y r e l a t e d t o d i f f e r e n c e s i n t h e h y d r a t i o n s t a t u s o f t h e 
a d s o r b e d c a t i o n s . I t i s t h e r e f o r e more r e a l i s t i c t o c o n s i d e r b o t h 
h y d r a t i o n a n d e l e c t r o s t a t i c c h a n g e s i n t h e s u r f a c e p h a s e w i t h 
c h a r g e d e n s i t y , a s was a l r e a d y shown f o r t h e N a - C s p a i r i n f i g . 2 
a n d c a l c u l a t e d f o r a l k a l i m e t a l c a t i o n e x c h a n g e s ( 1 9 , 3 3 , 3 4 ) . 

S t a n d a r d f r e e e n e r g y c h a n g e s o f h e t e r o v a l e n t e x c h a n g e 
e q u i l i b r i a among c o m p l e x e s i n c r e a s e w i t h c h a r g e d e n s i t y 
a g r e e m e n | + w i t h d o u b l e l a y e r e x p e c t a t i o n s a s shown f o r t h e A g ( e n ) « 
- C u ( e n ) 2 + ç x c h a n g e i n ^ i g . 4 . F o r t h e c a s e o f Wyoming b e n t o n i t e 
t h e Ag (en^ ) 0 - C u ( e n ) ^ r e a c t i o n i s e n d o t h e r m i c ( 1 2 . 5 k J E q ) , 
w h i l e AG = 9 . 6 6 5 k J ( s e e t a b l e I V ) , s h o w i n g t h a t e n t h a l p i c 
f a c t o r s a l s o r u l e t h e e x c h a n g e among c o m p l e x i o n s . 

I n g e n e r a l , t h e ( s c a r c e ) t h e r m o d y n a m i c d a t a f o r e x c h a n g e s 
i n v o l v i n g c o m p l e x e s l e a d s u s t o c o n c l u d e t h a t t h e s e l e c t i v i t y 
e n h a n c e m e n t u p o n c o m p l e x i n
t o e n h a n c e d c h a r g e d e p e n d e n
w i t h t h e s u r f a c e a s c o m p a r e d w i t h t h e a q u e o u s i o n s . 

The e n e r g e t i c c o n t r i b u t i o n t o t h e e x t r a s t a b i l i t y w h i c h i s 
g a i n e d u p o n a d s o r p t i o n o f t h e c o m p l e x e s i n t h e i n t e r f a c e i s 
c o n f i r m e d b y s p e c t r o s c o p i c d a t a o b t a i n e d o n a i r d r y s a m p l e s 
( 8 4 - 8 6 ) s h o w i n g c r y s t a l f i e l d s t a b i l i z a t i o n e n e r g i e s (CFSE ) 
e x c e e d i n g t h o s e o f t h e c o m p l e x e s i n a q u e o u s s o l u t i o n . I n t h e c a s e 
o f C u ( e n ) 2 , t h e C F S E v a l u e s i n c r e a s e w i t h t h e c h a r g e d e n s i t y o f 
t h e c l a y m i n e r a l (87) a n d d e c r e a s e w i t h C u ( e n ) ^ l o a d i n g , w h i c h i s 
c o n s i s t e n t w i t h t h e h e t e r o g e n e o u s d i s t r i b u t i o n o f t h e i s o m o r p h i c 
c h a r g e s o v e r t h e s u r f a c e ( 5 5 , 58) a n d w i t h t h e f a c t t h a t t h e c l a y 
i n t e r l a y e r s w i t h t h e h i g h e s t n e g a t i v e c h a r g e d e n s i t y a r e f i l l e d up 
f i r s t . I n t h i s p r o c e s s o f s t a b i l i z a t i o n t h e c l a y p o l y a n i o n a c t s 
p h y s i c a l l y a s a ( h e t e r o g e n e o u s ) a n i o n i c s o l v e n t w i t h s o l v a t i o n 
power s m a l l e r t h a n w a t e r ( 8 5 , 8 8 ) . T h e c l a y f a v o u r s t h e a d s o r p t i o n 
o f p l a n a r c o m p l e x e s by s t r i p p i n g o f f two a x i a l l y c o o r d i n a t e d w a t e r 
m o l e c u l e s , t h e r e b y i n c r e a s i n g t h e t e t r a g o n a l d i s t o r t i o n o f t h e 
c o m p l e x . 

C o n s i d e r i n g t h e c o n t r i b u t i o n o f t h e s o l v e n t a n d s u r f a c e t e r m s 
t o t h e t o t a l f r e e e n e r g y c h a n g e , i t i s a p p a r e n t t h a t t h e e n h a n c e d 
s e l e c t i v i t y i n t h e p r e s e n c e o f e . g . e t h y l e n e d i a m i n e c o r r e s p o n d s i n 
s i g n t o v a r i a t i o n s i n t h e s o l u t i o n t e r m a n d i s ( i n p a r t ) due t o 
s m a l l e r AG v a l u e s o f h y d r a t i o n o f t h e c o m p l e x c a t i o n s . T h i s i s 
e x e m p l i f i e d f o r t h e C a - C u a n d A g - C u c a s e s i n t h e p r e s e n c e a n d 
a b s e n c e o f e t h y l e n e d i a m i n e by t h e e q u a t i o n s : 

A G ( a q ) = ( 5 C u " 5 Ca> - ( G C u " 6 Ca> 

A G , ν - (G , N - G ) - ( G r , . - Gr ) 
( en ) C u ( e n ) 2 c a C u ( e n ) 2 Ca 

and 

A G , Ν = (G - 2 G A ) - (G_ — 2 G A ) 
( aq ) Cu A g 7 Cu A g 7 

A G , ν = (G , ν — 2 G A , \ ) — (G_, , χ - 2 G A , N ) 
( en ) C u ( e n ) 2 A g ( e n ) 2 C u ( e n ) 2 A g ( e n ) 2 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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τ 1 1 1 1 1 1 r 

9h 

e h 

5 I ι ι ι ι ι ι ι ι 1 

0,4 0,8 1,2 1,6 

Γ/Ίο"7 m e q cm 

F i g u r e 4 . V a r i a t i o n o f l n K ( C u i e n ) ^ + A g C e n ) ^ ) w i t h change 
d e n s i t y (meq cm ) i n O t a y , Chambers (Na CEC = 1 .1^ meq g ) , 
Camp B e r t e a u , B e l l e f o u r c h e (Na CEC • 0 . 8 4 meq g " ) a n d 0 . 6 4 
RCM. 
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i n w h i c h G a n d G s t a n d f o r t h e f r e e e n e r g y c o n t e n t i n s o l u t i o n and 
t h e s u r f a c e p h a s e , r e s p e c t i v e l y . 

The c o n t r i b u t i o n o f t h e s u r f a c e t e r m t o t h e t o t a l AG c h a n g e 
i s d i f f i c u l t t o a s s e s s s i n c e no q u a n t i t a t i v e d a t a on h y d r a t i o n o f 
c o m p l e x e s a r e a v a i l a b l e . The i m p o r t a n c e o f t h e s u r f a c e t e r m , 
h o w e v e r , c a n be j u d g e d f r o m t h e s u r f a c e c h a r g e dens i ty o depen< ^ e p c e 

o f + 2 t h e Ca -Cu (en>2 a n d C a - C u e x c h a n g e e q u i l i b r i a . LG^ Q ( C a + j 
Cu ) i s ^ . m o s t i n d e p e n d e n t o f c h a r g e d e n s i t y , w h e r e a ^ s ^ G ^ (Ca ^ 
-> Cu (eç ) ) d e c r e a s e l i n e a r l y f r o m a b o u t - 10 k J E q ~ a t ? X5 10~ 
meq cm t o z e r o a t v a n i s h i n g c h a r g e d e n s i t y . 

E x c h a n g e o f o r g a n i c c a t i o n s . α , ω b i s t r i m e t h y l a m m o n i u m a l k a n e s 
(BTM-n ) o f d i f f e r e n t c h a i n l e n g t h ( i n d i c a t e d by t h e number o f 
c a r b o n a toms i n t h e a l k y l c h a i n ) a r e o b t a i n e d b y q u a t e r n i z i n g t h e 
p r i m a r y a m i n o g r o u p i n t h e c o r r e s p o n d i n g a l k a n e d i a m i n e s by 
s u b s t i t u t i n g H f o r CH g r o u p s . 

? I m p o r t a n t s e l e c t i v i t y e n h a n c e m e n t s b e t w e e n t h e p a i r s o f i o n s , 
Ca Z + e n H ^ Z ( A G e x = -  molTh
17.26 k J m o l " * 1 ) ^ C
Camp B e r t e a u m o n t m o r i l l o n i t e h a v e ^ e e n a s c r i b e d t o t h e 
d e r e a l i z a t i o n o f t h e c h a r g e o v e r i n c r e a s e d v o l u m e s (47) . CNDO/2 
c a l c u l a t i o n s o f e l e c t r o n d i s t r i b u t i o n i n BTH c a t i o n s e x p l a i n s 
t h e i r s o l u t i o n b e h a v i o u r a n d t h i s i n t u r n i s r e f l e c t e d i n t h e 
c h a n g e s i n t h e i r i o n e x c h a n g e b e h a v i o u r w i t h c h a i n l e n g t h (47). 

The e x c h a n g e o f B T M - n c a t i o n s i s m a i n l y g o v e r n e d b y e n t h a l p i c 
e f f e c t s i n c o n t r a s t t o a l k y l a m m o n i u m e x c h a n g e , t h e b e h a v i o u r o f 
w h i c h i s p r i m a r i l y d e t e r m i n e d by e n t r o p y c h a n g e s (ΔΗ b e i n g 
e s s e n t i a l l y z e r o ) . T h i s s u g g e s t s t h a t 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 , 
w h i c h a r e e n h a n c e d due t o b e t t e r d e r e a l i z a t i o n , a r e a l s o 
i m p o r t a n t , d ^ ^ s p a c i n g s o f 1.45 nm c o n f i r m a f l a t o r i e n t a t i o n o f 
t h e s e i o n s . 

The i n t r o d u c t i o n o f u n s a t u r a t e d a r o m a t i c compounds a l s o l e a d s 
t o b e t t e r c h a r g e d e r e a l i z a t i o n a n d e n h a n c e d i o n e x c h a n g e 
a f f i n i t y . T h i s i s + j e r i f i e d b y 1) t h e h i g h e r f r e e e n e r g y o f 
e x c h a n g e v e r s u s _C^ i n b i p r o t o n a t e d h i s t a m m o n i u m (83) ( Δ θ ^ χ = 
- 12.33 k J m q l ) c o m p a r e d t o e t h y l e n e d i a m m o n i u m (38) ( A G ^ = 
-5.87 k J m o l ) a n d b y 2) t h e h i g h l y e x o t h e r m i c e n t h a l p i e s <of 
e x c h a n g e o f m o n o - a n d b i p y r i d i n i u m compounds i n Na -
m o n t m o r i l l o n i t e ( C l a y S p u r ) (89). 

The i n f l u e n c e o f t h e o r g a n o c a t i o n s t r u c t u r e o n t h e e x c h a n g e 
a d s o r p t i o n b ecomes e v i d e n t f r o m t h e d a t a i n t a b l e V . 
4 , 4 1 B i p y r i d i n i u m c a t i o n s a d s o r b two t i m e s more e n e r g e t i c a l l y (AH 
= _2y2 k J E q " ) t h a n do 2 , 2 ' b i p y r i d i n i u m c a t i o n s ( A H ° S 11 f $ 
E q ) . T h e f o r m e r a d a p t a p l a n a r o r i e n t a t i o n WQQ, • f?26 nm) i n 
c o n t r a s t t o t h e i n c l i n e d p o s i t i o n o f t h e l a t t e r (ÛQQ^ * 1 · 4 n m ) » 
d e s p i t e t h e f a c t t h a t s u f f i c i e n t s u r f a c e i s a v a i l a b l e f o r 
a d s o r p t i o n i n a f l a t c o n f i g u r a t i o n . S m a l l e r e n t h a l p y t e r m s a r e 
c o n s i s t e n t w i t h s m a l l e r e l e c t r o s t a t i c i n t e r a c t i o n e n e r g i e s . The 
r e a s o n f o r t h e t i l t i n g i s unknown h o w e v e r . 

F l a t - o r i e n t e d b i p y r i d i n i u m compounds a d s o r b w i t h a d d i t i o n a l 
s t a b i l i z a t i o n c o m p a r e d t o f l a t - o r i e n t e d m o n o - p y r i d i n i u m c o m p o u n d s , 
due t o c h a r g e t r a n s f e r i n t e r a c t i o n s a n d r e s o n a n c e s t a b i l i z a t i o n i n 
l i n k e d a r o m a t i c r i n g s v e r s u s s i n g l e p y r i d i n i u m i o n s . A l t h o u g h 
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4 - p h e n y l p y r i d i n i u m compounds we re n o t f l a t t e n e d i n t h e i n t e r l a y e r 
s p a c e , t h e y e x h i b i t h i g h l y e x o t h e r m i c i n t e r a c t i o n s w h i c h a r e 
a s c r i b e d t o t h e i n v o l v e m e n t o f V a n d e r W a a l s f o r c e s b e t w e e n t h e 
r i n g s y s t e m s , w h i c h a r e o r i e n t e d p e r p e n d i c u l a r t o t h e c l a y 
s u r f a c e . I n t h i s c a s e e x c e s s a d s o r p t i o n was a l s o o b s e r v e d . 

T h e i n t e r a c t i o n o f t h e c o m p o u n d s , shown i n t a b l e V , w i t h 
v e r m i c u l i t e (90) a r e e n t i r e l y d i f f e r e n t f r o m t h e i r b e h a v i o u r w i t h 
m o n t m o r i l l o n i t e i n t h a t e n d o t h e r m i c e f f e c t s a r e o b s e r v e d i n t h e 
i n i t i a l a d s o r p t i o n p r o c e s s . The e n d o t h e r m i c i t y i s a t t r i b u t e d t o 
t h e r e m o v a l o f w a t e r w h i c h i s t i g h t l y b o u n d b y v e r m i c u l i t e . T h i s 
i s a l s o c o r r o b o r a t e d b y t h e f a c t t h a t none o f t h e o r g a n o c a t i o n s 
t a k e s a f l a t o r i e n t a t i o n u p o n a d s o r p t i o n i n t h e i n t e r l a y e r (dgQ^ 
e x c e e d s 1 .45 nm i n a l l c a s e s ) . 

The e x c h a n g e o f c o m p l e x c a t i o n s a n d o r g a n i c ammonium c a t i o n s 
f o l l o w s t h e g e n e r a l r u l e s f o r e x c h a n g e s among a l k a l i a n d a l k a l i n e 
e a r t h m e t a l c a t i o n s . H o m o v a l e n t e x c h a n g e e q u i l i b r i a i n v o l v i n g one 
c o m p l e x c a t i o n , e g . C s - A g i e n ) ^ a n d C a - C u ( e n ) ^ o r i n v o l v i n g t h e 
b i s q u a t e r n a r y ammonium
t h e m o s t p o l a r i z a b l e c a t i o

The c h a r g e d e r e a l i z a t i o n o r t h e p o l a r i z a b i l i t y d i f f e r e n c e 
e x p l a i n s t h e s e l e c t i v i t y b e h a v i o u r i n c a s e s o f h i g h p o l a r i z a b i l i t y 
d i f f e r e n c e s ( c o m p l e x v e r s u s a q u e o u s m e t a l i o n ) o r i n a h o m o l o g o u s 
s e r i e s o f i o n s ( e i t h e r i n o r g a n i c c a t i o n s o r ammonium c a t i o n s ) . T h e 
s m a l l e r h y d r a t i o n s t a t u s o f a l l t y p e s o f I n t e r l a m e l l a r l y a d s o r b e d 
c a t i o n s i s a s c r i b e d t o t h e m u t u a l s t a b i l i z a t i o n b y c h a r g e 
d e r e a l i z a t i o n o v e r t h e p l a n a r o x y g e n s a n d e x c h a n g e a b l e c a t i o n s 
and i s c a u s e d by 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 f o r c e s . 

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

A l k a l i a n d a l k a l i n e e a r t h m e t a l i o n e x c h a n g e i n i l l i t e . F i g . 5 
shows t y p i c a l Ca + Cs a n d Ca Rb s e l e c t i v i t y p r o f i l e s i n M o r r i s 
i l l i t e ( 9 1 ) . A d s o r b e d Cs a n d Rb r a n g e s f r o m a b o u t 10 meq/100 g 
(CEC « 20 meq/100 g) down t o 10 meq/100 g . The s e l e c t i v i t y 
c o e f f i c i e n t s a p p e a r t o be h i g h l y d e p e n d e n t o n l o a d i n g a n d c h a n g e 
b y 4 o r d e r s o f m a g n i t u d e i n a n a r r o w l o a d i n g r a n g e , i n d i c a t i n g 
t h a t c r y s t a l l o g r a p h i c a l l y d i s t i n c t s i t e s w i t h v e r y d i f f e r e n t 
i n t e r a c t i o n e n e r g y a r e i n v o l v e d . 

T h e s e l e c t i v i t i e s f o r Cs ( l n G s K s 20) a n d Rb ( l n * b K s? 14) 
L a c t»a c 

v e r s u s a l k a l i n e e a r t h m e t a l i o n s a r e e x t r e m e l y h i g h a t t r a c e 
l o a d i n g a n d d e c r e a s e t o t h e u s u a l v a l u e s a t h i g h Cs a n d Rb 
c o n t e n t . T h e s i t e s i n v o l v e d a t t r a c e l o a d i n g h i g h l y d i f f e r e n t i a t e 
b e t w e e n Cs a n d R b , and t h e s e l e c t i v i t y b e h a v i o u r c h a n g e s i n t o t h e 
u s u a l p a t t e r n i n t h e h i g h e r l o a d i n g r a n g e . 

N o t w i t h s t a n d i n g t h e e x c e e d i n g l y h i g h s e l e c t i v i t i e s , t h e 
p r o c e s s o c c u r r i n g a t t r a c e l o a d i n g i s n o t a n i r r e v e r s i b l e f i x a t i o n 
b u t a r e v e r s i b l e i o n e x c h a n g e r e a c t i o n , a s c a n be d e d u c e d f r o m t h e 
i n t e r n a l c o n s i s t e n c y o f + t h e t r a c e Cs and t r a c e Rb a d s o r p t i o n 
e q u i l i b r i a i n Na - a n d Κ - i l l i t e shown i n f i g . 6 . 

T h e d a t a i n f i g . 5 we re s i m u l a t e d u s i n g t h e m u l t i - s i t e i o n 
e x c h a n g e m o d e l o f B a r r e r a n d K l i n o w s k i ( 9 2 ) . The m o d e l e s s e n t i a l l y 
c o n s i s t s i n a s s i g n i n g i n t r i n s i c s e l e c t i v i t y c o e f f i c i e n t s t o t h e 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



T
A

B
L

E 
V

. 
C

a
lo

r
im

e
t

r
ic

a
ll

y 
m

e
a

su
re

d 
e

n
th

a
lp

ie
s 

o
f 

e
x

c
h

a
n

g
e 

o
f 

p
y

ri
d

in
iu

m
 

an
d 

b
ip

y
ri

d
iu

m
 

s
a

lt
s 

in
 

N
a

-m
o

n
tm

o
ri

ll
o

n
it

e 
(8

9
) 

(C
la

y 
S

p
u

r)
 

an
d 

N
a

-v
e

rm
ic

u
li

te
 

(9
0

) 
(P

a
la

b
o

ra
) 

an
d 

th
e 

C
-s

p
a

c
in

g
s 

(n
m

) 
o

f 
th

e 
w

et
 

fu
ll

y 
e

x
c

h
a

n
g

e
d 

fo
rm

s 

C
a

ti
o

n 
A

n
io

n 
M

o
n

tm
o

ri
ll

o
n

it
e 

V
e

rm
ic

u
li

te
 

ΔΗ
 

(k
J 

E
q

~
A
) 

C
-s

p
a

c
in

g 
ΔΗ

 
(k

J 
E

q
"1

) 
C

-s
p

a
c

in
g 

4
,4

1
b

ip
y

r
id

in
iu

m
 

2
C

L
" 

-2
1

.5
 

1
.2

6 
a 

0 
1

.4
6 

4
,4

1
b

ip
y

r
id

in
iu

m
 

2
B

r"
 

-2
1 

1
.2

6 
= 

0 
1

.4
6 

4
,4

1
b

ip
y

r
id

in
iu

m
 

1
,1

* 
D

im
e

th
y

1
-4

,4
1
b

ip
y

ri
d

in
iu

m
 

2
I~

 
-2

3 
1

.2
6 

s 
0 

1
.4

6 
4

,4
1
b

ip
y

r
id

in
iu

m
 

1
,1

* 
D

im
e

th
y

1
-4

,4
1
b

ip
y

ri
d

in
iu

m
 

2
C

1
" 

-2
4 

1
.2

6 
4

2 
1

.4
4 

2
,2

'b
ip

y
ri

d
in

iu
m

 
1

,Γ
 

D
im

e 
th

y
1

-2
,2

f 
b

ip
y

ri
d

in
iu

m
 

2
B

r"
 

-1
1

.5
 

1
.4

0 
1

.4
5 

2
,2

'b
ip

y
ri

d
in

iu
m

 
1

,Γ
 

D
im

e 
th

y
1

-2
,2

f 
b

ip
y

ri
d

in
iu

m
 

2
1

" 
- 

9 
1

.5
5 

3
5 

1
.4

8 
1

,1
f
-E

t
h

y
le

n
e

-2
,2

f 
b

ip
y

ri
d

in
iu

m
 

2
B

r"
 

-1
6 

1
.2

7 
2

6 
1

.5
4 

P
y

ri
d

in
iu

m
 

C
l"

 
-1

1 
1

.2
6 

18
 

1
.4

2 
1

-M
e

th
y

lp
y

ri
d

in
iu

m
 

I"
 

-1
1 

1
.2

8 
15

 
1

.4
8 

4
-M

e
th

y
lp

y
ri

d
in

iu
m

 
I"

 
-1

0 
1

.2
9 

2
3 

1
.4

5 
l-

M
e

th
y

l-
4

-m
e

th
y

lp
y

ri
d

in
iu

m
 

l
" 

-1
2 

1
.2

7 
31

 
1

.4
7 

4
-P

h
e

n
y

lp
y

ri
d

in
iu

m
 

I"
 

-2
9 

1
.5

3 
8 

1
.8

2 
l-

M
e

th
y

l-
4

-p
h

e
n

y
lp

y
ri

d
in

iu
m

 
I"

 
-2

5 
1

.5
2 

5 
1

.4
8 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

7 T 

Δ δ 

L o g Rb a d s ( m e q / t o o g ) 

C s a d s (meq/ 100g) 

F i g u r e 5 . L n K v s . C s + - ( and R b + - ) e x c h a n g e l e v e l s 
(meq ./100 g) i n C i U i t e c l a y (25 ° £ ) f o r t h e e q u i l i b r i a C s -
Ca ^ (p ) , Cs - S r + ( Δ ) , C j * - B a Z ( O ) , Rb - C a Z + ( · ) , R b + 

- S r ( A ) , a n d Rb - Ba ( • ) . D a s h e d a n d f u l l c u r v e s 
r e l a t e t o a t w o - s i t e and a t h r e e - s i t e m o d e l r e s p e c t i v e l y ( s e e 
t e x t ) . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 9 1 . C o p y r i g h t 
1983 , A m e r i c a n C h e m i c a l S o c i e t y . 
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s e p a r a t e s i t e g r o u p s . T a k i n g a n e x c h a n g e r c o n s i s t i n g o f o n l y 
h i g h l y (H) a n d p o o r l y (L ) s e l e c t i v e s i t e s a n d c h o o s i n g t h e 
e q u i v a l e n t f r a c t i o n s c a l e one w r i t e s : 

H 

,2+ 
, a n d Κ 

+ 0 

( M +
L r 2+ 

.2+ 

T a k i n g H a n d L a s t h e e q u i v a l e n t f r a c t i o n o f t h e h i g h a n d l o w 
s e l e c t i v i t y s i t e s one o b t a i n s t h e o v e r a l l s e l e c t i v i t y f r o m 

, o » . r . l l <K * lK>2 . 

The s e l e c t i v i t y v a l u e s a t b o t h e n d s o f t h e s u r f a c e c o m p o s i t i o n 
s c a l e a r e r e l a t e d t o t h e i n t r i n s i c s e l e c t i v i t y c o e f f i c i e n t s b y 
(91 ) : 

l i m ^ v e r a 1 1 + Η 2 γξ a t ^ + o, a n d K ^ / L a t n^ -H - •* 0 . 

The f u l l c u r v e s i n f i g . 5 ( t o p t o b o t t o m ) a r e c a l c u l a t e d 
f o l l o w i n g a t h r e e - s i t e m o d e l b y u s i n g t h e s e t s o f c h a r a c t e r i s t i c 
L n k v a l u e s f o r , r e s p e c t i v e l y , s i t e I ( 0 . 1 m e q . / 1 0 0 g ) , s i t e I I 
( 0 . 8 m e q . / 1 0 0 ) , a n d p l a n a r s i t e s ( 1 9 . 3 m e q . / 1 0 0 g) : 3 0 . 6 ( I ) -
1 3 . 8 ( I I ) - 4 . 6 ( p l a n a r ) ; 2 9 . 6 ( I ) - 1 3 . 8 ( I I ) - 4 . 6 ( p l a n a r ) ; 
2 4 . 9 ( I ) - 1 3 . 8 ( I I ) - 4 . 6 ( p l a n a r ) . T h e d a s h e d c u r v e r e l a t e s t o a 
t w o - s i t e m o d e l ( s i t e I : 0 . 1 m e q . / 1 0 0 g ; p l a n a r 20 m e q . / 1 0 0 g) 
w i t h L n k v a l u e s o f 3 0 . 6 a n d 4 . 6 . 

A l t h o u g h no d i r e c t c r y s t a l l o g r a p h i c e v i d e n c e o f i o n - s i t i n g 
c a n be g i v e n , a s was t h e c a s e f o r t h e N a - A g e x c h a n g e i n z e o l i t e Y 
( 9 3 ) , t h e m u l t i - s i t e i o n e x c h a n g e a p p r o a c h i s j u s t i f i e d o n t h e 
f o l l o w i n g g r o u n d s : 

t h e p r o c e s s i n v o l v e d i n t h e h i g h a f f i n i t y s i t e s i s a 
r e v e r s i b l e i o n e x c h a n g e r e a c t i o n ; 
t h e w i d e l y v a r y i n g s e l e c t i v i t i e s c a n h a r d l y be a s s i g n e d t o n o n 
i d e a l i t y e f f e c t s r e s u l t i n g f r o m i o n - i o n i n t e r a c t i o n s , 
e s p e c i a l l y i n v i e w o f t h e f a c t t h a t , a s shown b e l o w ; 
s u c h h i g h a f f i n i t y s i t e s c a n be p r o g r e s s i v e l y g e n e r a t e d i n 
m o n t m o r i l l o n i t e t y p e c l a y m i n e r a l s a n d a r e a s s o c i a t e d w i t h 
c o l l a p s e d 10 A c l a y l a y e r s ( 9 4 - 9 6 ) . 

N o t h w i t h s t a n d i n g t h e e x t r e m e l y h i g h s e l e c t i v i t i e s t h e 
s e l e c t i v i t y o r d e r among t h e a l k a l i m e t a l c a t i o n s f o l l o w s t h e 
s e q u e n c e commonly o b s e r v e d i n c l a y m i n e r a l s i . e . Cs > Rb > Κ > Na 
a n d c o r r e s p o n d s t o t h e s e l e c t i v i t y s e q u e n c e g e n e r a t e d f o r l o w 
f i e l d s t r e n g t h s i t e s u s i n g t h e E i s e n m a n n a p p r o a c h ( 3 6 ) . E x c h a n g e 
i s t h e r e f o r e g o v e r n e d b y t h e h y d r a t i o n e n e r g y d i f f e r e n c e o f t h e 
c a t i o n s . The e x t r e m e l y h i g h s e l e c t i v i t i e s w e r e a s c r i b e d t o t h e 
e x c h a n g e o f l a r g e l y u n h y d r a t e d c a t i o n s , w h i c h i s c o n s i s t e n t w i t h 
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e x p e c t a t i o n s b a s e d on t h e c o n t e n t s o f f i g . 2 , s h o w i n g i n c r e a s i n g 
s e l e c t i v i t i e s w i t h i n c r e a s i n g i n t e r l a y e r m o l a l i t y a n d c h a r g e 
d e n s i t y . 

The h i g h a f f i n i t y s i t e s we re a s s i g n e d t o c o l l a p s e d ( 1 0 Â ) 
e d g e - i n t e r l a y e r p o s i t i o n s i n t h e c r y s t a l , i n l i n e w i t h g e n e r a l l y 
a c c e p t e d v i e w s ( 9 4 ) , w h e r e a s t h e l o w e s t s e l e c t i v i t y s i t e s we re 
a s c r i b e d t o t h e more a b u n d a n t p l a n a r s i t e s . 

D i f f e r e n t i a l e n t h a l p y d a t a o b t a i n e d f r o m m i c r o c a l o r i m e t r y 
(9? ) * s a p o w e r f u l t o o l f o r m e a s u r i n g a n d i n t e r p r e t i n g e x c h a n g e 
s e l e c t i v i t i e s i n t e r m s o f t h e u n d e r l y i n g c r y s t a l s t r u c t u r e 
c o m p o n e n t s . C l a y m i n e r a l s a p p e a r t o b e composed o f homogeneous 
g r o u p s o f e x c h a n g e s i t e s w h i c h show c h a r a c t e r i s t i c ^ c o n s t a n t 
e x c h a n g e e n t h a l p i e s . T y p i c a l e n t h a l p y v a l u e s ( i n k J E q ) o f C a - K 
e x c h a n g e we re i d e n t i f i e d , a n d c o u l d be a s c r i b e d t o f p u r e f c l a y 
m i n e r a l s : I l l i t e ( - 2 0 . 0 ) , V e r m i c u l i t e ( - 1 5 . 2 ) , m i c a ( - 1 0 . 7 ) , 
h y d r o u s m i c a ( - 9 . 4 and - 8 . 7 ) and m o n t m o r i l l o n i t e ( - 7 . 5 , - 6 . 6 and 
- 5 . 7 ) . No one c l a y m i n e r a l a p p e a r s t o be ' p u r e * ( e x c e p t f o r 
m u s c o v i t e ) . M o n t m o r i l l o n i t e s (20) and k a o l i n i t e s (98) show 
p r o p e r t i e s o f m i c a ( n o n - e x p a n d i n g
C i c e l a n d M a c h a j d i k ( 9 9 - 1 0 0 ) c a l c u l a t e t h e t o t a l l a y e r c h a r g e o f 
s m e c t i t e s i n t e r m s o f t h e c o n t r i b u t i o n o f 10 , 14^ a n d 16_^8 Â l a y e r s 
w h i c h a r e o b t a i n e d a f t e r g l y c o l t r e a t m e n t o f Κ o r NE^ e x c h a n g e d 
s a m p l e s . The 1 0 , 14 a n d 1 6 . 8 A s p a c i n g s a r e t y p i c a l f o r m i c a , 
v e r m i c u l i t e a n d m o n t m o r i l l o n i t e l a y e r c h a r g e s . 

C s - C a s e l e c t i v i t y m o d e l l i n g i s w e l l s u i t e d t o d e t e c t s u r f a c e 
h e t e r o g e n e i t y i n a n e x t r e m e l y s m a l l f r a c t i o n o f t h e C E C , w h i c h i s 
d i f f i c u l t t o m e a s u r e b y d i f f e r e n t i a l c a l o r i m e t r y . H o w e v e r , 
d i f f e r e n t i a l c a l o r i m e t r y d e t e c t s s i t e h e t e r o g e n e i t y c o v e r i n g t h e 
w h o l e r a n g e o f C E C . 

C e s i u m a n d R u b i d i u m e x c h a n g e i n i l l i t e / s m e c t i t e i n t e r l a y e r s a n d i n 
r e d u c e d c h a r g e m o n t m o r i l l o n i t e s . F u r t h e r i n s i g h t i n t o t h e n a t u r e 
a n d l o c a t i o n o f + 2 t h e hj igh a f f ^ ç i t y ^ i t e s was r e c e n t l y (101) 
o b t a i n e d f r o m Ca + Cs a n d Ca Rb s e l e c t i v i t y m e a s u r e m e n t s 
i n two s e r i e s o f m o n t m o r i l l o n i t e s a m p l e s . The i n t e r l a y e r 
p r o p e r t i e s we re m o d i f i e d e i t h e r 1) b y p r o g r e s s i v e l y r e d u c i n g t h e 
m o n t m o r i l l o n i t e c h a r g e d e n s i t y f o l l o w i n g t h e H o f m a n n - K l e m e n m e t h o d 
(18) o f L i i n c o r p o r a t i o n a f t e r 24 h o u r s h e a t i n g a t 240 °C o f m i x e d 
N a - L i c l a y s , o r 2) by s u b j e c t i n g K - m o n t m o r i l l o n i t e t o + a l t e r n a t e 
w e t t i n g - d r y i n g (W.D. ) c y c l e s . T h i s p r o c e s s l e a d s t o Κ - f i x a t i o n 
a n d t o t h e p r o g r e s s i v e t r a n s f o r m a t i o n o f m o n t m o r i l l o n i t e t o i l l i t e 
t h r o u g h a s e r i e s o f r a n d o m i l i i t e / s m e c t i t e s a s v e r i f i e d b y 
e l e c t r o n d i f f r a c t i o n ( 1 0 2 - 1 0 4 ) . The d e g r e e o f r e o r g a n i z a t i o n o f 
s w e l l i n g K - m o n t m o r i l l o n i t e i n t o a c o l l a p s e d more o r d e r e d m i c a - l i k e 
s t r u c t u r e , d e p e n d s o n t h e number o f W.D . c y c l e s ( 1 0 2 - 1 0 4 ) a n d o n 
t h e l a y e r c h a r g e o f t h e s m e c t i t e ( 1 0 4 ) . 

F i g . 7 shows t h e p r o g r e s s i v e t r a n s f o r m a t i o n o f 
m o n t m o r i l l o n i t e t o i l i i t e / s m e c t i t e i n t e r l a y e r s b y t h e g r a d u a l 
d e v e l o p m e n t o f b o t h t h e c h a r a c t e r i s t i c Cs and Rb h i g h s e l e c t i v i t y 
p r o f i l e s o b s e r v e d f o r ' p u r e 1 i l l i t e a n d t h e h i g h C s - R b s e l e c t i v i t y 
a t + | r a c e f a d i n g s . The d a t a c a n be s i m u l a t e d ( s e e t a b l e V I f o r t h e 
Ca Cs c a s e ) u s i n g a c o n s i s t e n t s e t o f i n t r i n s i c s e l e c t i v i t y 
c o e f f i c i e n t s and i d e n t i c a l s i t e g r o u p c a p a c i t i e s f o r t h e C a - C s a n d 
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F i g u r e 6 . R e v e r s i b i l i t y t e s t f o r t h e e x c h a n g e o f Cs , Rb , 

Κ , Na , Ca , S r and Ba on t h e h i g h a f f i n i t y s i t e s i n 
M o r r i s i l l i t e ( 9 1 ) . V a l u e s i n f r a m e s a r e e x p e r i m e n t a l ; o t h e r s 
a r e c a l c u l a t e d f r o m t h e i n d i c a t e d c o u p l e s . 

l o 9 C s a d s ( m e c l M 0 0 g ) log R b a d s ( m e q / i 0 0 9 ) 

F i g u r e 7 . I n K v s . C s - (a ) a n d R b - e x c h a n g e (b) l e v e l s (meq/100 
g) i n o r i g i n a l Camp B e r t e a u m o n t m o r i l l o n i t e (0) and Camp 
B e r t e a u m o n t m o r i l l o n i t e s u b j e c t e d t o 2 ( A ) , 5 ( • ) , a n d 10 (•) 
w e t t i n g - d r y i n g c y c l e s (101) . ^ ( j ) u r ve s | a re a s i m u l a t i o n . T a b l e V I 
shows t h e s e d a t a f o r t h e (Ca Cs ) e q u i l i b r i u m . R e p r o d u c e d 
w i t h p e r m i s s i o n f r o m R e f . 1 0 1 . C o p y r i g h t 1 9 8 5 , The C l a y 
M i n e r a l s S o c i e t y . 
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C a - R b e q u i l i b r i a . T h e i n c r e a s i n g number o f h i g h e n e r g y s i t e s 
( t a b l e V I ) i s a s s o c i a t e d w i t h t h e f o r m a t i o n o f c o l l a p s e d (10 A) 
i l l i t e l a y e r s , w h i c h w e r e o b s e r v e d ( 1 0 2 - 1 0 4 ) w i t h i n c r e a s i n g 
number o f W.D. c y c l e s . 

H i g h a f f i n i t y s i t e s o f c o m p a r a b l e m a g n i t u d e t o i l l i t e a n d 
i l l i t e / s m e c t i t e s e r i e s a r e a l s o f o r m e d i n r e d u c e d c h a r g e 
m o n t m o r i l l o n i t e s ( R . C . M . ) . T h e Ca + Cs s e l e c t i v i t y c o e f f i c i e n t s 
a n d s i t e g r o u p c a p a c i t i e s g i v e n i n t a b l e V I I s i m u l a t e t h e 
e x p e r i m e n t a l c u r v e s . I n c r e a s i n g amounts o f h i g h a f f i n i t y s i t e s 
were c o r r e l a t e d w i t h t h e r e s i d u a l C a CEC o f t h e R C M ' s , w h i c h a g a i n 
p r o v i d e s e v i d e n c e f o r t h e a s s o c i a t i o n o f h i g h e n e r g y s i t e s w i t h 
c o l l a p s e d l a y e r s . T h i s s u g g e s t s t h a t any 10Â c l a y l a y e r w h i c h f o r 
u n s p e c i f i e d r e a s o n s i s a b l e t o f o r c e t h e e x c h a n g e o f d e h y d r a t e d 
c a t i o n s , c a n p r o d u c e e x t r e m e l y h i g h s e l e c t i v i t i e s . S t a t e d 
a l t e r n a t i v e l y , v e r y h i g h s e l e c t i v i t y i s n o t n e c e s s a r i l y due t o t h e 
i n t e r a c t i o n o f c a t i o n s w i t h c h a r g e d c e n t e r s o f s u f f i c i e n t l y h i g h 
c h a r g e d e n s i t y t o p r o v o k e t h e i r d e h y d r a t i o n . 

T h e e s s e n t i a l d i f f e r e n c
a n d t h e R . C . M . s a m p l e s
i s t h a t t h e i l l i t e / s m e c t i t e s a m p l e s p r o b a b l y h a v e K - c o l l a p s e d 
i n t e r l a y e r r e g i o n s s i m i l a r t o i l l i t e s , w h e r e a s t h e i n - s i t u c h a r g e 
n e u t r a l i z a t i o n i n t h e R . C . M . s a m p l e s l e a d s t o t h e c o l l a p s e o f v e r y 
l ow c h a r g e d i n t e r l a y e r s o r i n t e r l a y e r r e g i o n s . T h i s d i f f e r e n c e i s 
v e r i f i e d b y t h e f a c t t h a t t h e s e l e c t i v i t y i n t h e l o w e s t e n e r g y 
s i t e s d e c r e a s e d w i t h c h a r g e d e n s i t y i n t h e R . C . M . s a m p l e s ( i n 
c o n t r a s t t o t h e i l l i t e / s m e c t i t e s a m p l e s ) . 

I n a d d i t i o n t o t h e v e r y h i g h a f f i n i t y s i t e s I ( 10Â p h a s e ) a n d 
t h e p l a n a r s i t e s I V , a t l e a s t two a d d i t i o n a l s i t e s w i t h 
i n t e r m e d i a t e s e l e c t i v i t y a r e n e c e s s a r y t o s i m u l a t e t h e d a t a i n t h e 
two s e r i e s o f s a m p l e s , a s shown by s i t e s I I a n d I I I i n t a b l e V I 
a n d V I I . I n b o t h s a m p l e s e r i e s , a r a n g e o f s i t e s w i t h i n t e r m e d i a t e 
s e l e c t i v i t y i s p r o b a b l y f o r m e d ( a s v i s u a l i z e d i n f i g s . 9 a n d 10 
f r o m r e f . 105) b y t h e c h a n g i n g d e g r e e o f h y d r a t i o n c a u s e d b y 
s t e r i c h i n d r a n c e a t ' f r a y e d e d g e s ' . The m o d e l r e p r e s e n t a t i o n o f 
i s l a n d s o f h i g h s e l e c t i v i t y ( 1 0 Â ) , s u r r o u n d e d b y i n c r e a s i n g a r e a s 
o f l o w e r s e l e c t i v i t y , i s c o n s i s t e n t w i t h t h e c o n t e n t s o f t a b l e s V I 
a n d V I I i n t h a t t h e h i g h e r s e l e c t i v i t i e s o c c u r o n t h e s m a l l e r s i t e 
g r o u p c a p a c i t i e s . S i n c e h i g h a f f i n i t y s i t e s a r e n o t a u n i q u e 
p r o p e r t y o f i l l i t e s , b u t a r e m e r e l y p r e s e n t i n o r c l o s e t o 
c o l l a p s e d r e g i o n s ( 9 4 ) , t h e e x t r e m e l y h i g h Cs s e l e c t i v i t y c a n n o t 
be u s e d a s a p r o b e t o i d e n t i f y s m a l l q u a n t i t i e s o f i l l i t e , w i t h o u t 
a d d i t i o n a l e v i d e n c e . F o r e x a m p l e , t h e s m a l l number o f h i g h 
a f f i n i t y s i t e s o b s e r v e d i n t h e o r i g i n a l Camp B e r t e a u 
m o n t m o r i l l o n i t e may be a s s i g n e d t o m i c a c e o u s i m p u r i t i e s , a s 
i n d i c a t e d f r o m m e a s u r e m e n t s o f t h e p a r t i a l e n t h a l p y o f Ca Κ 
e x c h a n g e ( 2 0 ) . I n t h e a b s e n c e o f s u c h e v i d e n c e , a n y s i t e s l o c a t e d 
a t t h e edge o f l o w c h a r g e d , c o l l a p s e d l a y e r s c a n e q u a l l y e x p l a i n 
s u c h b e h a v i o u r . 

R e v e r s i b i l i t y 

I o n e x c h a n g e e q u i l i b r i a i n v o l v i n g a l k a l i , a l k a l i n e e a r t h (38 ) a n d 
t r a n s i t i o n m e t a l i o n s (39) a r e r e v e r s i b l e a s a r u l e . R e v e r s i b i l i t y 
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i s e v i d e n c e d f r o m i d e n t i c a l f o r w a r d and r e v e r s e r e a c t i o n s o r i s 
v e r i f i e d when t h e Hes s l a w i s o b e y e d . 

E x t r e m e l y h i g h s e l e c t i v i t i e s a r e f r e q u e n t l y i n t e r p r e t e d a s 
" i o n f i x a t i o n " , w h i c h s u g g e s t s a n i r r e v e r s i b l e phenomenon . T h i s i s 
t h e c a s e f o r e x c h a n g e s o f C s , Rb a n d Κ i n i l l i t e c l a y m i n e r a l s 
( 9 5 - 9 6 ) a s w e l l a s f o r C u ( N H ^ ) , e x c h a n g e i n f l u o r h e c t o r i t e ( 6 6 ) . 
H o w e v e r , r e v e r s i b i l i t y was v e r i f i e d f r o m t h e H e s s l a w f o r 
a d s o r p t i o n o f C s , Rb a n d Κ on t h e h i g h a f f i n i t y s i t e s i n i l l i t e 
(91) a n d m o d i f i e d m o n t m o r i l l o n i t e s (101 ) a s w e l l a s f o r t h e 
e x c h a n g e o f t r a n s i t i o n m e t a l c o m p l e x e s ( 2 9 , 7 5 ) . 

E x c h a n g e i n z e o l i t e s 

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

Z e o l i t e s p r e s e n t a p o r o u s s t r u c t u r e o f c h a n n e l s and c a g e s o f 
v a r y i n g d i m e n s i o n ( 1 0 6 - 1 0 8 )
i n d i f f e r e n t p o s i t i o n s
c h a r g e s t o be n e u t r a l i z e d , t h e n e u t r a l i z a t i o n p a t t e r n may v a r y 
w i t h t h e k i n d o f e x c h a n g e a b l e c a t i o n ( 1 0 9 - 1 1 0 ) . 

E x c h a n g e i n z e o l i t e s o f a l k a l i , a l k a l i n e e a r t h , t r a n s i t i o n 
m e t a l i o n s and s m a l l o r g a n i c ammonium i o n s , h a s b e e n r e v i e w e d 
(111) , a n d i n g e n e r a l , t h e e x c h a n g e i s c h a r a c t e r i z e d by s m a l l AG 
v a l u e s c o m p a r a b l e t o t h o s e f o u n d i n c l a y m i n e r a l s . A l t h o u f n 1 

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

6 n a c c o u n t o f t h e p r e s e n c e o f c r y s t a l l o g r a p h i c a l l y d i f f e r e n t 
s i t e g r o u p s a n d t h e i r c h a r a c t e r i s t i c n e u t r a l i z a t i o n p a t t e r n f o r 
e a c h t y p e o f c a t i o n , t h e e n t e r i n g i o n d o e s n o t n e c e s s a r i l y t a k e 
p o s i t i o n o f t h e l e a v i n g i o n s ( 1 1 1 - 1 1 2 ) . T h i s a n d t h e l i m i t e d 
h y d r a t i o n i n t h e n a r r o w p o r e s y s t e m l e a d s t o e x c h a n g e 
s e l e c t i v i t i e s w h i c h may v a r y s t r o n g l y w i t h o c c u p a n c y i n h o m o v a l e n t 
and h e t e r o v a l e n t e x c h a n g e s . 

Two e x a m p l e s a r e d i s c u s s e d s h o w i n g e x t r e m e s e l e c t i v i t i e s : 1) 
t h e h e x a g o n a l p r i s m f o r u n h y d r a t e d A g i n NaY z e o l i t e , a n d 2 ) ^ h e 
c u b o o c t a h e d r o n f o r h y d r a t e d Na i o n s i n f u l l y e x c h a n g e d Co - Y 
z e o l i t e . S u c h v e r y h i g h s e l e c t i v i t y d i f f e r e n c e s c a n n o t be a s s i g n e d 
t o n o n - i d e a l i t y e f f e c t s ; i n s t e a d t h e y a r e a s c r i b e d t o v e r y 
d i f f e r e n t i n t e r a c t i o n e n e r g i e s w i t h c r y s t a l l o g r a p h i c a l l y d i s t i n c t 
s i t e g r o u p s . 

N a - A g e x c h a n g e i n NaY z e o l i t e F i g . 8 shows p a r t o f t h e Na ·*- Ag 
e x c h a n g e i s o t h e r m o b t a i n e d i n NaY ( 1 1 3 ) . U s i n g a g a i n t h e 
m u l t i - s i t e i o n e x c h a n g e m o d e l ( 9 2 ) , t h e o v e r a l l s e l e c t i v i t y c a n be 
d e s c r i b e d i n t e r m s o f t h e s e l e c t i v i t i e s o f d i f f e r e n t s i t e g r o u p s . 
The s e t o f p a r a m e t e r s t h a t s i m u l a t e t h e e x p e r i m e n t a l c u r v e a r e 
g i v e n i n t h e l e g e n d o f f i g . 8. A v e r y h i g h s e l e c t i v i t y c o e f f i c i e n t 
o f t h e o r d e r o f 2000 i n s i t e I (4 i o n s / u . c . ) i s n e c e s s a r y t o 
d e s c r i b e t h e d a t a . The r e m a i n d e r o f t h e e x c h a n g e s i t e s show s m a l l 
Na •* Ag s e l e c t i v i t i e s . The b e h a v i o u r o f t h e d i f f e r e n t s i t e g r o u p s 
i s a s sumed i d e a l , i . e . s i t e g r o u p s a c t i n d e p e n d e n t l y a n d 
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O) 
< 
t 

2 h 

F i g u r ^ 8 . C o m p a r i s o n o f t h e e x p e r i m e n t a l a n d c a l c u l a t e d Na 
+ Ag se lect iv i t ies i n z e o l i t e Y (113) a s a f u n c t i o n o f t h e 
number o f A g i o n s / u n i t c e l l . T h e s e t o f s e l e c t i v i t y 
c o e f f i c i e n t v a l u e s and maximum number o f i o n s / u . c . ( g i v e n i n 
p a r e n t h e s i s ) u s e d i n t h e s i m u l a t i o n f o r r e s p e c t i v e l y , s i t e I 
(4 i o n s / u . c ) , s i t e I f ( 1 3 . 5 i o n s / u . c . ) , s i t e I I (10 
i o n s / u . c . ) a n d u n l o c a l i z e d i o n s ( 2 6 . 5 i o n s / u . c . ) a r e : 2000 
( I ) , 2 ( I f ) , 2 0 ( 1 1 ) a n d 4 ( u n l o c a l i z e d ) . R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 1 1 3 . C o p y r i g h t 1 9 7 8 , The C h e m i c a l 
S o c i e t y . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



13. MAES AND CREMERS Clay Minerals and Zeolites 285 

s e l e c t i v i t i e s i n e a c h s i t e g r o u p a r e a s sumed t o be i n v a r i a n t w i t h 
c h a n g i n g s u r f a c e c o m p o s i t i o n . T h i s d o e s n o t mean t h a t t h e s e 
s e l e c t i v i t y c o e f f i c i e n t s c a n be i d e n t i f i e d w i t h t h e r m o d y n a m i c 
e q u i l i b r i u m c o n s t a n t s i n e a c h s i t e g r o u p , a s s t a t e d b y B a r r e r 
( 1 0 9 , 1 1 0 , 1 1 4 ) , s i n c e i t i s i m p o s s i b l e t o a s s i g n d i f f e r e n t 
c h e m i c a l p o t e n t i a l s t o t h e same component A g o n d i f f e r e n t s i t e 
g r o u p s p r e s e n t i n t h e same c r y s t a l ( 1 1 5 ) . 

A s s t a t e d b y B a r r e r ( 1 0 9 ) , w i t h o u t a d d i t i o n a l i n f o r m a t i o n , a 
g i v e n i s o t h e r m c a n n o t be a n a l y s e d i n t e r m s o ^ component i s o t h e r m s 
b e c a u s e numerous e m p i r i c a l c o m b i n a t i o n s o f Κ a n d X . may l e a d t o 

o v e r a l l c i 
t h e c o r r e c t Κ . T a b l e V I I I shows i d e n t i c a l Ag i o n 
d i s t r i b u t i o n s o b t a i n e d f r o m X - r a y d i f f r a c t i o n a n a l y s i s a n d 
c a l c u l a t e d f r o m t h e s e l e c t i v i t y d a t a . S u c h c o r r e s p o n d a n c e a l l o w s 
t o a s s i g n N a - A g s e l e c t i v i t y c o e f f i c i e n t s t o v a r i o u s 
c r y s t a i l o g r a p h i c s i t e s . 0 + 

B a s e d o n t h e i r r a d i i , t h e t h e o r e t i c a l 0*"~ - Κ b o n d ( 0 . 2 7 3 nm 
d i s t a n c e ) i s b e t t e r s u i t e d t h a n t h e 0 - Ag ( 0 . 2 6 6 nm d i s t a n c e ) 
t o f i t t h e o b s e r v e d 0,
0 . 2 7 5 nm. T h e v e r y high
t o t h e f o r m a t i o n o f a c o o r d i n a t i o n compound oij_ A g w i t h 6 o x y g e n 
a toms i n t h e h e x a g o n a l p r i s m . The a b i l i t y o f A g t £ f o r m c o m p l e x e s 
a n d i t s much h i g h e r h y d r a t i o n e n e r g y t h a n Κ s u p p o r t t h i s 
h y p o t h e s i s . 

+ + 2+ 
Na - Κ - Co e x c h a n g e i n Y z e o l i t e . H e t e r o v a l e n t e x c h a n g e 
r e a c t i o n s i n z e o l i t e s g e n e r a l l y show a n e v e n more p r o n o u n c e d 
d e p e n d e n c y on l o a d i n g ( 1 1 6 - 1 1 8 ) . Ree s (116 ) o b s e r v e d v a r i a t i o n s o f 
t h e s e l e c t i v i t y c o e f f i c i e n t by a f a c t o r 1000 f o r t h e N a - C a a n d 
Na -Mg e x c h a n g e i n z e o l i t e A a t 25 ° C . A n + e x a m p l e o f e x t r e i pç 
v a r i a t i o n s i s shown i n f i g . 9 f o r t h e Κ - C o a n d Na - C o 
s e l e c t i v i t i e s i n z e o l i t e Y a t 45 °C ( 1 1 7 ) . T h e e x c h a n g e 
t e m p e r a t u r e o f 45 °C i s n e c e s s a r y t o o b t a i n f u l l e x c h a n g e o f Co i n 
t h e s m a l l c a v i t i e s . H e t e r o v a l e n t e x c h a n g e a t l o w e r t e m p e r a t u r e s , 
s u f f e r f r o m i n c o m p l e t e e x c h a n g e . S e l e c t i v i t i e s r a n g e f r o m 

£ ° K « 5 a t Z _ « 0 t o 2 χ 1 0 ~ 5 a t Zr - 1. 
Na c Co Co 

J u d g i n g f r o m f i g . 9 , a b o u t 25 -30% o f t h e c r y s t a l c h a r g e 
e x h i b i t s ^ i n e x t r e m e l y h i g h i n t r i n s i c s e l e c t i v i t y o f Na v e r s u s 
Co ( K

i n t r l n * 2 . 5 χ 10 ) . S u c h a h i g h s e l e c t i v i t y i s i n l i n e w i t h 
X - r a y s t r u c t u r a l e v i d e n c e (119) o f t h e f o r m a t i o n o f a s t a b l e 
N a - h y d r a t e i n t h e s o d a l i t e c a g e s i n p r e s e n c e o f b i v a l e n t (Ca ) 
c a t i o n s i n t h e b i g c a v i t i e s . C o m p a r i s o n w i t h t h e K - C o e x c h a n g e , 
w h i c h i s l e s s d e p e n d e n t o n c o m p o s i t i o n , shows ( s e e f i g . 9) t h a t Κ 
i s more s e l e c t i v e i n t h e s u p e r c a g e s . T h e r e v e r s e e f f e c t i s 
o b s e r v e d i n t h e s m a l l c a g e s , i n a g r e e m e n t w i t h t h e S - s h a p e d K - N a 
e x c h a n g e i s o t h e r m a t 45 °C ( 1 2 0 ) . T h e v e r y h i g h s e l e c t i v i t i e s f o r 
Na i n t h e s m a l l c a g e s o f z e o l i t e Y a r e r e m i n i s c e n t o f t h e 
' a p p a r e n t 1 d i f f i c u l t y o f o b t a i n i n g f u l l y e x c h a n g e d b i v a l e n t i o n 
l o a d e d z e o l i t e s , a s w e l l a s t h e ' a p p a r e n t ' h i g h e r l o a d i n g s 
o b t a i n e d when s t a r t i n g f r o m t h e K - Y z e o l i t e ( 1 1 9 ) . K i n e t i c e f f e c t s 
r e l a t e d t o t h e p a r t i a l s t r i p p i n g o f h y d r a t i o n w a t e r t o a l l o w 
m i g r a t i o n i n t o t h e s m a l l c a g e s a r e s u p e r i m p o s e d o n t h e 
a f o r e m e n t i o n e d t h e r m o d y n a m i c e f f e c t . 
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+ c^mp 
Co ( • ) s e l e c t i v i t i e s a t 45 

117 . 

+1 
t h e Na 
C i n z e o l i t e 

C o p y r i g h t 1 9 8 0 , 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



288 G E O C H E M I C A L P R O C E S S E S A T M I N E R A L S U R F A C E S 

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

The e x c h a n g e a n d t h e r m o d y n a m i c c h a r a c t e r i z a t i o n o f c o m p l e x c a t i o n s 
i n m o n t m o r i l l o n i t e s p r e s e n t no p r o b l e m w i t h r e g a r d t o t h e 
a c c e s s i b i l i t y a n d t h e a c c o m o d a t i o n o f t h e c o m p l e x e s , r e g a r d l e s s o f 
t h e e x t e n t o f e x c h a n g e . 

E x c h a n g e o f c o m p l e x e s i n z e o l i t e s , h o w e v e r , i s f a r more 
c o m p l i c a t e d , i n t h a t a ) due t o s i e v e e f f e c t s , t h e e x c h a n g e o f 
c o m p l e x e s i s r e s t r i c t e d t o t h e a c c e s s i b l e p a r t o f t h e c r y s t a l ; b ) 
s t e r i c e f f e c t s , due t o t h e b u l k i n e s s o f t h e c o m p l e x e s o r due t o 
t h e l i m i t e d a v a i l a b l e p o r e s p a c e , may f u r t h e r l i m i t t h e e x t e n t o f 
e x c h a n g e ; c ) c o m p e t i t i o n b e t w e e n s o l v e n t , l i g a n d a n d l a t t i c e 
o x y g e n s f o r t h e c o o r d i n a t i n g m e t a l i o n may s h i f t i o n - p o s i t i o n s i n 
t h e c r y s t a l . V e r y few t h e r m o d y n a m i c d a t a a r e a v a i l a b l e f o r t h e 
a d s o r p t i o n o f c o m p l e x e s i n z e o l i t e s . The e x c h a n g e o f c o m p l e x 
c a t i o n s may o r may n o t b e e n h a n c e d w i t h r e s p e c t t o t h e i r a q u e o u s 
c o u n t e r p a r t s . F u r t h e r m o r e , e x c h a n g e o f c o m p l e x e s , i s i n g e n e r a l 
s t r o n g l y d e p e n d e n t o n c o m p o s i t i o
a f f i n i t y o v e r t h e e n t i r
C u ( N H 3 ) a d s o r p t i o n i n m o r d e n i t e ( 1 2 1 - 1 2 2 ) , X a n d Y z e o l i t e (123 ) 
( shown I n f i g . 1 0 ) , a n d f o r Ag (TU ) a d s o r p t i o n i n Y z e o l i t e ( 1 2 4 ) . 
Cu ( e t h y l e n e d i a m i n e ) Λ on t h e c o n t r a r y i s o n l y p r e f e r r e d v e r s u s 
C u ( H 2 0 ) a t l o w l o a d i n g s o f t h e c o m p l e x i n X and Y z e o l i t e ( 1 2 5 ) . 
Ag^pyriSine)« c o m p l e x e s h a v e s m a l l e r s e l e c t i v i t y c o m p a r e d t o aquo 
A g i n t h e b i g c a v i t i e s o f z e o l i t e NaY ( 8 2 ) . T h e o p p o s i t e 
b e h a v i o u r i s o b s e r v e d i n N a - L a Y z e o l i t e i n w h i c h 40 % o f t h e 
c h a r g e i s i r r e v e r s i b l y n e u t r a l i z e d i n t h e s m a l l c a g e s . T h i s s m a l l e r 
s e l e c t i v i t y f o r A g ( p y r i d i n e ) 9 i n NaY i s o b t a i n e d n o t w i t h s t a n d i n g 
t h e h i g h e r p o l a r i z a b i l i t y o f t h e c o m p l e x e d c a t i o n , a n d i s v e r y 
l i k e l y due t o t h e f a c t t h a t t h e c o l i n e a r P y - A g - P y c o m p l e x ( a b o u t 
1 nm l o n g ) c a n n o t be a c c o m o d a t e d i n t h e s u p e r c a g e w i t h o u t 
c o n s i d e r a b l e s t r a i n . T h i s a r i s e s f r o m 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 w i t h t h e f r amework c h a r g e s . I n N a - L a Y t h i s s t r a i n i s 
l e s s e n e d due t o t h e s m a l l e r c h a r g e . I n m o n t m o r i l l o n i t e s u c h s t r a i n 
i s a b s e n t ; t h e p l a n a r s t r u c t u r e f a v o u r s a ' d o u b l e - s i d e d 1 

i n t e r a c t i o n a n d c o n s e q u e n t l y a v e r y h i g h p r e f e r e n c e o f 
A g ( p y r i d i n e ) 2 o v e r A g i s o b s e r v e d ( 7 4 ) . 

The e x c h a n g e o f c o m p l e x c a t i o n s i n z e o l i t e s i s 
s e l f - c o n s i s t e n t w i t h r e g a r d t o c h a r g e d e n s i t y e f f e c t s . E x c h a n g e 
i n v o l v i n g i o n s o f s t r o n g l y d i f f e r i n g s i z e ( p o l a r i z a b i l i t y ) i s 
f a v o u r e d w i t h c h a r g e d e n s i t y d e c r e a s e ( and c o n s e q u e n t l y w i t h 
i n t e r n a l d i l u t i o n ) ; e . g . N a - C s i n NaX a n d NaY z e o l i t e ( 1 2 6 - 1 2 8 ) , 
N a - A g ( p y r i d i n e ) , , i n NaY a n d N a - C a Y ( 8 2 ) , a n d œ T - C u ( N H j , i n NH, 
M o r d e n i t e ( 1 2 Î - 1 2 5 ) , NH X a n d N H , Y z e o l i t e Ç L 2 3 ) . I n 
m o n t m o r i l l o n i t e s t h e o p p o s i t e o c c u r s , r>oth f o r N a - C s (17 ) a n d 
t r a n s i t i o n m e t a l c o m p l e x e s w i t h u n c h a r g e d l i g a n d s ( 2 7 ) . ( C h a r g e 
d e n s i t y d e c r e a s e i n m o n t m o r i l l o n i t e s o c c u r s w i t h i n t e r l a m e l l a r 
d i l u t i o n ) . 3 + + 2 + 2 

S e l e c t i v i t y e n h a n c e m e n t s o b s e r v e d when Co , Cu a n d Z n 
a r e c o m p l e x e d w i t h NH i n z e o l i t e s ( 1 2 1 - 1 2 2 ) , a n d t h e s e l e c t i v i t y 
s e r i e s o f Cu(NH ) ( M o r d e n i t e > Y > X ) a n d Cu (X > Y > M o r d e n i t e ) 
a r e r a t i o n a l i z e d i n t e r m s o f d i e l e c t r i c t h e o r y ( 1 2 2 , 1 2 3 , 1 2 6 ) . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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τ 1 1 Γ 

J L 

0 2 .4 .6 .8 1. 
Z C u 

F i g u r e 1 0 . P l o t s o f t h e n o r m a l i z e d s e l e c t i v i t y c o e f f i c i e n t 
(K ) f o r Cu i n z e o l i t e Χ ( · , ο ) , Υ ( Α , Δ ) a n d m o r d e n i t e (w,v). 
Empty s y m b o l s : h y d r a t e d i o n ; f i l l e d s y m b o l s : a m m i n a t e d 
c o p p e r . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 1 2 3 . C o p y r i g h t 
1 9 8 0 , H e y d e n & S o n L t d . 
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R e v e r s i b i l i t y 

E x c h a n g e r e a c t i o n s a r e i n g e n e r a l r e v e r s i b l e . A p p a r e n t 
i r r e v e r s i b i l i t y i s i n f a c t an h y s t e r e s i s e f f e c t ( 1 1 8 , 1 2 1 , 1 3 0 ) . 
T h i s i s o b t a i n e d when t h e s m a l l c a g e s i t e s o f X a n d ^ z e o l i t e s a r e 
f o r c e d t o e x c h a n g e w i t h m u l t i v a l e n t c a t i o n s ( L a , t r a n s i t i o n 
m e t a l i o n s e . g . ) b y d r y i n g o r f r e e z e d r y i n g ( 1 2 9 ) , o r b y 
i n c r e a s i n g t h e e x c h a n g e t e m p e r a t u r e o r t h e e x c h a n g e t i m e . 
S u b s e q u e n t v e r i f i c a t i o n o f t h e r e v e r s e e x c h a n g e r e a c t i o n a t l o w e r 
t e m p e r a t u r e o r f o r s h o r t e r e x c h a n g e t i m e s may l e a d t o h y s t e r e s i s 
e f f e c t s . 

E n v i r o n m e n t a l R e l e v a n c e 

H i g h l y s e l e c t i v e i o n e x c h a n g e r e a c t i o n s d e s c r i b e d h e r e i n c l a y 
m i n e r a l s a n d z e o l i t e s a r e r e v e r s i b l e and o c c u r o n t h e c o n s t a n t 
c h a r g e f r a c t i o n o f t h e s e m i n e r a l s . I n t e r a c t i o n s w i t h a s i l o x a n e 
s u r f a c e a r e t h e r e f o r e
' s p e c i f i c a d s o r p t i o n ' e f f e c t
s u r f a c e s . 

I m p o r t a n t s e l e c t i v i t y e n h a n c e m e n t s a r e o b s e r v e d u p o n 
c o m p l e x i n g w i t h n e u t r a l l i g a n d s . The s t a b i l i t y c o n s t a n t s o f t h e 
a d s o r b e d c o m p l e x e s e x c e e d t h e v a l u e s i n a q u e o u s s o l u t i o n by two t o 
t h r e e o r d e r s o f m a g n i t u r e . S u c h o b s e r v a t i o n may be r e l e v a n t t o t h e 
b e h a v i o u r o f t r a n s i t i o n e l e m e n t s i n t h e e n v i r o n m e n t i n t h a t 
s t a b i l i t y c o n s t a n t s o f a d s o r b e d o r g a n i c m a t t e r c o m p l e x e s may 
d i f f e r f r o m t h e v a l u e s f o u n d f o r s o l u t i o n p h a s e e q u i l i b r i a . S u c h 
e f f e c t s a r e i n d e e d o b s e r v e d f o r Cu (139 ) a n d Ca ( 1 3 2 ) . 

I l l i t e s a n d i l l i t e / s m e c t i t e i n t e r l a y e r s show Cs i o n - e x c h a n g e 
s e l e c t i v i t i e s r a n g i n g f r o m e x t r e m e l y h i g h v a l u e s c o r r e s p o n d i n g 
r e s p e c t i v e l y t o t h e e x c h a n g e i n c o l l a p s e d ( 1 0 Â ) e d g e - i n t e r l a y e r s 
a n d i n h y d r a t e d s m e c t i t e i n t e r l a y e r s . I n b e t w e e n t h e s e e x t r e m e s a 
r a n g e o f s e l e c t i v i t i e s a r e o b s e r v e d w h i c h a r e a s s o c i a t e d w i t h a 
r a n g e o f b i n d i n g s i t e s f o r m e d b y t h e c h a n g i n g d e g r e e o f 
h y d r a t i o n c a u s e d b y s t e r i c h i n d r a n c e a t f r a y e d e d g e s . The e x t r e m e 
a f f i n i t y f o r Cs i s r e l e v a n t t o t h e p r o b l e m o f t h e b u r i a l o f 
r a d i o a c t i v e w a s t e whe re c l a y i s u s e d a s a b a r r i e r t o n u c l i d e 
m i g r a t i o n . The i o n e x c h a n g e a n d d i f f u s i o n (133) b e h a v i o u r o f C s i n 
Boom C l a y (a p o t e n t i a l r e p o s i t o r y s i t e a t - 2 0 0 m d e p t h l o c a t e d i n 
H o i , B e l g i u m ) c a n be q u a n t i t a t i v e l y e x p l a i n e d i n t e r m s o f t h e 
p r e s e n c e o f i l l i t e . 
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Potassium Fixat ion in Smectite by Wetting and Dry ing 

Dennis D. Eberl1, Jan Środoń2, and H. Roy Northrop3 

1U.S. Geological Survey, Box 25046, Federal Center, Mail Stop 404, Denver, CO 80225 
2Institute of Geological Sciences, Polish Academy of Sciences, 31-002 Krakow, Senacka 3, 
Poland 

3U.S. Geological Survey, Box 25046, Federal Center, Mail Stop 963, Denver, CO 80225 

Potassium-smectites with various layer-charge 
densities and layer-charg
to as many as 100 wettin
producing randomly interstratified illite/smectite 
that contained illite layers stable against exchange 
by 0.1 Ν SrCl2 or 1 Ν NaCl. The percentage of illite 
layers formed by this process in montmorillonite was 
proportional to layer-charge and, based upon very 
limited data, their stability with respect to sub
sequent exchange was inversely proportional to alpha, 
the angle of tetrahedral rotation. Most of the illite 
layers were produced during the first 20 cycles. 
Sodium-smectites treated in wetting and drying experi
ments that contained potassium-minerals (e.g. 
feldspar) formed illite layers by fixing potassium 
released from dissolution of the potassium-minerals. 
The presence of NaCl, KCl, and HCl in the experimental 
solutions had little effect on reaction rates, but 
CaCl2 decreased and KOH increased the rate of illiti-
zation. The reaction with KOH increased layer charge, 
whereas, in all of the other experiments, layer charge 
remained constant. Oxygen isotope data confirmed the 
conclusion drawn from chemical data that the reaction 
mechanism for illite formation at high pH (chemical 
reaction of 2:1 layers) differed from that found at 
more acid pH (mechanical rearrangement of 2:1 layers 
around potassium). The wetting and drying process 
may be responsible for producing mixed-layer il l ite/ 
smectite from smectite at surface temperatures, and 
for accelerated dissolution of sparingly soluble 
potassium-minerals in sediments and soils. 

One method for studying reactions that occur at the mineral-water 
interface is to concentrate the interface by drying a clay mineral 
slurry. Certain reactions are promoted by this process, for 
example, reactions that respond to Bronsted acidity (!_, 2). Repeated 
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w e t t i n g and d r y i n g (WD) c y c l e s may be u s e d t o i n c r e a s e r e a c t i o n 
y i e l d . 

A n o t h e r t y p e o f r e a c t i o n t h a t r e s p o n d s t o WD c y c l e s i s t h e 
f i x a t i o n o f Κ and N H 4 i o n s b y s m e c t i t e ( 3 - 7 ) . The f i x a t i o n o f Κ 
i n s m e c t i t e has b e e n s t u d i e d e x t e n s i v e l y b y s o i l s c i e n t i s t s b e c a u s e 
o f i t s e f f e c t on t h e a v a i l a b i l i t y o f p l a n t n u t r i e n t s . The 
r e a c t i o n a l s o d e c r e a s e s s m e c t i t e ' s a b i l i t y t o s w e l l , d e c r e a s e s i t s 
c a t i o n e x c h a n g e c a p a c i t y ( C E C ) , and m o d i f i e s i t s Bronsted a c i d i t y . 
T h e r e f o r e , a n u n d e r s t a n d i n g o f t h i s phenomenon i s a p p l i c a b l e t o many 
f i e l d s o f s t u d y t h a t a r e c o n c e r n e d w i t h s w e l l i n g c l a y s , f i e l d s s u c h 
a s s o i l f e r t i l i t y , s o i l m e c h a n i c s , w a s t e d i s p o s a l , c l a y c a t a l y s i s , 
and t h e g e o c h e m i s t r y o f g r o u n d and s u r f a c e w a t e r s . 

P r e v i o u s Work 

A r e v i e w o f t h e l i t e r a t u r e c o n c e r n i n g K - f i x a t i o n b y s m e c t i t e r e v e a l s 
t h e f o l l o w i n g p a t t e r n s o f r e a c t i o n : 

(1 ) Simple K-exchange
layers in the clay, but this
respect to exchange by cations having substantial hydration energy. 
F o r e x a m p l e , Weaver (8 ) r e p o r t e d t h a t s m e c t i t e d e r i v e d f r o m t h e 
w e a t h e r i n g o f m u s c o v i t e (Womble s h a l e ) c o l l a p s e d t o 1 .0 -nm d u r i n g 
K - s a t u r a t i o n , b u t r e - e x p a n d e d c o m p l e t e l y d u r i n g C a - e x c h a n g e as l o n g 
as h e a t was n o t a p p l i e d . K - C a e x c h a n g e i s o t h e r m s f o r s m e c t i t e 
( 9 - 1 1 ) show c o m p l e t e r e v e r s i b i l i t y , e v e n t h o u g h a b s o r p t i o n s i t e s 
w i t h e n t h a l p i e s s i m i l a r t o m i c a and v e r m i c u l i t e a r e p r e s e n t , a n d 
e v e n a f t e r h e a t i n g t o 3 0 0 ° C . When K - e x c h a n g e d s m e c t i t e i s e x c h a n g e d 
b y c a t i o n s w i t h m i n i m a l h y d r a t i o n e n e r g y , h o w e v e r , some o f t h e Κ 
may r e m a i n f i x e d ( i . e . n o n - e x c h a n g e a b l e w i t h r e s p e c t t o a s t a n d a r d 
c a t i o n e x c h a n g e p r o c e d u r e ) e v e n t h o u g h t h e c l a y ha s n o t b e e n 
s u b j e c t e d t o WD c y c l e s . F o r e x a m p l e , N H 4 , a c a t i o n w i t h a h y d r a t i o n 
e n e r g y s i m i l a r t o t h a t o f K , a l s o becomes f i x e d , a n d , t h e r e f o r e , 
r e p l a c e s o n l y p a r t o f t h e K , t r a p p i n g t h e r e s t i n c o l l a p s e d 
i n t e r l a y e r s . B o t h Κ and N H 4 a r e c o m p l e t e l y r e p l a c e d , h o w e v e r , 
b y e x c h a n g e w i t h N a , Mg , and Ca ( 1 2 , 1 3 ) . S i m p l e K - e x c h a n g e may 
p r o d u c e an i n t e r l a y e r i n g o f t h r e e t y p e s o f l a y e r s i n s m e c t i t e 
( l b ) . F o r e x a m p l e , K - a n d N H 4 - s m e c t i t e s i n v e s t i g a t e d b y d i r e c t 
F o u r i e r a n a l y s i s o f t h e i r X - r a y d i f f r a c t i o n (XRD) p a t t e r n s (15 ) 
were d e t e r m i n e d t o be composed o f r a n d o m l y i n t e r s t r a t i f i e d 
1 . 0 / 1 . 2 6 / 1 . 5 6 - n m l a y e r s ( a i r - d r y ) o r 1 . 0 / 1 . 4 / 1 . 6 8 - n m l a y e r s 
( e t h y l e n e - g l y c o l t r e a t e d ) . More o f t h e c o n t r a c t e d ( 1 . 0 - n m ) l a y e r s 
were f o u n d i n a i r - d r y s a m p l e s t h a n i n g l y c o l a t e d s a m p l e s , t h e r e b y 
c o n f i r m i n g e a r l i e r work o n t h e s e n s i t i v i t y o f t h e s t r u c t u r e o f 
K - s m e c t i t e t o s o l v e n t t y p e ( 1 6 ) . The s t r u c t u r e a l s o i s s e n s i t i v e 
t o r e l a t i v e h u m i d i t y (17). 

(2 ) The percentage of i l l i t e layers produced by K-exchange in 
smectite is proportional to the CEC of the clay (18-21). S c h u l t z 
(22 ) d e t e r m i n e d t h a t among 83 s m e c t i t e s s t u d i e d , o n l y m i n e r a l s o f 
t h e Wyoming t y p e [ c h a r g e l e s s t h a n a b o u t - 0 . 4 0 e q u i v a l e n t s p e r 
0 1 0 ( O H ) 2 ] do n o t change XRD c h a r a c t e r i s t i c s a f t e r K - e x c h a n g e a n d 
h e a t t r e a t m e n t , and t h a t t o t a l l a y e r c h a r g e , r a t h e r t h a n c h a r g e 
l o c a t i o n , i s t h e i m p o r t a n t f a c t o r i n d e t e r m i n i n g t h e e x t e n t o f 
l a y e r e x p a n s i o n . Y a a l o n and K o y u m d j i s k y (23 ) r e p o r t e d t h a t h i g h -
c h a r g e s m e c t i t e s f i x Κ b y s i m p l e e x c h a n g e w i t h r e s p e c t t o s u b s e q u e n t 
N H 4 - e x c h a n g e , b u t t h a t n e i t h e r c a t i o n s a r e f i x e d i n l o w - c h a r g e 
m a t e r i a l s . 
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(3 ) Wetting and drying of K-exchanged smectite may fix Κ 
irreversibly, fixation being defined as a lack of K-exchange with 
respect to a standard-exchange procedure, such as shaking overnight 
in 1 Ν NaCl. W e t t i n g and d r y i n g e x p e r i m e n t s , p e r f o r m e d w i t h s e v e r a l 
d i f f e r e n t s m e c t i t e s and f o u r c a t i o n s (K , N a , C a , M g ) , i n d i c a t e d 
t h a t o n l y Κ i s f i x e d , and t h a t t h e o r i g i n a l CEC o f t h e s m e c t i t e i s 
d e c r e a s e d b y as much as 52% b y K - f i x a t i o n ( 1 8 ) . S m a l l q u a n t i t i e s o f 
Κ a r e f i x e d w i t h o u t d r y i n g b y i l l i t i c m a t e r i a l , b u t WD i s n e c e s s a r y 
f o r i r r e v e r s i b l e f i x a t i o n b y s m e c t i t e (19). One c o m p l i c a t i o n i s 
t h a t i n t e r l a y e r A l - and F e - c o m p l e x e s c a n b l o c k K - f i x a t i o n ( 1 9 ) . 

(4 ) The mechanism of K-fixation appears to be a trapping of 
dehydrated K-ions in ''hexagonal" holes between 2:1 layers. W e t t i n g 
and d r y i n g may m e c h a n i c a l l y r e a r r a n g e 2 : 1 l a y e r s a r o u n d Κ i n t o 
more s t a b l e c o n f i g u r a t i o n s ; i . e . , l i n e up " h e x a g o n a l " h o l e s a c r o s s 
i n t e r l a y e r s p a c e and c h a n g e t h e c o o r d i n a t i o n o f i n t e r l a y e r K - i o n s 
f r o m p r i s m a t i c t o o c t a h e d r a l b y r o t a t i n g a d j a c e n t 2 : 1 l a y e r s by 
± 6 0 ° . The r e a c t i o n a p p e a r s t o r e s u l t f r o m an i n t e r a c t i o n b e t w e e n 
c a t i o n - h y d r a t i o n e n e r g y
a r r a n g e m e n t s b e t w e e n a d j a c e n

Page and B a v e r ( 2 4 ) s u g g e s t e d t h a t t h e u n i q u e a b i l i t y o f Κ t o 
be f i x e d by s m e c t i t e i s r e l a t e d t o i t s i o n i c s i z e , t h e d e h y d r a t e d 
K - i o n h a v i n g t h e c o r r e c t r a d i u s t o f i t i n t o " h e x a g o n a l " h o l e s i n 
t h e b a s a l o x y g e n p l a n e s o f t h e 2 : 1 l a y e r s . H o w e v e r , p o t a s s i u m ' s 
m i n i m a l h y d r a t i o n e n e r g y a l s o has b e e n c o n s i d e r e d t o be t h e m a j o r 
f a c t o r i n K - f i x a t i o n ( 2 5 , 2 6 ) . The l a t t e r h y p o t h e s i s i s c o n s i s t e n t 
w i t h e x p e r i m e n t s ( 2 7 , 28 ) t h a t d e t e r m i n e d t h a t Cs and Rb a l s o a r e 
a r e f i x e d b y s m e c t i t e s and v e r m i c u l i t e s , e v e n t h o u g h t h e s e i o n s 
a r e t o o l a r g e t o f i t c o m f o r t a b l y i n t o t h e " h e x a g o n a l " h o l e s . 
I n a d d i t i o n , o t h e r s ( 2 9 , 30 ) h ave d e t e r m i n e d t h a t Κ may n o t f i t 
w e l l i n t o t h e s e h o l e s b e c a u s e o f d i s t o r t i o n s r e l a t e d t o t e t r a h e d r a l 
r o t a t i o n s i n t h e 2 : 1 l a y e r s . E b e r l (31 ) p r e s e n t e d a h y p o t h e s i s 
f o r c a t i o n f i x a t i o n and s e l e c t i v i t y b y s m e c t i t e , b a s e d on a 
c o n s i d e r a t i o n o f c a t i o n - h y d r a t i o n e n e r g i e s and s m e c t i t e s u r f a c e -
c h a r g e d e n s i t y . The p o s s i b i l i t y t h a t a m e c h a n i c a l r e a r r a n g e m e n t 
o f 2 : 1 l a y e r s d u r i n g WD i s r e s p o n s i b l e f o r g r e a t e r s t a b i l i t y i s 
s u p p o r t e d b y s t r u c t u r a l s t u d i e s o f K - s m e c t i t e s t h a t showed t h a t 
K - f i x a t i o n b y WD i s a c c o m p a n i e d b y t h e d e v e l o p m e n t o f t r i d i m e n s i o n a l 
o r d e r i n g o f t h e i n i t i a l l y t u r b o s t r a t i c s m e c t i t e s t r u c t u r e ( 3 2 , 3 3 ) • 

A ims o f t h e P r e s e n t S t u d y 

P r e v i o u s s t u d i e s have shown t h a t e l e v a t e d t e m p e r a t u r e s , s u c h as 
t h o s e p r e v a i l i n g d u r i n g deep b u r i a l , and l o n g r e a c t i o n t i m e s a r e 
r e q u i r e d t o p r o d u c e i l l i t e / s m e c t i t e ( I/S ) f r o m s m e c t i t e by c h e m i c a l 
r e a c t i o n ( 3 4 - 3 8 ) . H o w e v e r , m i x e d - l a y e r i l l i t e / s m e c t i t e s t h a t have 
n o t b e e n r e c y c l e d f r o m o l d e r m a t e r i a l s o c c u r i n s e d i m e n t s t h a t 
h a v e n e v e r b e e n e x p o s e d t o e l e v a t e d t e m p e r a t u r e s ( 3 9 , 4 0 ) , t h e r e b y 
i n d i c a t i n g t h a t a n o t h e r m e c h a n i s m may be r e s p o n s i b l e f o r p r o d u c i n g 
I/S a t low t e m p e r a t u r e s . The s t u d i e s d i s c u s s e d p r e v i o u s l y s u g g e s t 
t h a t t h i s m e c h a n i s m i s WD. T h u s , WD was i n v e s t i g a t e d s y s t e m a t i c a l l y 
t o d i s c o v e r how s m e c t i t e - c r y s t a l c h e m i s t r y and how c h e m i c a l 
e n v i r o n m e n t a f f e c t i l l i t e - l a y e r f o r m a t i o n b y t h i s m e c h a n i s m . R e c e n t 
me thods f o r XRD a n a l y s i s o f m i x e d - l a y e r c l a y s ( 4 1 - 4 3 ) p e r m i t t e d a 
s t u d y i n g r e a t e r d e t a i l t h a n was p o s s i b l e p r e v i o u s l y . 
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M a t e r i a l s and M e t h o d s 

S m e c t i t e s w i t h a r a n g e o f l a y e r c h a r g e s and a v a r i a t i o n i n l a y e r -
c h a r g e l o c a t i o n were c h o s e n f o r e x p e r i m e n t a t i o n ( T a b l e I ) . C h e m i c a l 
a n a l y s e s f o r some o f t h e s e s m e c t i t e s , w h i c h h a d b e e n p u r i f i e d 
and s i z e - f r a c t i o n a t e d a f t e r t h e methods o f J a c k s o n ( 4 4 ) , a r e g i v e n 
i n T a b l e I I ; s t r u c t u r a l f o r m u l a e a r e p r e s e n t e d i n T a b l e I I I . The 
f o r m u l a e i n T a b l e I I I a r e a v e r a g e c o m p o s i t i o n s f o r a l l o f t h e 
s m e c t i t e l a y e r s i n a g i v e n s m e c t i t e , a l t h o u g h e a c h s m e c t i t e 
p r o b a b l y has a h e t e r o g e n e o u s l a y e r - c h a r g e d i s t r i b u t i o n . The 
s t a r t i n g s m e c t i t e s were a n a l y z e d f o r 2 : 1 l a y e r c h e m i s t r y b y X - r a y 
s p e c t r o s c o p y ( 4 5 ) ; s t a r t i n g s m e c t i t e s a n d e x p e r i m e n t a l p r o d u c t s were 
a n a l y z e d f o r i n t e r l a y e r c h e m i s t r y by a t o m i c - a b s o r p t i o n s p e c t r o s c o p y 
( 4 6 ) . C o a r s e - g r a i n K - m i n e r a l s ( T a b l e I ) were g r o u n d , and t h e n 
washed b y s h a k i n g i n d i s t i l l e d w a t e r o v e r n i g h t , t h e n washed s e v e r a l 
more t i m e s t o remove r e a d i l y s o l u b l e Κ and t o c l e a n t h e s a m p l e s 
o f v e r y f i n e (<5μπι) m a t e r i a l . K - , N a - , o r S r - s a t u r a t i o n o f t h e 
s t a r t i n g s m e c t i t e s was a c h i e v e
s o l u t i o n s , f o l l o w e d b y tw
w a s h i n g s i n d i s t i l l e d w a t e r , and f i n a l l y b y d i a l y s i s , u n t i l c h l o r i d e 
c o u l d n o t be d e t e c t e d by t h e A g N 0 3 t e s t . The f i r s t S r - e x c h a n g e o f 
t h e e x p e r i m e n t a l p r o d u c t s was a c c o m p l i s h e d b y s h a k i n g i n 0 . 1 Ν S r C l 2 
o v e r n i g h t ; s u b s e q u e n t S r - e x c h a n g e s were a c c o m p l i s h e d b y s h a k i n g f o r 
a b o u t 1 h o u r i n 0 . 1 Ν s o l u t i o n s . E x p e r i m e n t a l p r o d u c t s t h e n were 
washed and d i a l y z e d as d i s c u s s e d p r e v i o u s l y . 

WD e x p e r i m e n t s were c o n d u c t e d a t 3 0 ° , 6 0 ° , and 90 °C i n a d r y i n g 
o v e n , b y p u t t i n g 300 mg o f c l a y t o g e t h e r w i t h 20 mL o f s o l u t i o n i n 
p o l y e t h y l e n e - w e i g h i n g b o a t s . M o s t e x p e r i m e n t s were c o n d u c t e d 
w i t h o u t s h a k i n g ; 2 WD c y c l e s were c o m p l e t e d e a c h day a t 6 0 ° C . I n 
s e v e r a l e x p e r i m e n t s , c l a y s were d i s p e r s e d c o m p l e t e l y b y s h a k i n g 
p r i o r t o e a c h d r y i n g c y c l e , and 1 WD c y c l e was c o m p l e t e d p e r d a y a t 
6 0 ° C . A N a - K e x c h a n g e i s o t h e r m was d e t e r m i n e d f o r t h e K i n n e y 
m o n t m o r i l l o n i t e b y o v e r n i g h t s h a k i n g o f 150 mg o f c l a y d i s p e r s e d i n 
100 mL o f 0 . 0 5 Ν s o l u t i o n s h a v i n g d i f f e r e n t N a C l / K C l r a t i o s . 

S o l i d - e x p e r i m e n t a l p r o d u c t s were i n v e s t i g a t e d b y powder XRD 
( a u t o m a t e d S i e m e n s D - 5 0 0 s y s t e m ; t h e u s e o f t r a d e names i n t h i s 
p a p e r i s f o r i d e n t i f i c a t i o n o n l y and does n o t c o n s t i t u t e e n d o r s e m e n t 
b y t h e U . S . G e o l o g i c a l S u r v e y ) o f o r i e n t e d , g l a s s - s l i d e 
p r e p a r a t i o n s s o l v a t e d w i t h e t h y l e n e g l y c o l ( 4 2 ) . C l a y s s u b j e c t e d t o 
WD c y c l e s i n d i s t i l l e d w a t e r were i n v e s t i g a t e d w i t h no a d d i t i o n a l 
t r e a t m e n t , and a f t e r e x c h a n g e w i t h Na o r S r . C l a y s p r o c e s s e d i n 
e l e c t r o l y t e s o l u t i o n s were washed p r i o r t o a n a l y s i s , and t h e n g i v e n 
a d d i t i o n a l e x c h a n g e s b y d i s p e r s i o n , c e n t r i f u g a t i o n , and d i a l y s i s . 
C l a y s p r o c e s s e d w i t h K - m i n e r a l s l a r g e l y were s e p a r a t e d f r o m t h e s e 
K - m i n e r a l s p r i o r t o XRD a n a l y s i s . 

I l l i t e c o n t e n t s o f t h e r u n p r o d u c t s were m e a s u r e d b y t h e 
t e c h n i q u e s o f S r o d o n ( 4 3 , 44 ) u s i n g c r y s t a l l i t e t h i c k n e s s d e t e r m i n e d 
f r o m XRD c h a r a c t e r i s t i c s o f t h e s t a r t i n g s m e c t i t e s . M o s t i l l i t e 
c o n t e n t s were m e a s u r e d u s i n g t h e 003 and 005 XRD p e a k s ( s m e c t i t e 
r e f l e c t i o n s ) , b u t t h e 003 and 006 p e a k s ( 4 7 ) were u s e d i n t h e r u n s 
t h a t c o n t a i n e d m u s c o v i t e . 

O x y g e n i s o t o p e s were a n a l y z e d u s i n g t h e t e c h n i q u e o f C l a y t o n 
and Mayeda ( 6 9 ) . D a t a a r e p r e s e n t e d u s i n g t h e s t a n d a r d δ n o t a t i o n 
r e l a t i v e t o S t a n d a r d Mean O c e a n Wa te r (SMOW). 
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E x p e r i m e n t a l R e s u l t s 

B e h a v i o r o f K - E x c h a n g e d S m e c t i t e s W i t h o u t W e t t i n g and D r y i n g . A l l 
o f t h e s m e c t i t e s ( T a b l e I ) g ave XRD p a t t e r n s c h a r a c t e r i s t i c f o r 
r a n d o m l y i n t e r s t r a t i f i e d (RO) m i x e d - l a y e r e d m i n e r a l s upon 
K - e x c h a n g e . T h o s e o f l ow l a y e r c h a r g e ( e . g . Wyoming) gave 
p a t t e r n s f o r I/S w i t h a few p e r c e n t i l l i t e l a y e r s . T h o s e o f 
h i g h e r l a y e r c h a r g e were i d e n t i f i e d as 3 - c o m p o n e n t 1 . 0 / 1 . 4 / 1 . 7 - n m 
i n t e r s t r a t i f i c a t i o n s . T h i s h e t e r o g e n e o u s s w e l l i n g p r o b a b l y i s 
r e l a t e d t o h e t e r o g e n e o u s l a y e r - c h a r g e d i s t r i b u t i o n s i n t h e 
s m e c t i t e s . XRD p a t t e r n s f o r t h e 3 - c o m p o n e n t i n t e r s t r a t i f i c a t i o n s 
d i f f e r e d f r o m t h o s e o f t h e 2 - c o m p o n e n t , i n t h a t t h e 001 was 
d i s p l a c e d t o w a r d h i g h e r a n g l e s ; t h e 002 was much more d i f f u s e ; t h e 
003 was d i s p l a c e d t o w a r d h i g h e r a n g l e s ; and t h e 005 was d i s p l a c e d 
s l i g h t l y t o w a r d s l o w e r a n g l e s o f t w o - t h e t a . The l a t t e r two p e a k s 
f o r t h e 3 - c o m p o n e n t s y s t e m p l o t on t h e e x t r e m e l e f t s i d e o r o u t s i d e 
o f t h e g r a p h u s e d t o i d e n t i f y m i x e d - l a y e r I/S ( s e e F i g u r e 8A i n 
4 3 ) . S a t u r a t i o n o f K - s m e c t i t
e n e r g y l e d t o c o m p l e t
s t u d i e s . F o r e x a m p l e , XRD p a t t e r n s f o r K - a n d N a - B l a c k J a c k 
s m e c t i t e a r e g i v e n i n F i g u r e 1. 

A N a - K e x c h a n g e i s o t h e r m was d e t e r m i n e d u s i n g N a - K i n n e y 
s m e c t i t e t o s t u d y t h e e v o l u t i o n o f 3 - c o m p o n e n t m i x e d - l a y e r i n g w i t h 
i n c r e a s i n g Κ c o n t e n t . T h i s e v o l u t i o n was f o l l o w e d b y p l o t t i n g t h e 
c h a n g i n g p o s i t i o n s o f t h e 003 and 005 XRD p e a k s as a f u n c t i o n o f 
K/Na r a t i o f o r t h e e x c h a n g e s o l u t i o n o n a g r a p h u s e d t o d e t e r m i n e 
i l l i t e c o n t e n t s and g l y c o l s p a c i n g s f o r I/S ( F i g u r e 2 ) . F r o m a K/Na 
r a t i o o f 0 t o a b o u t 2 5 / 7 5 , t h e i l l i t e c o n t e n t o f t h e s a m p l e 
i n c r e a s e d f r o m 0 t o a b o u t 49%, and t h e g l y c o l s p a c i n g o f t h e 
e x p a n d e d l a y e r s i n c r e a s e d , as i s e x p e c t e d f o r N a - K e x c h a n g e ( 4 2 ) . 
A t K/Na r a t i o s b e t w e e n 25/75 a n d 3 5 / 6 5 , i l l i t e c o n t e n t r e m a i n e d 
n e a r l y c o n s t a n t , and g l y c o l s p a c i n g c o n t i n u e d t o i n c r e a s e , w h i c h i s 
i n t e r p r e t e d as a c o n t i n u e d r e p l a c e m e n t o f Na b y Κ i n e x p a n d e d 
l a y e r s . A t K/Na r a t i o s g r e a t e r t h a n 4 0 / 6 0 , t h e XRD s p a c i n g s e v o l v e d 
o u t o f t h e t w o - t h e t a r a n g e p o s s i b l e f o r I / S ; as d i s c u s s e d a b o v e , 
c h a r a c t e r i s t i c s o f 3 - c o m p o n e n t i n t e r s t r a t i f i c a t i o n c o u l d be 
o b s e r v e d . I n p a r t i c u l a r , t h e 001 r e f l e c t i o n b e g a n t o m i g r a t e 
t o w a r d s g r e a t e r a n g l e s a t Na/K o f 3 5 / 6 5 , as i s e x p e c t e d f o r t h e 
d e v e l o p m e n t o f 1 . 4 -nm l a y e r s . 

A l l o f t h e K - e x c h a n g e d s m e c t i t e s ( T a b l e I ) r e - e x p a n d e d 
c o m p l e t e l y when e x c h a n g e d f o u r t i m e s w i t h 1 Ν N a C l s o l u t i o n . T h e n 
i t was d e t e r m i n e d t h a t a s i n g l e , o v e r n i g h t e x c h a n g e w i t h 0 . 1 Ν S r C l 2 
i s t h e m i l d e s t t r e a t m e n t s u f f i c i e n t t o r e s t o r e t h e K - K i n n e y t o a 
100% s m e c t i t e s t r u c t u r e , w h i c h means r e e x p a n d i n g t o 1 . 7 - n m o n g l y c o l 
s a t u r a t i o n b o t h t h e v e r m i c u l i t e - l i k e ( 1 . 4 nm) and t h e u n s t a b l e 
i l l i t e - l i k e ( 1 . 0 nm) l a y e r s . T h i s t r e a t m e n t s u b s e q u e n t l y was u s e d 
as a s t a n d a r d t e s t b e c a u s e , u n l i k e N a , S r i s n o t r e p l a c e d b y 
h y d r o n i u m i o n s d u r i n g d i a l y s i s ( 4 9 ) ; t h e r e f o r e , S r g i v e s a b e t t e r 
m e a s u r e o f CEC d u r i n g c h e m i c a l a n a l y s i s . I l l i t e l a y e r s f o r m e d b y 
b u r i a l d i a g e n e s i s a r e n o t a f f e c t e d s i g n i f i c a n t l y b y e i t h e r t h e N a -
o r t h e S r - e x c h a n g e p r o c e d u r e s . 

R e s p o n s e o f K - S m e c t i t e s t o WD C y c l e s i n W a t e r a t 6 0 ° C . R e s u l t s o f 
t h e s e WD e x p e r i m e n t s a r e g i v e n i n T a b l e I V ; s a m p l e XRD p a t t e r n s a r e 
g i v e n i n F i g u r e s 3 and 4 . The f o l l o w i n g p a t t e r n s o f r e a c t i o n a r e 
e v i d e n t f r o m T a b l e I V : 
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19.01 

18.6 

17.8 

ω 1 7 Λ 

LU 17.4 
LU 
CE 
O 
LU 
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17.0 

g 16.6 

16.2 

15.8 

15.4 

100 

95 

GLYCOL 
COMPLEX 

THICKNESS (nm) 

25.8 26.2 26.6 27.0 

TWO - T H E T A (DEGREES ) 

F i g u r e 2 . P l o t o f XRD p e a k p o s i t i o n s (CuK r a d i a t i o n ; e t h y l e n e 
g l y c o l - s o l v a t e d s a m p l e s ) f o r K i n n e y s m e c t i t e t r e a t e d w i t h 0 . 0 5 
Ν Na + Κ e x c h a n g e s o l u t i o n s . E x p e r i m e n t a l p o i n t s a r e l a b e l e d 
w i t h p e r c e n t a g e s o f Κ i n s o l u t i o n . The g r a p h , u s e d t o d e t e r m i n e 
p e r c e n t a g e i l l i t e l a y e r s and g l y c o l - s p a c i n g f o r i l l i t e / s m e c t i t e s 
h a v i n g c r y s t a l l i t e t h i c k n e s s o f 1-14 l a y e r s , i s f r o m ( 4 2 ) . 
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ι « 1 1 r · 1 • 1 « 1 • 1 ' 1 · 1 · r 

TWO - THETA (DEGREES) 

F i g u r e 3 . XRD p a t t e r n s (CuK r a d i a t i o n ; e t h y l e n e g l y c o l - s o l v a t e d 
s a m p l e s ) f o r S r - e x c h a n g e d K - s m e c t i t e s t h a t have b e e n s u b j e c t e d t o 
100 WD c y c l e s i n w a t e r a t 6 0 ° C . A l o w - a n g l e s h o u l d e r t h a t 
i n d i c a t e s a t r a c e o f R l o r d e r i n g i s m a r k e d b y a t i c k on t h e B l a c k 
J a c k p a t t e r n . P e a k s l a b e l e d i n nm. 
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300 

T W O - T H E T A (DEGREES) 

F i g u r e 4 . XRD p a t t e r n s (CuK r a d i a t i o n ; e t h y l e n e g l y c o l - s o l v a t e d 
s a m p l e s ) s h o w i n g a r a n g e o f i l l i t e c o n t e n t s f o r K - K i n n e y s m e c t i t e 
t h a t has b e e n s u b j e c t e d t o v a r i o u s t r e a t m e n t s . A = 100 WD c y c l e s 
i n 0 . 5 Ν N a C l ; Β = 40 WD c y c l e s i n 0 . 5 Ν N a C l ; C = 100 WD c y c l e s 
i n 0 . 5 Ν KOH, w i t h 1 S r e x c h a n g e ; D = 100 WD c y c l e s i n 0 . 5 Ν 
C a C l 2 ; Ε = 100 WD c y c l e s i n 0 . 5 N K C 1 , w i t h 1 S r - e x c h a n g e ; F = 
100 WD c y c l e s i n 0 . 5 Ν C a C l 2 , w i t h 1 S r - e x c h a n g e ; G = c l a y l e f t 
i n s u s p e n s i o n f o r a t i m e e q u i v a l e n t t o 100 WD c y c l e s , w i t h 1 
S r - e x c h a n g e . P e a k s l a b e l e d i n nm. 
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310 GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

(1 ) WD c y c l e s s t a b i l i z e 1 .0 -nm l a y e r s a g a i n s t e x c h a n g e b y a 
c a t i o n w i t h s u b s t a n t i a l h y d r a t i o n e n e r g y . 

(2 ) A r e g u l a r d e c r e a s e i n CEC (meq S r ) o c c u r s as t h e p e r 
c e n t a g e o f f i x e d Κ and p e r c e n t a g e o f i l l i t e l a y e r s 
i n c r e a s e s . 

(3 ) The q u a n t i t y o f i l l i t e l a y e r s f o r m e d a f t e r 100-WD c y c l e s 
and 1 S r - e x c h a n g e i s p r o p o r t i o n a l t o l a y e r c h a r g e ( d a t a 
f r o m T a b l e s I I I and IV p l o t t e d i n F i g u r e 5 ) , a l t h o u g h 
s m e c t i t e s w i t h a l a r g e component o f o c t a h e d r a l c h a r g e 
( m o n t m o r i l l o n i t e s ) f o l l o w t h i s r e l a t i o n b e t t e r t h a n do 
t h o s e t h a t h a v e a l a r g e component o f t e t r a h e d r a l c h a r g e 
( b e i d e l l i t e s and one m o n t m o r i l l o n i t e w i t h 61% o c t a h e d r a l 
c h a r g e ) . A p e r f e c t c o r r e s p o n d e n c e b e t w e e n t h e q u a n t i t y 
o f i l l i t e l a y e r s f o r m e d b y WD and l a y e r c h a r g e i s n o t 
e x p e c t e d , h o w e v e r , b e c a u s e t h i s r e a c t i o n may a l s o d e p e n d 
on o t h e r f a c t o r s , s u c h as l a y e r - c h a r g e d i s t r i b u t i o n . 
F i g u r e 5 may i n d i c a t e t h a t c h a r g e d i s t r i b u t i o n i s more 
h e t e r o g e n e o u s f o

(4 ) T h e t o t a l m i l l i e q u i v a l e n t
n o t c h a n g e d s i g n i f i c a n t l y b y t h e WD p r o c e s s , t h e r e b y 
i n d i c a t i n g t h a t 2 : 1 l a y e r c h a r g e does n o t c h a n g e . T h e s e 
d a t a s u g g e s t t h a t t h e r e a c t i o n t o i l l i t e i s a 
t r a n s f o r m a t i o n r e a c t i o n c a u s e d b y s i m p l e d e h y d r a t i o n and 
r e a r r a n g e m e n t o f s m e c t i t e l a y e r s , r a t h e r t h a n b y an 
i n c r e a s e i n 2 : 1 l a y e r c h a r g e . 

A l l o f t h e I/S p r o d u c e d b y WD a r e r a n d o m l y i n t e r s t r a t i f i e d , 
w i t h t h e p o s s i b l e e x c e p t i o n o f t h e B l a c k J a c k s a m p l e ( F i g u r e 3 ) and 
t h e m o s t i l l i t i c K i n n e y s a m p l e ( F i g u r e 4 ) , b o t h o f w h i c h show s i g n s 
o f p a r t i a l R l o r d e r i n g b e t w e e n i l l i t e and s m e c t i t e l a y e r s . F o r 
t h e s e s a m p l e s , t h e 001 XRD r e f l e c t i o n s a r e d i s p l a c e d t o w a r d s l a r g e r 
a n g l e s , and a v e r y weak s u p e r l a t t i c e r e f l e c t i o n i s v i s i b l e a t s m a l l 
a n g l e s . 

The s t a b i l i t y o f t h e i l l i t e l a y e r s p r o d u c e d b y WD was 
i n v e s t i g a t e d f u r t h e r b y a p p l y i n g two a d d i t i o n a l 0 . 1 Ν S r C l 2 
e x c h a n g e s t o WD s m e c t i t e s f o r w h i c h s u f f i c i e n t s a m p l e was a v a i l a b l e 
( T a b l e I V ) . The q u a n t i t y o f i l l i t e l a y e r s d e c r e a s e d s i g n i f i c a n t l y 
w i t h t h i s t r e a t m e n t , b u t m e a s u r a b l e i l l i t e l a y e r s were p r e s e r v e d i n 
a l l s a m p l e s e x c e p t t h e B l a c k J a c k s m e c t i t e . E x c h a n g e e x p e r i m e n t s 
w i t h a WD K i n n e y s a m p l e showed t h a t t h e u s e o f t h r e e 0 . 1 Ν S r C l 2 
e x c h a n g e s i s a s l i g h t l y s t r o n g e r t r e a t m e n t t h a n t h e u s e o f f o u r 
1 Ν N a C l e x c h a n g e s u s e d t o s t u d y d i a g e n e t i c I/S ( 4 4 ) . T h u s , t h e 
i l l i t e l a y e r s r e m a i n i n g i n t h e WD c l a y s a f t e r t h r e e S r - e x c h a n g e s 
may be o f c o m p a r a b l e s t a b i l i t y t o t h o s e f o r m e d b y b u r i a l d i a g e n e s i s . 

The p e r c e n t a g e c h a n g e i n i l l i t e l a y e r s b e t w e e n one and t h r e e 
e x c h a n g e s w i t h 0 . 1 Ν S r C l 2 , w h i c h i s a m e a s u r e o f t h e s t a b i l i t y o f 
t h e i l l i t e l a y e r s f o r m e d b y WD, c o r r e l a t e s n e i t h e r t o o r i g i n a l 
s m e c t i t e - l a y e r c h a r g e , n o r t o l a y e r - c h a r g e l o c a t i o n , b u t , b a s e d on 
v e r y l i m i t e d d a t a , doe s c o r r e l a t e r o u g h l y t o t h e mean a n g l e o f 
t e t r a h e d r a l r o t a t i o n o f t h e o r i g i n a l s m e c t i t e ( F i g u r e 6 ) . A n g l e 
o f t e t r a h e d r a l r o t a t i o n (a ) was c a l c u l a t e d f r o m s t r u c t u r a l f o r m u l a e 
( T a b l e I I I ) a n d m e a s u r e m e n t s o f b ( T a b l e V ) b y t h e f o l l o w i n g 
e q u a t i o n s ( 2 9 , 5 0 ) : 

Cos a = b 
o b s e r v e d 

b 
i d e a l where 

b . , , ( S i , A l ) = 9 . 1 5 + 0 . 7 4 x 
i d e a l 1-x χ 
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60 

For Montmorillonites: 

% ILLITE = 157C- 45 

-0.7 -0.3 -0.4 -0.5 -0.6 

LAYER CHARGE (C) 

(EQUIVALENTS PER HALF - UNIT CELL) 

F i g u r e 5 . P e r c e n t a g e i l l i t e l a y e r s v e r s u s l a y e r c h a r g e f o r 
K - s m e c t i t e s s u b j e c t e d t o 100 WD c y c l e s i n w a t e r a t 60°C and 1 
S r - e x c h a n g e . Numbers i n p a r e n t h e s e s r e f e r t o p e r c e n t a g e o f 
o c t a h e d r a l c h a r g e . B e s t f i t l i n e i s f o r m o n t m o r i l l o n i t e s h a v i n g 
69% o r more o c t a h e d r a l c h a r g e . D a t a f r o m T a b l e s I I I a n d I V . 
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F i g u r e 6 . S t a b i l i t y o f i l l i t e l a y e r s f o r m e d b y WD m e c h a n i s m : 
p e r c e n t a g e o f c h a n g e i n p e r c e n t a g e i l l i t e l a y e r s b e t w e e n 1 and 3 
S r - e x c h a n g e s i s p l o t t e d a g a i n s t or, t h e a n g l e o f t e t r a h e d r a l 
r o t a t i o n . D a t a f r o m T a b l e V . 
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T a b l e V . D a t a U s e d t o C o n s t r u c t F i g u r e 6 f o r K - S m e c t i t e s S u b m i t t e d t o 
100 W e t t i n g and D r y i n g C y c l e s , and T h e n E x c h a n g e d Once and T h r e e 

T i m e s W i t h 0 . 1 Ν S r C l 2 

O r i g i n a l S m e c t i t e (nm) α I l l i t e L a y e r s 1 

C l a y 
^ o b s e r v e d ^ i d e a l 

( D e g r e e s ) ( P e r c e n t Change ) 

B l a c k J a c k 0 . 8 9 9 
C h e t o 0 . 8 9 8 
F e r r u g i n o u s 0 . 9 0 7 0 . 9 2 1 1 0 . 0 33 
G a r f i e l d 2 0 . 9 1 4 6 39 
H e c t o r i t e 0 . 9 0 9 0 . 9 1 6 7 . 1 N A 3 

K i n n e y 0 . 8 9 7 0 . 9 1 6 1 1 . 7 73 
M o n t m o r i l l o n 0 . 8 9 8 0 . 9 1 7 1 1 . 7 37 
O t a y 0 . 8 9 9 0 . 9 1 7 1 1 . 4 50 
T e x a s 0 . 8 9 7 0 . 9 1 5 1 1 . 4 50 
U m i a t 0 . 8 9 8 0 . 9 1 8 1 2 . 0 70 
Wyoming 0 . 8 9 8 0 . 9 1 7 1 1 . 7 NA 

*(% i l l i t e l a y e r s , 1 S r - e x c h a n g e ) - (% i l l i t e l a y e r s , 3 S r - e x c h a n g e s ) 
(% i l l i t e l a y e r s , 1 S r - e x c h a n g e ) 

2 a m e a s u r e d d i r e c t l y ( 5 1 ) . 
3 N o t a n a l y z e d . 
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T h i s me thod f o r e s t i m a t i n g a a p p l i e s g e n e r a l l y i f Of i s g r e a t e r 
t h a n a b o u t 7 ° , and assumes an i d e a l 0 ( a p i c a l ) - S i - 0 ( b a s a l ) a n g l e o f 
1 0 9 ° 2 8 ' . A r e l a t i o n s h i p b e t w e e n α and i l l i t e l a y e r s t a b i l i t y i s 
e x p e c t e d , b e c a u s e t h e l a r g e r t h e Of i s , t h e s m a l l e r t h e d i t r i g o n a l 
h o l e s a r e i n t h e b a s a l o x y g e n p l a n e s o f t h e 2 : 1 l a y e r s . The s m a l l e r 
t h e h o l e s a r e , t h e l e s s d e e p l y d e h y d r a t e d Κ i o n s c a n p e n e t r a t e i n t o 
2 : 1 l a y e r s ; t h u s , t h e more s u s c e p t i b l e t h e Κ i o n s a r e t o 
S r - e x c h a n g e . A l p h a i s o n l y an a p p r o x i m a t e i n d i c a t o r o f h o l e s i z e ; 
i t w o u l d be b e t t e r t o m e a s u r e d i r e c t l y t h e h o l e s i z e , o r t h e K - O 
b o n d l e n g t h s f o r t h e i l l i t e l a y e r s . B u t s u c h a d e t a i l e d s t r u c t u r a l 
a n a l y s i s i s b e y o n d t h e s c o p e o f t h e p r e s e n t w o r k . 

T e t r a h e d r a l r o t a t i o n s i n d i o c t a h e d r a l c l a y s a r e r e q u i r e d t o a d j u s t 
f o r a m i s f i t i n s i z e b e t w e e n t h e n o r m a l l y l a r g e r t e t r a h e d r a l s h e e t 
and t h e o c t a h e d r a l s h e e t . R o t a t i o n a n g l e s o f 3 0 ° c l o s e t h e h o l e s 
c o m p l e t e l y . The h o l e i s so l a r g e f o r s m a l l a n g l e s o f Of t h a t t h e 
h o l e a p p r o a c h e s h e x a g o n a l s y m m e t r y ; i n t h i s c a s e , i n t e r l a y e r Κ 
e n t e r s more n e a r l y i n t o 1 2 - f o l d c o o r d i n a t i o n , r a t h e r t h a n i n t o t h e 
6 - f o l d c o o r d i n a t i o n o f d i t r i g o n a
r e a s o n t h a t t h e G a r f i e l
doe s n o t l i e on t h e c u r v e i n F i g u r e 6 i s b e c a u s e i t b e l o n g s t o an 
e n e r g e t i c a l l y d i f f e r e n t s y s t e m . B u t o t h e r f a c t o r s , i n a d d i t i o n t o 
a , c o u l d i n f l u e n c e , o r e v e n p l a y a d o m i n a n t r o l e , i n a f f e c t i n g t h e 
a v a i l a b i l i t y o f Κ t o S r - e x c h a n g e . Two s u c h f a c t o r s a r e t h e 
p r e s e n c e o f h e t e r o g e n e o u s l a y e r c h a r g e s , w h i c h w o u l d t e n d t o b i n d Κ 
more s t r o n g l y i n h i g h l y - c h a r g e d i n t e r l a y e r s , a n d t h e p r e s e n c e o r 
a b s e n c e o f t h r e e - d i m e n s i o n a l o r d e r i n g i n t h e WD s m e c t i t e - c r y s t a l 
s t r u c t u r e s , w h i c h c o u l d l e a d e i t h e r t o p r i s m a t i c o r o c t a h e d r a l 
c o o r d i n a t i o n f o r Κ i n t h e d e h y d r a t e d i n t e r l a y e r s , and t o v a r i o u s 
d i s t o r t i o n s i n t h e 2 : 1 l a y e r s t h a t c o u l d a f f e c t Κ a v a i l a b i l i t y (V . 
A . D r i t s , p e r s o n a l c o m m u n i c a t i o n ) . 

The k i n e t i c s o f t h e t r a n s f o r m a t i o n t o w a r d s i l l i t e f o r 
F e r r u g i n o u s and K i n n e y s m e c t i t e s a r e shown i n F i g u r e 7 . M o s t o f t h e 
i l l i t e l a y e r s a r e f o r m e d i n t h e f i r s t 20 WD c y c l e s , a l t h o u g h i l l i t e 
c o n t e n t a p p e a r s s t i l l t o be i n c r e a s i n g s l i g h t l y a f t e r 100 WD c y c l e s . 
The F e r r u g i n o u s s m e c t i t e p r o d u c e s more i l l i t e l a y e r s f o r a g i v e n 
number o f WD c y c l e s t h a n t h e K i n n e y d o e s e v e n t h o u g h t h e F e r r u g i n o u s 
s m e c t i t e has a s l i g h t l y s m a l l e r l a y e r c h a r g e ( T a b l e I I I ) . T h i s 
e f f e c t may be r e l a t e d t o t h e much l a r g e r component o f t e t r a h e d r a l 
c h a r g e , t o t h e s l i g h t l y s m a l l e r d e g r e e o f t e t r a h e d r a l r o t a t i o n f o r 
t h e F e r r u g i n o u s s a m p l e , and t o t h e o t h e r f a c t o r s m e n t i o n e d a b o v e . 
S i m i l a r e x p e r i m e n t s w i t h o t h e r i r o n - r i c h s m e c t i t e s a r e n e e d e d t o 
r e s o l v e t h i s q u e s t i o n . 

S h a k i n g i n w a t e r p r i o r t o e a c h d r y i n g c y c l e s p e e d s r e a c t i o n . 
F o r e x a m p l e , a K - K i n n e y s m e c t i t e s u b j e c t e d t o 64 WD c y c l e s p r o d u c e d 
42% i l l i t e l a y e r s , w i t h s h a k i n g , c o m p a r e d w i t h 30% f o r K - K i n n e y 
s u b j e c t e d t o 50 WD c y c l e s , and 32% f o r K - K i n n e y s u b j e c t e d t o 75 WD 
c y c l e s , w i t h o u t s h a k i n g . 

The e q u i v a l e n t s o f f i x e d - i n t e r l a y e r c a t i o n s p e r i l l i t e l a y e r 
d e c r e a s e w i t h i n c r e a s i n g i l l i t e c o n t e n t f o r t h e WD s a m p l e s ( F i g u r e 
8 ) . F i x e d c a t i o n s a r e K , w i t h a v e r y s m a l l component o f Na t h a t was 
n o t r emoved b y S r - e x c h a n g e ( T a b l e s IV and V I ) . The r e l a t i o n r o u g h l y 
f i t s a power c u r v e , as d e p i c t e d i n t h e f i g u r e . C a l c u l a t i o n s f o r 
s a m p l e s t h a t p l o t on t h e e x t r e m e l o w e r end o f t h e c u r v e ( a t 1.0 
e q u i v a l e n t s ) a c t u a l l y g ave e q u i v a l e n t s o f f i x e d - i n t e r l a y e r c a t i o n s 
g r e a t e r t h a n o n e , w h i c h i s i m p o s s i b l e s t r u c t u r a l l y , b e c a u s e t h e r e 
a r e n o t e n o u g h h o l e s i n t h e b a s a l o x y g e n p l a n e s t o accommodate more 
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50 ι ! 1 î Γ 

0 20 40 60 80 100 

NUMBER OF CYCLES 

F i g u r e 7 . K i n e t i c s o f WD i l l i t i z a t i o n : p e r c e n t a g e i l l i t e l a y e r s 
v e r s u s number o f WD c y c l e s f o r F e r r u g i n o u s and K i n n e y s m e c t i t e s 
a f t e r 1 S r - e x c h a n g e . D a t a f r o m T a b l e I V . 
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High pH Kinney 

% ILLITE = 7.1C 

R 2 = 0.72 

-1.66 

- Ι 

Ο.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

FIXED INTERLAYER CATIONS PER ILLITE LAYER (C) 

(EQUIVALENTS PER HALF - UNIT CELL) 

F i g u r e 8 . P e r c e n t a g e i l l i t e l a y e r s v e r s u s e q u i v a l e n t s o f f i x e d 
i n t e r l a y e r c a t i o n s (Na + K ) p e r i l l i t e l a y e r [ b a s e d on 0 1 0 ( O H ) 2 l · 
S o l i d c i r c l e s = a l u m i n o u s s m e c t i t e s w i t h 1 S r - e x c h a n g e . Open 
c i r c l e s = a l u m i n o u s s m e c t i t e s w i t h 2 o r 3 S r - e x c h a n g e s . X = 
i r o n - r i c h s m e c t i t e s w i t h 1 S r - e x c h a n g e . P o i n t s c a l c u l a t e d f r o m 
d a t a i n T a b l e s I I I , I V , V I , and V I I I . 
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t h a n 1.0 e q u i v a l e n t s o f K - i o n s . The e x c e s s i s a t t r i b u t e d t o e r r o r s 
i n d e t e r m i n i n g i l l i t e c o n t e n t s i n h i g h l y s m e c t i t i c c l a y s . The d a t a 
i n F i g u r e 8 i n d i c a t e , f r o m a c o n s i d e r a t i o n o f t h e i n c r e a s e i n 
i l l i t i c c o n t e n t w i t h i n c r e a s i n g WD c y c l e s ( T a b l e IV and F i g u r e 7 ) , 
t h a t a g r e a t e r number o f WD c y c l e s i s r e q u i r e d t o s t a b i l i z e 
l o w - c h a r g e i l l i t e l a y e r s . 

The i r o n - r i c h s a m p l e s p l o t m o s t l y t o t h e l e f t o f t h e c u r v e 
i n F i g u r e 8 , t h e r e b y i n d i c a t i n g t h a t i r o n - r i c h c l a y s t e s t e d i n 
t h e s e e x p e r i m e n t s c a n f o r m i l l i t e l a y e r s b y WD a t a l o w e r f i x e d 
c a t i o n c o n t e n t t h a n a l u m i n o u s c l a y s c a n . A s i m i l a r o b s e r v a t i o n 
has b e e n made f o r i r o n - r i c h i l l i t e l a y e r s ( g l a u c o n i t e ) p r o d u c e d 
b y d i a g e n e s i s ( 5 2 ) . T h i s e f f e c t may be r e l a t e d t o t h e d e e p e r 
p e n e t r a t i o n o f Κ i n t o t h e l a r g e r b a s a l h o l e s f o u n d i n i r o n - r i c h 
2 : 1 c l a y s , as w e l l as t o t h e o t h e r f a c t o r s m e n t i o n e d a b o v e . 

The p a t t e r n i n F i g u r e 8 i s d i s t i n c t f r o m t h a t f o r r a n d o m l y 
i n t e r s t r a t i f i e d I/S p r o d u c e d f r o m b e n t o n i t e b y b u r i a l d i a g e n e s i s 
( F i g u r e 9 ) . F i x e d i n t e r l a y e r c a t i o n c o n t e n t f o r t h e l a t t e r c l a y s i s 
r e l a t i v e l y c o n s t a n t a t a b o u
c l a y s t h a t c o n t a i n l e s s t h a

E f f e c t o f S o l u t i o n C o m p o s i t i o n . The e f f e c t o f c h a n g i n g s o l u t i o n 
c o m p o s i t i o n on t h e r e a c t i o n o f K - K i n n e y i s g i v e n i n T a b l e V I . The 

T a b l e V I . E f f e c t o f S o l u t i o n C o m p o s i t i o n on t h e R e a c t i o n o f 
K - K i n n e y S u b m i t t e d t o 40 W e t t i n g and D r y i n g C y c l e s a t 6 0 ° C , and T h e n 

E x c h a n g e d Once W i t h 0 . 1 Ν S r C l 2 

R e f e r e n c e Meq p e r 100 ι > O x i d e I l l i t e L a y e r s 
S o l u t i o n 

Number Na Κ S r T o t a l ( P e r c e n t ) 

26 W a t e r 4 37 83 124 30 
44 0 . 5 Ν N a C l 5 35 82 122 32 
45 0 . 5 N KC1 3 40 81 125 31 
46 0 . 5 Ν C a C l 2 3 27 96 126 23 
47 pH 3 . 6 (HC1) 3 32 85 121 30 
4 8 1 0 . 5 Ν KOH 6 71 77 154 48 

A v e r a g e o f two a n a l y s e s . 

p r e s e n c e o f 0 . 5 Ν N a C l , 0 . 5 N K C 1 , and HC1 (pH 3 . 6 ) h a d no e f f e c t on 
r e a c t i o n r a t e as c o m p a r e d w i t h e x p e r i m e n t s made i n w a t e r . The 0 . 5 Ν 
C a C l 2 s o l u t i o n s i g n i f i c a n t l y s l o w e d t h e r a t e o f r e a c t i o n , w h e r e a s 
t h e 0 . 5 Ν KOH s o l u t i o n i n c r e a s e d t h e r a t e . W i t h one e x c e p t i o n , t h e 
d a t a i n T a b l e V I i n d i c a t e t h a t t o t a l l a y e r c h a r g e d i d n o t c h a n g e 
s i g n i f i c a n t l y d u r i n g r e a c t i o n . The e x c e p t i o n i s t h e h i g h pH r u n 
(KOH) i n w h i c h l a y e r c h a r g e i n c r e a s e d , t h e r e b y i n d i c a t i n g t h a t t h e 
c o m p o s i t i o n o f t h e 2 : 1 l a y e r was a l t e r e d . The a v e r a g e c h a r g e f o r 
i l l i t e l a y e r s i n t h i s s a m p l e ( 0 . 5 7 ) i s p l o t t e d i n F i g u r e 8 , and 
i s g r e a t e r t h a n t h a t e x p e c t e d f o r c l a y s o f t h i s e x p a n d a b i l i t y 
f o r m e d b y WD. I t f i t s b e t t e r o n t h e d i a g e n e t i c c u r v e ( F i g u r e 9 ) . 
I n a d d i t i o n , t h e a v e r a g e c h a r g e f o r e x p a n d e d l a y e r s i n c r e a s e d 
f r o m - 0 . 4 9 f o r u n t r e a t e d K i n n e y t o a b o u t - 0 . 5 2 . 

Oxygen i s o t o p e d a t a ( T a b l e V I I ) s u p p o r t c o n c l u s i o n s d rawn f r o m 
t h e c h e m i c a l d a t a ( T a b l e s IV and V I ) t h a t c l a y i n t h e h i g h p H , WD 
e x p e r i m e n t s u n d e r w e n t s i g n i f i c a n t c h e m i c a l r e a c t i o n , w h e r e a s c l a y 
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i n t e r l a y e r c a t i o n s p e r i l l i t e l a y e r [ b a s e d o n 0 1 0 ( O H ) 2 ] f o r RO 
i l l i t e / s m e c t i t e s f o r m e d b y d i a g e n e s i s i n b e n t o n i t e s . C a l c u l a t e d 
f r o m d a t a i n ( 5 3 ) . 
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w e t t e d and d r i e d i n o t h e r e x p e r i m e n t a l s o l u t i o n s d i d n o t . D a t a i n 
T a b l e V I I i n d i c a t e t h a t c l a y s u b j e c t e d t o WD c y c l e s i n d i s t i l l e d 
w a t e r e i t h e r r e m a i n e d u n c h a n g e d i s o t o p i c a l l y , t h e r e b y i n d i c a t i n g 
t h a t t h e 2 : 1 l a y e r c h e m i s t r y d i d n o t c h a n g e , o r became s l i g h t l y 
l i g h t e r , w h i c h i s , p e r h a p s , r e l a t e d t o a n e x c h a n g e o f o x y g e n a toms 
on c r y s t a l e d g e s ( 5 4 ) , o r t o e x p e r i m e n t a l d i f f i c u l t i e s t h a t were 
e n c o u n t e r e d i n r e m o v i n g a l l o f t h e i n t e r l a y e r w a t e r f r o m t h e 
S r - e x c h a n g e d s a m p l e s . The l a t t e r p o s s i b i l i t y i s f a v o r e d b y t h e 
f i n d i n g o f l a r g e r o x y g e n y i e l d s ( m i c r o m o l e s 0 2 p e r mg c l a y r e a c t e d ) 
f o r t h e S r - s a t u r a t e d c l a y s , a n d o f a d e c r e a s e i n s c a t t e r f o r δ 1 8 0 
v a l u e s f o r c l a y s s u b j e c t e d t o i n c r e a s e d d r y i n g t i m e s . The K i n n e y 
s m e c t i t e , h o w e v e r , became 2 p e r m i l h e a v i e r a f t e r 40 WD c y c l e s i n 
t h e h i g h pH e x p e r i m e n t a l s o l u t i o n , t h e r e b y i n d i c a t i n g s u b s t a n t i a l 
a l t e r a t i o n o f 2 : 1 l a y e r c h e m i s t r y . 

I n o t h e r e x p e r i m e n t s , K -Wyoming and K - O t a y s m e c t i t e were 
s u b j e c t e d t o 20 WD c y c l e s i n 0 . 5 Ν KOH, a n d t h e n S r - e x c h a n g e d . The 
Wyoming r e a c t e d t o f o r m g r e a t e r t h a n 50% i l l i t e l a y e r s , g i v i n g a 
weak XRD p a t t e r n a f t e
d e s t r o y e d . O t a y i n s u s p e n s i o
Ν KOH, b u t w i t h o u t WD, r e a c t e d t o f o r m a b o u t 42% i l l i t e l a y e r s , 
t h e r e b y d e m o n s t r a t i n g t h a t WD i s n o t e s s e n t i a l f o r t h e r e a c t i o n t o 
i l l i t e a t h i g h p H . P r e v i o u s s t u d i e s ( 8 , 55 ) h a v e shown t h a t a 
s i g n i f i c a n t number o f i l l i t e l a y e r s c a n be f o r m e d i n l o w - c h a r g e 
s m e c t i t e s b y b o i l i n g them i n 1 Ν KOH. T h e i n c r e a s e d s o l u b i l i t y o f 
A l and S i a t h i g h pH may l e a d t o a c h e m i c a l r e a c t i o n i n w h i c h l a y e r 
c h a r g e i s i n c r e a s e d b y A l f o r S i s u b s t i t u t i o n . More work i s n e e d e d 
t o c o n f i r m t h i s s u g g e s t i o n . 

The K C 1 , H C 1 , and KOH e x p e r i m e n t a l p r o d u c t s ( T a b l e V I ) , when 
X - r a y e d p r i o r t o S r - e x c h a n g e , h a v e c h a r a c t e r i s t i c s o f 3 - c o m p o n e n t 
1 . 0 / 1 . 4 / 1 . 7 - n m i n t e r s t r a t i f i c a t i o n . T h e N a C l a n d C a C l 2 e x p e r i m e n t a l 
p r o d u c t s p r i o r t o S r - s a t u r a t i o n , h o w e v e r , were two component 
1 . 0 / 1 . 7 - n m i n t e r s t r a t i f i c a t i o n s , c o n t a i n i n g 1 . 0 -nm l a y e r s w e l l 
i n e x c e s s o f t h e number r e m a i n i n g a f t e r one S r s a t u r a t i o n . WD 
e x p e r i m e n t s w i t h more c y c l e s t h a n t h o s e g i v e n i n T a b l e V I showed 
t h a t i l l i t e c o n t e n t (no S r - e x c h a n g e ) i n c r e a s e d f r o m 63 t o 71% 
b e t w e e n 40 a n d 100 WD c y c l e s f o r t h e N a C l e x p e r i m e n t s , a n d f r o m 
30 t o 42% f o r t h e C a C l 2 e x p e r i m e n t s . B u t t h e s t a b i l i t y o f t h e s e 
a d d i t i o n a l i l l i t e l a y e r s d i d n o t i n c r e a s e w i t h t h e number o f WD 
c y c l e s : a f t e r one S r - e x c h a n g e , t h e 4 0 - and t h e 1 0 0 - c y c l e r u n s 
d i f f e r e d b y o n l y a few p e r c e n t i l l i t e . 

E f f e c t o f T e m p e r a t u r e . T e m p e r a t u r e h a d l i t t l e e f f e c t on t h e 
p e r c e n t a g e o f i l l i t e l a y e r s f o r m e d f r o m K - K i n n e y , w h i c h was 
s u b j e c t e d t o a s many as 6 WD c y c l e s a t 3 0 ° , 6 0 ° , and 9 Q ° C , and t h e n 
s a t u r a t e d t w i c e w i t h 0 . 1 Ν S r C l 2 ( T a b l e V I I I ) . U n f o r t u n a t e l y , t h e 
e x p e r i m e n t a l p r o d u c t s were n o t X - r a y e d a f t e r a s i n g l e S r - s a t u r a t i o n ; 
t h e r e f o r e , r e s u l t s i n T a b l e V I I I a r e n o t d i r e c t l y c o m p a r a b l e t o 
t h o s e i n T a b l e I V . The e r r a t i c d a t a r e s u l t i n g f r o m t h e 90 °C 
e x p e r i m e n t s a r e u n e x p l a i n e d . 

R e a c t i o n w i t h K - B e a r i n g M i n e r a l s . WD e x p e r i m e n t s w i t h m i x t u r e s o f 
N a - K i n n e y and s p a r i n g l y s o l u b l e K - m i n e r a l s were u n d e r t a k e n t o 
s i m u l a t e n a t u r a l c o n d i t i o n s . When K - f e l d s p a r was s h a k e n w i t h 
N a - K i n n e y a t room t e m p e r a t u r e w i t h o u t WD f o r as l o n g as 1 y e a r , no 
i l l i t e l a y e r s were f o u n d i n t h e e x p e r i m e n t a l p r o d u c t . N o r were 
i l l i t e l a y e r s f o r m e d when m u s c o v i t e was s h a k e n w i t h N a - K i n n e y f o r 
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14. E B E R L E T A L . Potassium Fixation in Smectite 3 2 1 

T a b l e V I I I . E f f e c t o f T e m p e r a t u r e o n t h e F o r m a t i o n o f I l l i t e L a y e r s i n 

K - K i n n e y S u b m i t t e d t o W e t t i n g a n d D r y i n g C y c l e s , a n d T h e n E x c h a n g e d 

T w i c e W i t h 0 . 1 Ν S r C l 2 

R e f e r e n c e T e m p e r a t u r e N u m b e r o f M e q p e r 1 0 0 g O x i d e I l l i t e L a y e r s 

WD 
N u m b e r ( ° C ) C y c l e s N a Κ S r T o t a l ( P e r c e n t ) 

4 9 3 0 1 0 4 9 1 1 3 1 2 6 0 

5 0 1 4 1 3 1 1 0 1 2 7 7 

5 1 
5 2 

5 3 4 3 18 1 1 0 1 3 1 1 2 

5 4 5 3 16 1 0 8 1 2 7 1 2 

5 5 6 3 18 1 0 6 1 2 7 1 2 

5 6 6 0 0 3 4 1 1 6 1 2 3 0 

5 7 1 N A N A N A 4 

5 8 2 3 16 1 1 0 1 2 9 11 

5 9 3 3 17 1 0 6 1 2 6 11 

6 0 4 3 17 1 0 6 1 2 6 1 2 

6 1 5 N A N A N A 11 

6 2 6 3 2 1 1 0 4 1 2 9 11 

6 3 9 0 0 3 5 1 1 7 1 2 5 0 

6 4 1 2 15 1 0 8 1 2 5 7 

6 5 2 3 17 1 0 7 1 2 7 12 

6 6 3 3 19 1 0 5 1 2 7 7 

6 7 4 3 2 0 1 0 3 1 2 6 1 2 

6 8 5 3 2 0 1 0 3 1 2 6 15 

6 9 6 3 18 1 0 8 1 2 9 8 

1 D r i e d u n d e r v a c u u m . 
2 N o t a n a l y z e d . 
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100 d a y s . P h l o g o p i t e , h o w e v e r , f o r m e d a b o u t 4% 1 .0 -nm l a y e r s when 
s h a k e n w i t h N a - K i n n e y f o r 100 d a y s , b u t t h e s e l a y e r s d i s a p p e a r e d 
a f t e r S r - e x c h a n g e . 

A l l WD e x p e r i m e n t s , h o w e v e r , p r o d u c e d a s i g n i f i c a n t p e r c e n t a g e 
o f i l l i t e l a y e r s a f t e r 100 WD c y c l e s . T h e r a t e o f i l l i t e - l a y e r 
f o r m a t i o n was g r e a t e s t f o r t h e p o t a s s i u m - f e l d s p a r s y s t e m s , and 
l e a s t f o r t h e s y s t e m s t h a t c o n t a i n e d i l l i t i c m a t e r i a l . The f i n a l 
p r o p o r t i o n o f i l l i t e l a y e r s d e p e n d e d on t h e i n i t i a l r a t i o o f 
K - m i n e r a l / N a - K i n n e y i n t h e s y s t e m , and o n t h e number o f s u b s e q u e n t 
S r - e x c h a n g e s . W i t h a r a t i o o f 0 . 1 7 , i l l i t e l a y e r s were u n s t a b l e 
w i t h r e s p e c t t o S r - e x c h a n g e . W i t h r a t i o s o f 1 o r m o r e , a n d w i t h 
t h e e x c e p t i o n o f t h e e x p e r i m e n t s c o n t a i n i n g i l l i t i c m a t e r i a l and 
p h l o g o p i t e , t h e s e s y s t e m s f o r m e d i l l i t e l a y e r s a t a r a t e e q u i v a l e n t 
t o , o r g r e a t e r t h a n , t h a t f o u n d f o r K - s m e c t i t e ( T a b l e I X ) . 

C o n c l u s i o n s 

The e x p e r i m e n t s i n d i c a t
r e a c t i o n s t h a t o c c u r a
c a n r e a r r a n g e c l a y 2 : 1 l a y e r s i n t o more s t a b l e c o n f i g u r a t i o n s , c a n 
s u b s t a n t i a l l y a l t e r s m e c t i t e s e l e c t i v i t y f o r c o m p e t i n g e x c h a n g e 
c a t i o n s , and c a n w e a t h e r s p a r i n g l y - s o l u b l e K - m i n e r a l s i n t h e 
p r e s e n c e o f s m e c t i t e . 

The e x p e r i m e n t s a l s o i n d i c a t e t h a t WD may be an i m p o r t a n t 
m e c h a n i s m f o r p r o d u c i n g I/S a t low t e m p e r a t u r e s i n n a t u r e b y a 
t r a n s f o r m a t i o n m e c h a n i s m ( 5 6 ) · The p e r c e n t a g e o f i l l i t e l a y e r s 
f o r m e d b y t h i s m e c h a n i s m i s p r o p o r t i o n a l t o t h e number o f WD c y c l e s , 
and t o t h e l a y e r c h a r g e o f t h e o r i g i n a l s m e c t i t e . S i m p l e K - e x c h a n g e 
d o e s n o t p r o d u c e s t a b l e i l l i t e l a y e r s i n s m e c t i t e ; t h e r e f o r e , t h e s e 
l a y e r s p r o b a b l y f o r m b y WD p r i o r t o d e p o s i t i o n i n s u b a q u e o u s 
e n v i r o n m e n t s . The e x c e p t i o n i s f o u n d i n h i g h pH e n v i r o n m e n t s where 
i l l i t e l a y e r s may f o r m w i t h o u t WD b y c h e m i c a l r e a c t i o n , a s has b e e n 
r e p o r t e d p r e v i o u s l y f o r a l k a l i n e l a k e s ( 6 4 , 6 5 ) . 

I l l i t e l a y e r s f o r m r e l a t i v e l y q u i c k l y by WD (most i n l e s s t h a n 
20 WD c y c l e s ) , and t h e r e a c t i o n r a t e i s n o t a f f e c t e d g r e a t l y b y 
c h a n g e s i n s o l u t i o n c o m p o s i t i o n s o r t e m p e r a t u r e s t h a t a r e t y p i c a l o f 
n e a r - s u r f a c e e n v i r o n m e n t s . T h u s , t h a t w h i c h has b e e n s t u d i e d i n t h e 
l a b o r a t o r y a l s o may o c c u r a b u n d a n t l y i n n a t u r e . 

The f i x a t i o n o f Κ i s e x p e c t e d t o o c c u r w h e r e v e r s m e c t i t e and 
K - m i n e r a l s a r e s u b j e c t e d t o t h e w e t t i n g and d r y i n g p r o c e s s . T h i s 
p r o c e s s o c c u r s , f o r e x a m p l e , i n s o i l s , d e l t a s , f l o o d p l a i n s , and 
p l a y a s . T h u s , t h e p a t t e r n s o f r e a c t i o n d e s c r i b e d h e r e c o u l d be u s e d 
g e o l o g i c a l l y i n s t u d i e s o f s e d i m e n t c o r e s t o d i s c o v e r when a l a k e 
was d r y , o r t o f i n d t h e s u r f a c e o f a f l u c t u a t i n g , a n c i e n t w a t e r 
t a b l e . F r o m a g e o c h e m i c a l p e r s p e c t i v e , WD c o n c e n t r a t e s Κ i n t h e 
u n s a t u r a t e d z o n e , w h e r e a s o t h e r c a t i o n s a r e r e l e a s e d t o g r o u n d 
w a t e r and s u r f a c e r u n o f f . A g r i c u l t u r a l l y , t h e WD p r o c e s s c a n f r e e 
Κ f r o m s p a r i n g l y s o l u b l e K - m i n e r a l s , and t h e n s t o r e i t w i t h v a r y i n g 
d e g r e e s o f a v a i l a b i l i t y i n e x p a n d i n g c l a y , w i t h a v a i l a b i l i t y 
d e p e n d i n g on s m e c t i t e - l a y e r c h a r g e and o n t h e a n g l e o f t e t r a h e d r a l 
r o t a t i o n . A v a i l a b i l i t y a l s o may be i n f l u e n c e d b y f a c t o r s o t h e r 
t h a n t h o s e i n v e s t i g a t e d i n t h e s e e x p e r i m e n t s , f a c t o r s s u c h a s 
h e t e r o g e n e o u s l a y e r - c h a r g e d i s t r i b u t i o n ( 6 6 ) , and t h r e e - d i m e n s i o n a l 
o r d e r i n g o f t h e 2 : 1 l a y e r s ( 6 7 , 6 8 ) . F i n a l l y , WD s h o u l d be 
c o n s i d e r e d i n t h e d e s i g n o f s w e l l i n g c l a y b a r r i e r s u s e d t o c o n t a i n 
t o x i c c h e m i c a l and r a d i o a c t i v e w a s t e s , b e c a u s e t h e p r o c e s s c o u l d 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



14. EBERL ET AL. Potassium Fixation in Smectite 323 

T a b l e I X . P e r c e n t a g e o f I l l i t e L a y e r s F o u n d i n N a - K i n n e y S u b j e c t e d 

t o 1 0 0 W e t t i n g a n d D r y i n g C y c l e s i n t h e P r e s e n c e o f a P o t a s s i u m 

M i n e r a l a t 6 0 ° C 

I l l i t e l a y e r s (7o) 

R a t i o o f w e i g h t No S r - e x c h a n g e 1 S r - e x c h a n g e 

R e f e r e n c e P o t a s s i u m K - M i n e r a 1 t o 

N u m b e r M i n e r a l W e i g h

7 0 M i c r o c l i n e 0 . 1 7 
1 9 i 

0 

71 1 . 0 0 NA 4 3 

72 5 . 0 0 4 8 4 0 

73 M u s c o v i t e 0 . 1 7 2 5 0 

7 4 1 . 0 0 NA 3 7 

7 5 5 . 0 0 4 7 N A 

76 G l a u c o n i t e 0 . 1 7 3 0 0 

77 1 . 0 0 NA 3 7 

78 P h l o g o p i t e 0 . 1 7 2 8 0 

7 9 1 . 0 0 NA 3 1 

8 0 I l l i t i c 0 . 1 7 3 0 0 

8 1 m a t e r i a l 1 . 0 0 NA 2 4 

N o t a n a l y z e d . 
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c a u s e b a r r i e r s t o c r a c k , o r , a t l e a s t , t o l o s e some o f t h e i r 
a b s o r p t i v e p r o p e r t i e s . 

A c k n o w l e d g m e n t s 

We t h a n k C . V . C l e m e n c y , R . G r i m , J . Hower , D . M o r g a n , a n d t h e 
S m i t h s o n i a n I n s t i t u t i o n f o r s u p p l y i n g s a m p l e s . The p a t i e n t 
h e l p o f E r i c S t e n z e l i n c o n d u c t i n g numerous w e t t i n g a n d d r y i n g 
c y c l e s i s a p p r e c i a t e d . R i g e l L u s t w e r k r a n many o f t h e o x y g e n 
i s o t o p e a n a l y s e s . Gene W h i t n e y and L e n S c h u l t z r e v i e w e d t h e 
o r i g i n a l m a n u s c r i p t and o f f e r e d h e l p f u l s u g g e s t i o n s f o r i t s 
i m p r o v e m e n t . V . A . D r i t s r e v i e w e d a l a t e r v e r s i o n and o f f e r e d many 
p e n e t r a t i n g comments . J a n S r o d o n t h a n k s t h e U . S . G e o l o g i c a l S u r v e y 
f o r s u p p o r t i n g h i m as a v i s i t i n g e x c h a n g e s c i e n t i s t w h i l e t h i s s t u d y 
was c a r r i e d o u t . 
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Potass ium-Calcium Exchange Equil ibria 
in Aluminosilicate Minerals and Soils 

Keith W. T. Goulding 
Rothamsted Experimental Station, Harpenden, Herts AL5 2JQ, England 

Potassium-calcium exchange equilibria in some selected 
layer sil icate minerals and soils were studied using 
exchange isotherms and microcalorimetry  Groups of 
homogeneous exchang
enthalpies of C
types. These, in turn, were tentatively associated with the 
surfaces of mica (one type of s i te) , hydrous mica or illite 
(three types of s i te) , vermiculite (one type of s i te) , and 
montmorillonite (three types of s i te) . If the 
identification is correct, the method can be used to 
estimate the amount of each mineral in a clay or soil and 
thus more precisely determine clay composition. 

Plants take up the potassium (K) they require from the soil 
solution. Very l i t t l e Κ is present in this form, however, perhaps 
5-10 kg ha"1 in the surface soil (0-20 cm). Almost a l l of the Κ 
in soil is adsorbed on the surfaces of soil colloids, chiefly on 
aluminosilicate minerals; very l i t t l e Κ is held on organic 
materials (see below). In temperate soi ls , about 500 kg Κ ha~l 
i s present in this exchangeable form in topsoil , and i t is 
released into solution by a simple cation exchange reaction. By 
far the greatest proportion of Κ in soils of temperate regions, 
80-99% or 2-50 Mg ha~l, i s held within the interlayers of 
partially-weathered and unweathered mica minerals, and within the 
crystal structure of feldspars. Although the term 
1 nonexchangeable' is widely used for this K, this is not s t r ic t ly 
correct. The Κ is exchangeable, but only very slowly. It i s 
released into more available forms - exchangeable or solution Κ -
by slow weathering, which again involves cation exchange in the 
case of micas. 

The release of Κ into solution from the solid phase is 
important in plant nutrition, and i t has been extensively studied 
at Rothamsted as at other agricultural research stations 
throughout the world. We have been interested in the process both 
from the practical standpoint of determining the availabili ty of Κ 
to crops, and from the more fundamental view of understanding i ts 
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adsorp t i on and re l ease p r o p e r t i e s and the nature o f the sur faces 
and s i t e s on which Κ i s adsorbed. We have thus examined both the 
e q u i l i b r i a and k i n e t i c s o f Κ exchange. Because ca l c ium (Ca) i s 
the dominant c a t i o n i n most B r i t i s h a g r i c u l t u r a l s o i l s , we have 
concentrated on K/Ca exchange. A l s o , s o i l s are mul ticomponent 
systems, c o n t a i n i n g a l u m i n o s i l i c a t e ( p h y l l o s i l i c a t e s o r l a y e r 
l a t t i c e c l a y s , e t c . ) and organ ic exchangers. To determine 
something o f the c o n t r i b u t i o n o f each component to the exchange 
c h a r a c t e r i s t i c s o f a s o i l we have the re f o re examined K/Ca exchange 
r e a c t i o n s on s o i l s and on some o f the i n d i v i d u a l a l u m i n o s i l i c a t e s 
most commonly found i n the c l a y f r a c t i o n s o f temperate s o i l s . 

P.W. Arno ld ( K 3 ) was an e a r l y p ioneer o f the work a t 
Rothamsted. The present research programme was begun by 0. 
Ta l ibudeen ( 4 - 6 ) , w i t h whom I began c o l l a b o r a t i o n i n 1974. Th i s 
paper summarises our r e s u l t s and my more recent work on exchange 
e q u i l i b r i a ( 4 -16 ) . 

M a t e r i a l s 

The s o i l s and c l a y s used i n the work were descr ibed i n f u l l i n the 
o r i g i n a l r epor ts ( 7 ,11 -16 ) . The s o i l s used were taken 
c h i e f l y from long-term experiments on p l a n t n u t r i t i o n a t 
Rothamsted and a t exper imental s t a t i o n s and farms throughout 
B r i t a i n . Those o f c o n t r a s t i n g mineralogy and c o n s t i t u t i o n were 
s e l e c t ed where p o s s i b l e and a l s o those t h a t had been subjected to 
d i f f e r e n t f e r t i l i z e r and cropping sequences, and which the re f o re 
had very d i f f e r e n t Κ contents and exchange c h a r a c t e r i s t i c s . 
G e n e r a l l y , the whole , untreated s o i l s were examined but a l s o , i n 
one case , the va r i ous p a r t i c l e s i z e separa tes . 

The a l u m i n o s i l i c a t e s examined were chosen as end members o f 
those groups o f p h y l l o s i l i c a t e s t ha t commonly occur i n s o i l s : 
muscovite and b i o t i t e m i c a , F i t h i a n and Mor r i s i l l i t e , Montana 
v e r m i c u l i t e , m o n t m o r i l l o n i t e s from Upton (Wyoming b e n t o n i t e ) , Camp 
Be r t eau , R e d h i l l and New Mex ico , and k a o l i n i t e s from S t . A u s t e l l , 
Eng land, and Georg i a , U .S .A . 

Methods 

E q u i l i b r i a . Po tass ium-ca lc ium exchange e q u i l i b r i a were s tud i ed 
us ing standard exchange isotherm techniques and by the 
m i c r o c a l o r i m e t r i c measurement o f e n t h a l p i e s o f exchange; the 
methods were descr ibed i n f u l l by Goulding and Tal ibudeen (_7). 
E s s e n t i a l l y the s o i l s and c l a y s were sa tura ted w i th Ca and the 
e n t h a l p i e s o f Ca •* 2K exchange measured a t 303K by adding 
success i ve 5 μΐ a l i q u o t s o f 0.5 M KC1 to a suspension o f about 50 
peq o f the s o l i d i n 2-5 ml water i n an LKB Batch m i c r o c a l o r i m e t e r . 
An i n j e c t i o n system f i t t e d to the c a l o r i m e t e r , desc r ibed by 
Tal ibudeen e t a l . (8) and M in te r and Tal ibudeen (9), g r e a t l y 
speeded up the experimental work. The entha lpy measured a f t e r 
each step was summed to g i v e the i n t e g r a l enthalpy o f exchange 
( Δ Η Χ ) , and the ra t e o f change o f t h i s w i th Κ s a t u r a t i o n was the 
d i f f e r e n t i a l enthalpy o f exchange, d U H x ) / d x ( F i gure 1 ) . The 
Δ Η Χ : Κ s a t u r a t i o n r e l a t i o n s h i p appeared to be a s e r i e s o f 
s t r a i g h t l i n e s r a the r than a smooth c u r v e . Thus, the de r i ved 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



G O U L D I N G Potassium-Calcium Exchange Equilibria 

0.2-1.0 urn Wyoming Bentonite 

(kJ eq- 1) 

0 0.25 0.50 0.75 1.0 

Fractional K saturation (x) 

F igure 1. In teg ra l ( Δ Η χ ) and d i f f e r e n t i a l ( d ( A H x ) / d x ) 
e n t h a l p i e s o f Ca -+ 2K (I) and 2K + Ca (0) exchange on Wyoming 
benton i te as a func t i on o f the f r a c t i o n a l Κ s a t u r a t i o n o f the 
exchange c a p a c i t y . 
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d U H x ) / d x : K s a t u r a t i o n r e l a t i o n s h i p became a s e r i e s o f sharp 
steps ( F i gure 1 ) . To show i f t h i s was t r u l y the c a s e , and to 
ob ta in the best f i t f o r the d a t a , the Rothamsted Maximum 
L i k e l i h o o d Program (17) was used to f i t and compare a l i n e a r 
s p l i n e ( s p l i t l i n e ) w i th several smooth curves ( q u a d r a t i c , 
e x p o n e n t i a l , exponent ia l p lus l i n e a r ) . In a l l the cases r e f e r r e d 
to here , the l i n e a r s p l i n e gave the s t a t i s t i c a l l y b e t t e r f i t . The 
ex ten t o f exchange f o l l ow ing each i n j e c t i o n was determined 
separa t e l y i n a sca led-up v e r s i o n o f the c a l o r i m e t e r exper iment . 
The two procedures a l lowed a l l the thermodynamic parameters o f 
c a t i o n exchange to be c a l c u l a t e d f o l l ow ing the procedure o f Gaines 
and Thomas ( 1 8 J . The usual working standard s t a t e s were used: 
the homoionic exchanger i n e q u i l i b r i u m w i th a s o l u t i o n o f the 
s a t u r a t i n g c a t i o n o f cons tant i o n i c s t reng th (0 .1M) , and an idea l 
s o l u t i o n a t u n i t m o l a r i t y . In t h i s paper, on l y the d i f f e r e n t i a l 
e n t h a l p i e s o f exchange, de f ined above, and the standard f ree 
energy U G 0 ) , en tha lpy (ΔΗ 0 ) , and entropy (àS0) o f exchange 
are c ons i d e r ed . The l a t t e r func t i ons represent the i n t e g r a t i o n 
over the whole exchang
s t r eng th and o rde r , r e s p e c t i v e l y , when changing from a 
Ca/water/sol i d to a 2K/water/sol i d system. 

Resu l t s and D i s c u s s i o n 

Al urn i no s i 1 i c ate m i n e r a l s . Standard free energ ies o f Ca -*· 2K 
exchange, AG0, were always nega t i v e , showing t h a t a l l o f the 2:1 
p h y l l o s i l i c a t e m ine ra l s (he rea f t e r descr ibed s imply as c l a y s ) 
s t u d i e d , and the 1:1 m i n e r a l , k a o l i n i t e , were s e l e c t i v e f o r Κ over 
Ca (Table I ) . 

Table I. Standard f ree energ ies ( Δ 9 0 ) , e n t h a l p i e s (ΔΗ 0) and 
en t r op i e s (TAS 0 ) o f Ca + 2K exchange i n the s o i l s and 
p h y l l o s i l i c a t e m ine ra l s (From re ferences 7,15) 

Ma te r i a l Ca t i on exchange AG ΔΗ TAS( 

c a p a c i t y (Ca-forni) ' 

(^eq g" 1 ) 

Muscovite m i ca , <1 ym 60 
F i t h i a n i l l i t e , <2 urn 210 
Montana v e r m i c u l i t e , <2 ym 1200 
Wyoming b e n t o n i t e , 700 

0.2 - 1 urn 
St A u s t e l l kaol i n i t e , 

< 2 .5 Mm 60 

S e l e c t i v i t y decreased through the weathering sequence mica > 
i l l i t e = v e r m i c u l i t e > m o n t m o r i l l o n i t e . S e l e c t i v i t y f o r Κ over Ca 
has been asc r ibed to the low hyd ra t i on number and p o l a r i z a b i l i t y 
o f K (19), to wedge s i t e s a t the weathered edge o f c l a y 

kJ eq" 

-19.35 
-5 .10 
-5 .13 
-1 .32 

-10.48 
-9 .24 
-7 .67 
-5.96 

+8.87 
-4 .14 
-2 .54 
-4 .64 

-4.42 -9 .12 -4.70 
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c r y s t a l l i t e s (20, 21), and to the c h a r a c t e r i s t i c s o f the 
adso rp t i on s i t e g ene ra l l y [20_, 22 ) . For the s e r i e s o f c l a y s 
examined here , i t must r e f l e c t TTf ferences i n the adsorp t i on 
s i t e s , and t h e r e f o r e , i n the sur faces a t which exchange o c c u r s . 

Whi le AG0 i s a measure o f s e l e c t i v i t y , Δ Η 0 i s a measure 
o f bond s t r e n g t h . The change i n enthalpy r e f l e c t s the breakage 
and format ion o f a l l bonds i n the ion/water/c lay system ( i o n - i o n , 
i on -wa t e r , i o n - c l a y , w a t e r - c l a y , c l a y - c l a y , wa te r -wa te r ) . A 
negat ive (exothermic) enthalpy change i n going from Ca-*2K i m p l i e s 
s t ronger bonds i n the 2K/water/clay system than i n the 
Ca/water/clay system. As Spos i to (23J s t a t e s , thermodynamic 
q u a n t i t i e s cannot be i n t e r p r e t e d d i r e c t l y i n terms o f mo lecu la r 
s t r u c t u r e , nor be ass igned to any one component w i thout f u r the r 
nonthermodynamic ev idence . However, they can be seen to agree or 
d isagree w i th a p a r t i c u l a r model . The data here agree w i th 
S p o s i t o ' s (23) model o f i on exchange i n terms o f sur face 
complexes wïïTch i s based on x - r ay ( 2 4 J , i n f r a r e d ( 2 5 J , and 
neutron s c a t t e r i n g (26
adsorbed on 2:1 l a y e r s i l i c a t
complex w i th no so l v en t molecules between i t and the sur face 
func t i ona l group; the Κ i s he ld by i o n i c or cova i en t bonds o r some 
combinat ion o f the two. Good examples o f t h i s are the very s t a b l e 
K-mica and K-vermicu l i t e sur face complexes i n s o i l ( 24 ) . By 
compar ison, adsorbed Ca i s he ld by e l e c t r o s t a t i c bonïïs i n an outer 
sphere complex w i th a t l e a s t one water molecule between i t and the 
sur face func t i ona l group, e . g . the two- layer hydrate o f Ca-
m o n t m o r i l l o n i t e . 

The g rea te r bond s t reng th i n the K - c l ay system decreases i n 
the same order as the s e l e c t i v i t y f o r K, suggest ing a t f i r s t t h a t 
bond s t reng th c o n t r o l s s e l e c t i v i t y , as Brouwer e t a l . (27) 
s t a t e d . However, the data show the range o f e n t h a l p i e s to be very 
much l e s s than tha t o f f ree ene rg i e s , and tha t en t r op i e s exe r t a 
s trong i n f l u e n c e , e s p e c i a l l y i n the muscovite m i c a . The standard 
entropy change accompanying Ca + 2K exchange on the m i c a , 
expressed as TAS 0, i s p o s i t i v e , wh i l e tha t o f a l l the other 
c l a y s i s negat ive (Table I ) . Th i s i m p l i e s g rea te r order i n the Ca 
than the Κ system in m i c a , but v i c e versa f o r the o ther c l a y s . 
I t i s not easy i n such a complex system to dec ide which component 
o r components i s i n f l u e n c i n g the entropy changes most. The 
o v e r a l l order o f the system inc ludes t h a t o f the c l a y s u r f a c e s , 
the adsorbed c a t i o n s and the water molecules - both those 
assoc i a t ed w i th the c a t i o n s and those i n the free s o l u t i o n . 
Fo l l ow ing work o f PI ancon e t a l . (28) and Eberl and Srodon 
( t h i s volume) which showed how t h e ~ T : l l a y e r s o f Na-smect i tes 
r o t a t e and r e a l i g n on adsorbing Κ, I t h i n k tha t t h i s rea l ignment 
i s the p r i n c i p l e component o f entropy changes i n i l l i t e s , 
v e r m i c u l i t e s and smec t i t e s , g i v i n g them grea te r order on adsorbing 
K. In m i c a , no rearrangement i s p o s s i b l e , and the p r i n c i p a l 
component o f AS 0 i s the increased randomness i n d i s t r i b u t i o n o f 
adsorbed Κ over adsorbed Ca . 

D i f f e r e n t i a l en tha lp i e s o f exchange, p l o t t e d as a func t i on o f 
Κ s a t u r a t i o n , e x h i b i t a stepped charac t e r (F i gure 1 and Table I I ) . 
Th is can on ly r e f l e c t d i f f e r e n t types o f adsorp t i on s i t e s on the 
c l a y s u r f a c e s , the group o f s i t e s w i th the most negat i ve enthalpy 
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( those which b ind Κ most s t rong l y ) being comple te ly exchanged 
before Κ beg ins to f i l l the next group o f s i t e s . Only the 
muscovite mica conta ined a s i n g l e type o f exchange s i t e ( c f 29 ) , 
which was n a t u r a l l y a s c r i b ed to a mica- type s u r f a c e . The Ο . Ώ . pm 
Wyoming benton i t e conta ined a few s i t e s j u s t l i k e those i n the 
m i c a , but most l y conta ined s i t e s which b ind Κ weakly and which are 
a t t r i b u t e d to m o n t m o r i ! l o n i t i c su r f a c e s . The i l l i t e conta ined the 
mica- type s i t e s and a l so s i t e s w i th the same d i f f e r e n t i a l entha lpy 
as those found i n Wyoming b e n t o n i t e . These s i t e s were a s c r i b ed to 
micaceous and m o n t m o r i l l o n i t i c su r f a c e s . The F i t h i a n i l l i t e a l so 
conta ined a few s i t e s t h a t e x h i b i t e d a very l a r g e bonding s t r eng th 
and s e l e c t i v i t y f o r Κ over Ca and were not seen i n any o ther 
minera l or s o i l . Such s i t e s were a l so found by Brouwer e t a l . 
(2J_)9 and have r e c e n t l y been generated i n mon tmor i l l on i t e s by 
repeated we t t ing and dry ing and by charge r educ t i on ( 30 ) . 

I t i s very d i f f i c u l t to l i n k the observed groups o f s i t e s 
w i th known phys i ca l c h a r a c t e r i s t i c s o f the c l a y s w i th c e r t a i n t y . 
As Tal ibudeen (10) s t a t e s
to the i n t e r l a y e r , edge
t h a t B o l t e t a l . (22) and Schouwenberg and Schuf fe len (20) 
d i d , an i n t e r p r e t a t i o n tha t has become w ide l y accep ted . Several 
reasons can be adduced f o r the strong adsorp t i on o f Κ which 
i n v o l v e phys i ca l ( s p e c i f i c ) and charge (coulombic e f f e c t s ) . The 
occurrence o f severa l types o f s i t e s i n one sample c ou ld a l s o 
r e f l e c t i n t e r s t r a t i f i c a t i o n w i t h i n r e l a t i v e l y l a r g e c r y s t a l l i t e s 
(31) o r , as has r e c e n t l y been suggested by Nadeau e t a l . 
(3<Π, a random arrangement o f t h i n fundamental p a r t i c l e s . 
However, Maes e t a l . (30) thought t h a t there were ' i s l a n d s ' o f 
h i g h l y Κ s e l e c t i v e s i t e s corresponding to a c o l l a p s e d 10A core 
( i . e . wedge s i t e s ) i n t h e i r a l t e r e d ( i l l i t i z e d ) m o n t m o r i l l o n i t e . 
They a l s o thought t h a t the h i g h l y Κ s e l e c t i v e s i t e s i n i l l i t e were 
a t the edges o f c r y s t a l l i t e s . Th i s agrees w i th the c onc lus i ons o f 
Le Roux e t a l . (33) who, f o r Rb/Sr exchange on weathered 
m i cas , found theHRb (which behaves very much l i k e K) to be 
concentrated a t p a r t i c l e and step edges, a t c r a c k s , and , i n the 
case o f weathered b i o t i t e , a t boundaries o f v e r m i c u l i t e and mica 
zones (wedge zones ) . A l t o ge the r w i t h i n the f i v e c l a y s , s i x groups 
o f exchange s i t e s can be i d e n t i f i e d on the b a s i s o f s i m i l a r 
d i f f e r e n t i a l enthalpy va lues (Table I I ) . The means o f each group, 
except ing tha t o f -7 .4 k J e q -1 , are s i g n i f i c a n t l y d i f f e r e n t from 
each o t h e r . On the b a s i s o f the m ine ra l s i n which the s i t e groups 
are found, the s i x groups can be assoc ia t ed w i th four main types 
o f 2:1 l a y e r s i l i c a t e su r f a c e : micaceous, hydrous mica ( i l l i t i c ) , 
v e r m i c u l i t i c , and m o n t m o r i l l o n i t i c , as i n Table I I . Such an 
i d e n t i f i c a t i o n o f exchange s i t e s w i th s p e c i f i c minera l sur faces 
must be t e n t a t i v e i n the absence o f o ther suppor t ing d a t a , 
however. The present ' c l a s s i f i c a t i o n ' a l s o d i f f e r s somewhat from 
tha t g iven e a r l i e r (16_), because our ideas have changed as more 
data were c o l l e c t e d . 

Lf mica- type s i t e s are t r u l y i n d i c a t i v e o f mica s u r f a c e s , 
and so on f o r mon tmor i l l on i t e e t c . , then o f the c l a y s examined, 
on l y the mica cou ld be regarded as pure . The Montana v e r m i c u l i t e 
conta ined much m o n t m o r i l l o n i t e , the F i t h i a n i l l i t e conta ined mica 
and m o n t m o r i l l o n i t e , the Wyoming benton i t e conta ined some m i c a , 
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and the k a o l i n i t e a very small amount o f v e r m i c u l i t e / 
m o n t m o r i l l o n i t e . Extending the i n v e s t i g a t i o n to the <0.2 ym 
f r a c t i o n o f m o n t m o r i l l o n i t e s from Wyoming, R e d h i l l , Camp Berteau 
and New Mex ico , produced the same types o f s i t e as a l r eady found, 
p lus two more. These, being o f in te rmed ia te d i f f e r e n t i a l enthalpy 
va lue between mica and m o n t m o r i l l o n i t e , were, again t e n t a t i v e l y , 
a s soc i a t ed w i th hydrous mica sur faces (Table I I I ) . The 
d i f f e r e n t i a l enthalpy va lue o f -11 .7 found i n the New Mexico 
sample and grouped under 'm i ca ' i s perhaps a l i t t l e too negat ive 
f o r mica-type s i t e s and may r e f l e c t some other type o f s u r f a c e . 
A g a i n , i f the va r i ous s i t e groups do i n d i c a t e p a r t i c u l a r mineral 
s u r f a c e s , then on ly the Wyoming benton i te can be regarded as a 
pure m o n t m o r i l l o n i t e ; the o ther samples con ta in m i c a , v e r m i c u l i t e , 
e t c . (Table I I I and re ference 11 ) . 

Looking a t a s e r i e s o f kaôTinites from S t . A u s t e l l , Eng land, 
and Georg ia , U . S . A . , suggested tha t a l l o f them, even two reckoned 
pure accord ing to XRD and v i s c o s i t y measurements, conta ined a 
small amount o f 2:1 minera
t h e i r exchange c h a r a c t e r i s t i c
Using a c h a r a c t e r i s t i c exchange c a p a c i t y , the amount o f charge 
occupied by the va r i ous ' i m p u r i t i e s ' was converted i n t o a 
percentage compos i t ion by weight (7_9 U_9 12 ) . I f such a 
procedure i s c o r r e c t , i t o f f e r s a means o T ^ u a n t i t a t i v e l y 
assess ing very small amounts o f ' i m p u r i t i e s ' tha t have an exchange 
c a p a c i t y i n m i n e r a l s . C e r t a i n l y there was s e m i - q u a n t i t a t i v e 
agreement between the amount o f ' i m p u r i t y ' i n the k a o l i n i t e s 
c a l c u l a t e d from enthalpy measurements and by x - r ay data (Table 
IV ) . Fur the r v e r i f i c a t i o n o f the technique was prov ided by 

A r k c o l l e t a l (13) who used i t to i d e n t i f y small amounts o f 
mica and hydrous mica as the source o f h i t h e r t o unexpla ined Κ 
reserves i n some s t r ong l y weathered B r a z i l i a n s o i l s . However, 
c o n c l u s i v e v e r i f i c a t i o n r equ i r e s a d e t a i l e d comparison o f entha lpy 
and x - ray data on the same m a t e r i a l s us ing the most modern XRD 
t echn iques . 

S o i l s . The s o i l s examined conta ined the same groups o f exchange 
s i t e s as those found i n the c l a y s (Table V, and re ferences 14 
and 15 ) . For some s o i l s the sur faces i d e n t i f i e d corresponded 
exactTy to the c l a y minera logy determined by X-ray d i f f r a c t i o n 
(XRD). For example, a sample o f the Worcester s e r i e s conta ined 
60-70% mica and 20-30% c h l o r i t e i n i t s c l a y f r a c t i o n accord ing to 
XRD, and the measured enthalpy o f Ca + 2K exchange showed on ly 
mica su r f a c e s . However, the c l a y compos i t ion o f o ther s o i l s as 
determined by d i f f e r e n t i a l e n t h a l p i e s , d i d not complete ly agree 
w i th t h a t determined by XRD. Assuming t h a t , f o r example, the 
mica-type sur faces i d e n t i f i e d by d i f f e r e n t i a l e n t h a l p i e s 
correspond to a mica c l a y i d e n t i f i e d by XRD, then i n these l a t t e r 
s o i l s , sur faces have been a l t e r e d by weathering and by c oa t ings o f 
organic ma te r i a l , ox ides and hydrox ides . 

When Κ f e r t i l i z e r s are added to s o i l , some o f the Κ i s used 
by crops but much i s adsorbed on ex te rna l exchange s i t e s i n the 
s o i l and even more on s l ow ly exchangeable s i t e s . From the 
d i s c u s s i o n above on types o f exchange s i t e s , one would expect t h a t 
these r es idues o f Κ would absorb on Κ s e l e c t i v e s i t e s , and t h u s , 
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Table V. Groups o f exchange s i t e s i n some s o i l s as 
d i s t i n g u i s h e d by d i f f e r e n t i a l en tha lp i e s o f Ca 2K 
exchange. (From re ferences 14,15) 

S o i l D i f f e r e n t i a l entha lpy va lues (kJ eq - 1 ) 

Vermic . Mica Hydrous mica M o n t m o r i l l o n i t e 

Batcombe N i l - 1 2 . 9 - - - -
PK - - - 9 . 7 - - 7 . 0 
NPK - - - - 8 . 6 - - 6 . 7 
FYM -17 .3 -11 .5 - - - 7 . 6 

Becc les N i l - 1 2 . 3 - - 9 . 8 - - - 6 . 7 
PK - -10 .8 - - 8 . 1 
FYM - - 10 .0 - - - -

Andover - - 11 .
Hanslope - - 10 .
Newport - 12 .2 -10 .1 - - - -
Worcester - - 10 .8 - -

s o i l s t r ea t ed w i t h Κ f e r t i l i z e r would show a decrease i n o r an 
absence o f Κ s e l e c t i v e s i t e s i n comparison w i th the untreated 
s o i l . There i s a decrease i n Κ s e l e c t i v i t y ( f ree energy) and Κ 
b ind ing s t r eng th (enthalpy ) (Table V and F i gure 2) i n the samples 
o f s o i l t r ea ted w i th Κ (the PK, NPK and Farm Yard Manure (FYM) 
s o i l s ) over those not g iven Κ (the N i l s o i l s ) , but no g rea t 
d i f f e r ence i n the order o f the systems ( en t ropy ) . The decrease i n 
Κ pre ference and b ind ing s t r eng th i s over the whole o f the 
exchange s i t e s , however, and does not c o n s i s t merely o f the 
decrease i n o r d isappearance o f Κ s e l e c t i v e s i t e s . A s imple 
c o l l a p s e o f frayed-edge o r wedge type K - s e l e c t i v e s i t e s would a l so 
be expected to cause a change i n en t rop i es which i s not seen, and 
a decrease i n CEC which i s not apparent . I t appears t h a t 
adsorp t i on and f i x a t i o n o f Κ i n f i e l d s o i l over a long t ime (> 100 
years ) causes changes to sur faces f a r more complex than those 
observed i n l a b o r a t o r y experiments on c l a y s and s o i l s . Looking a t 
the N i l ( u n f e r t i l i z e d ) and PK or NPK (mineral f e r t i l i z e d ) p l o t s o f 
the Batcombe and Becc les s o i l s i n Table Y shows t h a t Κ has changed 
vermicul i t e -1 ike s i t e s i n t o m i c a - l i k e and hydrous m i c a - l i k e s i t e s . 
Perhaps t h i s i s i n d i c a t i v e o f reverse weathering ( c f 34 ) . 
Another p o s s i b i l i t y i s t h a t adsorp t i on o f a monovalent c a t i o n , i n 
t h i s case K + , causes some c l a y d i s p e r s i o n and some movement o f 
c l a y ( e s p e c i a l l y those p a r t i c l e s w i th Κ s e l e c t i v e s i t e s ) down the 
p r o f i l e ( 35 ) . 

In c o n t r a s t to the e f f e c t o f Κ from mineral f e r t i l i z e r s , 
organic matter a f f e c t s f ree ene rg i e s , e n t h a l p i e s and e n t r o p i e s , 
and sometimes i n a very complex way. In the Becc les s o i l l i s t e d 
i n Table V, o rgan ic r es idues decreased Κ pre ference by decreas ing 
Κ b ind ing s t r eng th and by i n c r e a s i n g d i s o r d e r . In the Batcombe 
s o i l , the l a r g e organic r es idues i n the s o i l from the FYM (Farm 
Yard Manure) t r ea t ed p l o t g r e a t l y reduced Κ pre ference and 
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- 2 0 r 

d(AH )/dx 
(kJ eq-1) 

- 1 5 h Nil 

- 1 0 FYM 
.i PK 

" 5 h NPK 

0l 
0 0.2 0.4 0.6 

Fractional K saturation (x) 

F igure 2. The d i f f e r e n t i a l enthalpy o f Ca + 2K exchange 
(d(>H x/dx) as a f unc t i on o f f r a c t i o n a l Κ s a t u r a t i o n fo r the 
Batcombe s e r i e s s o i l s from var i ous p l o t s o f the Broadbalk 
C l a s s i c a l Experiment a t Rothamsted. 

appeared to cause a r eve rsa
enthalpy curves (F i gur
be f i l l e d before those tha t bound Κ more s t r o n g l y . Th i s sharp l y 
c o n t r a s t i n g behaviour has not y e t been examined f u r t h e r . The 
d i f f e r e n c e s between the two s o i l s cou ld be because ( i ) exchange 
f i r s t takes p lace on organic exchange s i t e s which b ind Κ on l y 
weakly but which are favoured by entropy changes, ( i i ) the organ ic 
m a t e r i a l , w h i l e not d i r e c t l y invo l ved i n the exchange, coa ts 
minera l sur faces b l o c k i n g some o f the exchange s i t e s . There may 
a l s o be some e f f e c t o f the decomposit ion o f organic matter on c l a y 
weather ing . 

Entropy changes show an increase i n order over a l l the 
exchange when Κ i s adsorbed, an increase so l a r g e t h a t the 
Batcombe s o i l t r ea t ed w i th FYM p re f e r s Ca . Th is may r e f l e c t the 
c h a r a c t e r i s t i c s o f organic exchange s i t e s , but i t c ou ld a lso 
r e f l e c t the b l o ck ing a c t i o n o f organic m a t e r i a l s . Other workers 
have suggested tha t organic ma te r i a l b locks exchange s i t e s (36, 
37 ) , and the d e s t a b i l i z a t i o n o f c l ay-Ca-organic br idges by 
monovalent c a t i o n s has been noted before [38). C e r t a i n l y the Κ 
on the p l o t s r e c e i v i n g FYM on some Rothamsted C l a s s i c a l 
Experiments has been observed as r e a c t i n g d i f f e r e n t l y , namely 
being 'more a v a i l a b l e ' , be fore ( 39 ) . 

G e n e r a l l y , c l a y minera l content was the most important f a c t o r 
determining Κ s e l e c t i v i t y i n s o i l , w i t h weather ing , f e r t i l i z e r s and 
organic r es idues a f f e c t i n g s e l e c t i v i t y through t h e i r modi fy ing 
e f f e c t s on mineral su r f a c e s . 

Conc lus ions 

Potass ium-ca lc ium exchange e q u i l i b r i u m s t u d i e s , i n v o l v i n g 
p a r t i c u l a r l y the measurement o f d i f f e r e n t i a l en tha lp i e s o f 
exchange, q u a n t i t a t i v e l y i d e n t i f y types o f c a t i o n exchange s i t e s 
i n s o i l s and p h y l l o s i l i c a t e m ine ra l s which can be i n t e r p r e t e d in 
terms o f m i c a , hydrous m i c a , v e r m i c u l i t e and montmor i l1oni te 
s u r f a c e s . Combined w i th XRD and other a n a l y t i c a l t e chn iques , such 
sur face measurements prov ide a means o f more p r e c i s e l y determining 
minera l c ompos i t i on , and of examining the e f f e c t s o f weathering 
and of v a r i ous coa t ings on the sur faces o f a l l a l u m i n o s i l i c a t e 
m ine ra l s w i th an exchange c a p a c i t y . At t h i s stage i t i s not 
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p o s s i b l e to i d e n t i f y c o n c l u s i v e l y the va r i ous types o f s i t e s w i th 
known phys i ca l c h a r a c t e r i s t i c s o f a l uminos i l i c a t e s , p a r t i c u l a r l y 
because charge d ens i t y (coulombic) e f f e c t s w i l l a l so be a strong 
force i n determining s e l e c t i v i t y . However, the mass o f evidence 
po in t s to the ex i s t ence o f ( i ) a few h i g h l y Κ s e l e c t i v e , s p e c i f i c 
s i t e s which b ind Κ s t r o n g l y a t p a r t i c l e and step edges, a t c r a c k s , 
and around i s l a n d s o f 10A cores i n weathered micas ( i l l i t e s ) ; ( i i ) 
s i t e s on the sur faces o f m i c a s , which are very Κ s e l e c t i v e because 
o f en t rop i e e f f e c t s but which do not b ind Κ e s p e c i a l l y s t r o n g l y ; 
( i i i ) s i t e s o f in te rmed ia te Κ s e l e c t i v i t y on i l l i t i c and 
v e r m i c u l i t i c su r f a c e s ; ( i v ) s i t e s o f low Κ s e l e c t i v i t y on ex te rna l 
p lanar s i t e s on m o n t m o r i l l o n i t i c su r f a c e s . 

I t has o f ten been argued tha t c l a y m ine ra l s cannot be used as 
models f o r s o i l s i n sur face chemistry because s o i l c l a y s are too 
heterogeneous and impure. The work repor ted here shows t h a t , f o r 
both e q u i l i b r i u m and k i n e t i c s t u d i e s , s tandard al uminos i l i c a t e s 
are useful models f o r s o i l s . 
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Adsorption of Metal Ions and Complexes 
on Aluminosilicate Minerals 

B. A. Goodman 
The Macaulay Institute for Soil Research, Craigiebuckler, Aberdeen AB9 2QJ, Scotland 

Adsorption of metal ions and complexes on the various 
types of aluminosilicate mineral is briefly reviewed 
along with contribution
methods to understandin
species. A knowledge of the chemical forms of adsorbed 
species is an important preliminary to any 
understanding of their reactivities in either natural 
or artificial situations and, although significant 
progress has been made in some systems, there is 
clearly still a great deal of work necessary in order 
to characterize fully the environments of many 
adsorbed species. Examples of the types of reaction 
that may be carried out specifically by 
metal-exchanged clays are given and serve as 
illustrations of the importance of such species in 
natural systems and of the tremendous potential that 
such systems have in performing novel chemical 
reactions. 

The s u r f a c e s o f many a l u m i n o s i l i c a t e m i n e r a l s c a r r y a c h a r g e a n d i n 
o t h e r c a s e s r e a c t i v e c e n t r e s may e x i s t . Any s u r f a c e c h a r g e i s 
u s u a l l y c o m p e n s a t e d by a s s o c i a t i o n w i t h , o f t e n i n v o l v i n g a d s o r p t i o n 
o f , e q u i v a l e n t amounts o f i o n s o f o p p o s i t e c h a r g e a n d s u c h 
a d s o r p t i o n p r o c e s s e s a r e o f p a r t i c u l a r i m p o r t a n c e f o r c l a y m i n e r a l s 
( w h i c h h a v e h i g h s u r f a c e a r e a s ) i n n a t u r a l s y s t e m s . C l a y m i n e r a l s 
p l a y a m a j o r r o l e i n r e g u l a t i n g t h e m o b i l i t y o f i o n s w i t h b o t h 
b e n e f i c i a l a n d t o x i c p r o p e r t i e s i n s o i l s and w a t e r s and t h e n a t u r e 
o f t h e a d s o r b e d s p e c i e s c a n h a v e a n i n f l u e n c e o n t h e p h y s i c a l a n d 
c h e m i c a l p r o p e r t i e s o f t h e c l a y . T h e r e f o r e , a n u n d e r s t a n d i n g o f 
a d s o r p t i o n p r o c e s s e s and t h e n a t u r e o f t h e s p e c i e s a d s o r b e d o n 
c l a y s i s o f g r e a t i m p o r t a n c e i n many a r e a s o f s c i e n c e r a n g i n g f r o m 
t h e c h e m i c a l a n d a g r i c u l t u r a l i n d u s t r i e s , t h r o u g h e n v i r o n m e n t a l 
s c i e n c e t o t h e e n g i n e e r i n g a n d c o n s t r u c t i o n i n d u s t r i e s . 

T h e o r e t i c a l m o d e l s o f a d s o r p t i o n h a v e b e e n r e v i e w e d a l o n g w i t h 
t h e a d s o r p t i o n o f m e t a l i o n s , c o m p l e x f o r m a t i o n and t h e i n f l u e n c e o f 
s u r f a c e p r o p e r t i e s o f t h e a d s o r b e n t and s o l u t i o n pH o n a d s o r p t i o n 
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© 1986 American Chemical Society 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16. G O O D M A N Adsorption on Aluminosilicate Minerals 343 

p r o c e s s e s i n a p r e v i o u s ACS p u b l i c a t i o n ( 1 ) . S o r p t i o n p r o c e s s e s c a n 
t a k e a number o f f o r m s , w i t h t h e b r o a d e s t d i s t i n c t i o n b e i n g w h e t h e r 
t h e r e i s c h e m i c a l r e a c t i o n w i t h t h e m i n e r a l s u r f a c e , i . e . 
c h e r a i s o r p t i o n , o r n o t , i n t h e c a s e o f p h y s i s o r p t i o n . I n a d d i t i o n 
p r e c i p i t a t i o n may o c c u r o n t h e s o l i d s u r f a c e w i t h t h e r e s u l t a n t 
3 - d i m e n s i o n a l g r o w t h o f a new m o l e c u l a r s p e c i e s . The p r o b l e m o f 
d i s t i n g u i s h i n g b e t w e e n a d s o r p t i o n a n d s u r f a c e p r e c i p i t a t i o n i s 
d i s c u s s e d by S p o s i t o ( t h i s v o l u m e ) a n d w i l l n o t be c o n s i d e r e d i n 
d e t a i l h e r e . H o w e v e r , i n o r d e r t o i m p r o v e o u r u n d e r s t a n d i n g o f 
a d s o r p t i o n p r o c e s s e s we n e e d k n o w l e d g e o f t h e c h e m i c a l n a t u r e o f t h e 
s i t e s a t w h i c h a d s o r p t i o n o c c u r s a n d t h e i r v a r i a t i o n s w i t h e x t e r n a l 
c o n d i t i o n s , e s p e c i a l l y p H . A l s o , s i n c e s o l u t i o n s r a r e l y h a v e a 
s i m p l e c o m p o s i t i o n , i n f o r m a t i o n i s r e q u i r e d o n t h e c h e m i c a l f o r m s o f 
s p e c i e s i n s o l u t i o n and t h o s e a d s o r b e d o n t o m i n e r a l s i n a d d i t i o n t o 
t h e amounts o f m e t a l s i n v o l v e d . T h i s i s a f o r m i d a b l e t a s k a n d one 
t h a t c a n n o t be a c h i e v e d b y c o n v e n t i o n a l a p p r o a c h e s . I n a number o f 
s p e c i f i c c a s e s , h o w e v e r , a g r e a t d e a l o f i n f o r m a t i o n c a n be o b t a i n e d 
f r o m a v a r i e t y o f s p e c t r o s c o p i
f o c u s a t t e n t i o n on some e x a m p l e

S p e c t r o s c o p i c t e c h n i q u e s e x i s t t h a t c o v e r v i r t u a l l y t h e 
c o m p l e t e e n e r g y r a n g e o f e l e c t r o m a g n e t i c r a d i a t i o n a n d most h a v e 
some p o t e n t i a l v a l u e i n s t u d i e s o f s u r f a c e a d s o r p t i o n . I n o r d e r o f 
i n c r e a s i n g e n e r g y t h e v a r i o u s t e c h n i q u e s m e n t i o n e d i n t h i s r e v i e w 
a r e n u c l e a r m a g n e t i c r e s o n a n c e (NMR) , e l e c t r o n s p i n o r p a r a m a g n e t i c 
r e s o n a n c e (ESR o r E P R ) , e l e c t r o n s p i n d o u b l e r e s o n a n c e (ENDOR) a n d 
e l e c t r o n s p i n e c h o m o d u l a t i o n ( E S E M ) , i n f r a - r e d ( IR ) a n d Raman 
s p e c t r o s c o p y , p h o t o a c o u s t i c a n d u l t r a - v i o l e t ( U V ) - v i s i b l e 
s p e c t r o s c o p y , p h o t o e l e c t r o n s p e c t r o s c o p y a n d M o s s b a u e r s p e c t r o s c o p y . 
NMR i s c o n c e r n e d w i t h t r a n s i t i o n s b e t w e e n n u c l e a r s p i n s t a t e s 
( u s u a l l y + 1/2) i n a n e x t e r n a l m a g n e t i c f i e l d a n d p r o v i d e s 
i n f o r m a t i o n on t h e c h e m i c a l e n v i r o n m e n t o f t h e n u c l e u s . B o t h s o l i d s 
a n d l i q u i d s c a n be s t u d i e d , a l t h o u g h i n t h e f o r m e r c a s e i t i s u s u a l 
t o s p i n t h e s a m p l e r a p i d l y a t t h e " m a g i c a n g l e " ( 5 4 . 7 ° ) t o r emove 
a n i s o t r o p i c e f f e c t s a n d p r o d u c e s o l u t i o n - l i k e i n f o r m a t i o n . ESR i s 
s i m i l a r i n p r i n i p l e t o NMR e x c e p t t h a t t r a n s i t i o n s a r e o b s e r v e d 
b e t w e e n e l e c t r o n s p i n s t a t e s , t h e c h e m i c a l e n v i r o n m e n t ( s ) o f 
u n p a i r e d e l e c t r o n ( s ) b e i n g p r o b e d . ENDOR i s e s s e n t i a l l y a 
c o m b i n a t i o n o f ESR a n d NMR i n t h a t a n u c l e a r r e s o n a n c e t r a n s i t i o n i s 
o b s e r v e d w h i l s t p e r f o r m i n g a n e l e c t r o n r e s o n a n c e e x c i t a t i o n . ESEM 
i s a l s o r e l a t e d t o ESR s p e c t r o s c o p y a n d i n t h i s c a s e t h e e l e c t r o n 
s p i n e c h o i s m o d u l a t e d by a s e r i e s o f p u l s e s t o p r o d u c e a d e c a y 
c u r v e whose s h a p e i s d e t e r m i n e d by t h e n a t u r e o f n e i g h b o u r i n g a n d 
n e x t - n e a r e s t - n e i g h b o u r a t o m s . A l l o f t h e s e s p i n r e s o n a n c e t e c h n i q u e s 
a r e a m e n a b l e t o t h e s t u d y o f s o l i d a n d l i q u i d s a m p l e s . IR a n d Raman 
s p e c t r o s c o p y a r e c o n c e r n e d w i t h m o l e c u l a r v i b r a t i o n s a n d IR 
s p e c t r o s c o p y i n p a r t i c u l a r h a s w i d e - r a n g i n g a p p l i c a t i o n s I n t h e 
c h a r a c t e r i z a t i o n o f s u r f a c e g r o u p s ( p a r t i c u l a r l y OH) a n d a d s o r b e d 
m o l e c u l e s ( p a r t i c u l a r l y o r g a n i c ) . T r a n s i t i o n s i n v o l v i n g v a l e n c e 
e l e c t r o n s o c c u r i n t h e U V - v i s i b l e a n d n e a r IR r e g i o n s o f t h e 
s p e c t r u m a n d t h e r e a r e many i n s t a n c e s where s p e c i e s h a v e a b s o r p t i o n s 
a t t h e s e f r e q u e n c i e s t h a t a r e s e n s i t i v e e n o u g h t o be o f v a l u e i n 
s o r p t i o n s t u d i e s . A g a i n l i q u i d - a n d s o l i d - s t a t e s a m p l e s c a n be 
i n v e s t i g a t e d , t h e l a t t e r a l s o b e i n g a m e n a b l e t o s t u d y by 
p h o t o a c o u s t i c s p e c t r o s c o p y . X - r a y p h o t o e l e c t r o n s p e c t r o s o p y (XPS ) 
p r o b e s t r a n s i t i o n s i n v o l v i n g i n n e r - s h e l l e l e c t r o n s . I t h a s 
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a p p l i c a t i o n s t o a l a r g e number o f e l e m e n t s and a l s o p r o v i d e s 
i n f o r m a t i o n on t h e i r c h e m i c a l n a t u r e , m a k i n g i t a v a l u a b l e t e c h n i q u e 
i n s o r p t i o n s t u d i e s . I t i s , h o w e v e r , l i m i t e d t o s o l i d - s t a t e 
i n v e s t i g a t i o n s a n d t h e I n s e r t i o n o f t h e s a m p l e i n t o a h i g h vacuum 
c r e a t e s p o s s i b l e d i f f i c u l t i e s i n r e l a t i n g r e s u l t s t o p r a c t i c a l 
s i t u a t i o n s . M o s s b a u e r s p e c t r o s c o p y i s c o n c e r n e d w i t h t r a n s i t i o n s 
b e tween n u c l e a r g r o u n d a n d e x c i t e d s t a t e s , t h e e n e r g y o c c u r r i n g i n 
t h e " t f - r a y r e g i o n o f t h e e l e c t r o m a g n e t i c s p e c t r u m . I n p r a c t i c e t h e 
e x c i t i n g r a d i a t i o n i s o b t a i n e d by m o d u l a t i n g b y a D o p p l e r v e l o c i t y 
t h e e n e r g y o f r a d i a t i o n e m i t t e d by a n u c l e u s d e c a y i n g f r o m i t s 
e x c i t e d t o g r o u n d s t a t e , t h e e x c i t e d s t a t e n u c l e u s b e i n g g e n e r a t e d 
by d e c a y o f a s u i t a b l e r a d i o a c t i v e p r e c u r s o r . I n f o r m a t i o n i s 
p r o v i d e d on t h e c h e m i c a l e n v i r o n m e n t o f t h e n u c l e u s b u t o n l y s o l i d 
m a t e r i a l s c o n t r i b u t e t o a s p e c t r u m . I n t h e c o n v e n t i o n a l a p p r o a c h o f 
u s i n g t h e unknown m a t e r i a l a s a b s o r b e r M o s s b a u e r s p e c t r o s c o p y i s 
v e r y l i m i t e d i n i t s a p p l i c a t i o n s t o s o r p t i o n p r o c e s s e s . I t i s a n 
i n s e n s i t i v e m e t h o d o f t e n r e q u i r i n g many h o u r s ( o r e v e n d a y s ) t o 
p r o d u c e a s i n g l e s p e c t r u
t h e o n l y i s o t o p e s u i t a b l
s o r p t i o n s t u d i e s i n v o l v i n g t h e r a d i o a c t i v e s o u r c e n u c l e u s c a n be 
p e r f o r m e d w i t h much g r e a t e r s e n s i t i v i t y a n d e x a m p l e s o f t h e u s e o f 
C o - 5 7 a n d S b - 1 1 9 a r e g i v e n i n t h e c h a p t e r b y Ambe e t a l . ( t h i s 
v o l u m e ) . F u r t h e r d e t a i l s o f t h e v a r i o u s m e t h o d s a r e b e y o n d t h e s c o p e 
o f t h i s a r t i c l e a n d t h e i n t e r e s t e d r e a d e r i s r e f e r r e d t o some o f t h e 
v e r y many t e x t s i n t h e c h e m i c a l l i t e r a t u r e . 

The n a t u r e o f c l a y s u r f a c e s 

As f a r a s a d s o r p t i o n p r o p e r t i e s a r e c o n c e r n e d , a l u m i n o s i l i c a t e 
m i n e r a l s may be d i v i d e d i n t o 3 g e n e r a l g r o u p s : -
( i ) e x p a n d i n g l a y e r s t r u c t u r e s , s u c h a s s m e c t i t e s , w h i c h c a n 
g r e a t l y i n c r e a s e t h e i r s u r f a c e a r e a o n s o l v a t i o n a n d w h i c h g e n e r a l l y 
c a r r y a n e g a t i v e c h a r g e o v e r a v e r y w i d e r a n g e o f p H s , 
( i i ) c a g e s t r u c t u r e s , s u c h a s z e o l i t e s , w h i c h h a v e i n t e r n a l 
s u r f a c e s a c c e s s i b l e o n l y t o i o n s o r m o l e c u l e s b e l o w a c e r t a i n s i z e , 
a n d 
( i i i ) s t r u c t u r e s whose a d s o r p t i o n p r o p e r t i e s a r e d e t e r m i n e d s o l e l y 
by t h e c h e m i c a l n a t u r e s o f t h e i r s u r f a c e s . 

The s u r f a c e c h a r g e o f a l u m i n o s i l i c a t e m i n e r a l s may a r i s e 
e i t h e r f r o m i s o m o r p h o u s c a t i o n s u b s t i t u t i o n w i t h i n t h e s t r u c t u r e , 
w h i c h i s pH i n d e p e n d e n t , o r by p r o t o n a t i o n / d e p r o t o n a t i o n r e a c t i o n s 
a t o x i d e / h y d r o x i d e s u r f a c e g r o u p s w h i c h i s pH d e p e n d e n t . The f o r m e r 
m e c h a n i s m I s g e n e r a l l y c o n s i d e r e d t o d o m i n a t e i n s m e c t i t e m i n e r a l s , 
w h e r e a s t h e l a t t e r may a l s o be i m p o r t a n t i n z e o l i t e s . T h e 
d e t e r m i n a t i o n o f s u r f a c e c h a r g e c a n s o m e t i m e s p r e s e n t p r o b l e m s , 
e s p e c i a l l y w i t h m i n e r a l s t h a t h a v e a l o w n e t c h a r g e . The p r i n c i p a l 
d i f f i c u l t i e s i n t h e s e c a s e s a r i s e f r o m e i t h e r t h e p r e s e n c e o f s m a l l 
amounts o f u n d e t e c t e d i m p u r i t i e s o f m i n e r a l s w i t h h i g h s u r f a c e 
c h a r g e o r f r o m p a r t i a l d e c o m p o s i t i o n o f t h e m i n e r a l d u r i n g t h e 
e x p e r i m e n t . B o t h s i t u a t i o n s h a v e b e e n r e p o r t e d f o r k a o l i n m i n e r a l s 
u n d e r d i f f e r e n t c i r c u m s t a n c e s . T h u s B o l l a n d e t a l . , h a v e shown 
t h a t , u n l e s s a c c o u n t i s t a k e n o f d i s s o l u t i o n o f s t r u c t u r a l A l , t h e 
n e g a t i v e c h a r g e o n k a o l i n i t e s u r f a c e s c a n be m i s t a k e n l y a t t r i b u t e d 
t o a n o x i d e - l i k e s o u r c e . I n c o n t r a s t w i t h a number o f n a t u r a l 
k a o l i n s L Im e t a l . , (J3) c o n c l u d e d , o n t h e b a s i s o f x - r a y d i f f r a c t i o n 
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(XRD) and c h e m i c a l e x t r a c t i o n p r o c e d u r e s , t h a t much o f t h e o b s e r v e d 
c a t i o n e x c h a n g e c a p a c i t y ( C E C ) a r i s e s f r o m s m e c t i t e i m p u r i t i e s , t h e 
e x t e r n a l s u r f a c e CEC o f k a o l i n i t e r a n g i n g f r o m 0 - 1 meq/100 g . 

The a s s e s s m e n t o f s u r f a c e a r e a may s o m e t i m e s p r e s e n t 
d i f f i c u l t i e s , e . g . w i t h s m e c t i t e s N 2 a d s o r p t i o n m e a s u r e m e n t s g r o s s l y 
u n d e r e s t i m a t e t h e a r e a t h a t i s e x p o s e d i n s o l u t i o n when t h e l a y e r s 
a r e f u l l y e x p a n d e d . I n a n a t t e m p t t o o v e r c o m e t h i s p r o b l e m a s i m p l e 
t h e o r e t i c a l m o d e l h a s r e c e n t l y b e e n d e v e l o p e d (b) f o r d e r i v i n g 
d o u b l e - l a y e r p o t e n t i a l s f o r t h e c l a y - s o l u t i o n i n t e r f a c e f r o m c o - i o n 
e x c l u s i o n m e a s u r e m e n t s . T h e r e s u l t s o f t h i s work s u g g e s t t h a t t h e 
s u r f a c e s o f m o n t m o r i l l o n i t e a n d I l l i t e h a v e c o n s t a n t p o t e n t i a l s a n d 
do n o t b ehave l i k e c o n s t a n t - c h a r g e s u r f a c e s a s i s g e n e r a l l y a s s u m e d . 

The c h a r a c t e r i z a t i o n o f a c i d i c s i t e s on s o l i d s u r f a c e s 
r e p r e s e n t s a f u n d a m e n t a l p r o b l e m i n m i n e r a l c h a r a c t e r i z a t i o n . T o t a l 
c o n c e n t r a t i o n s c a n be d e t e r m i n e d by t i t r a t i o n , b u t t h i s d o e s n o t 
d i s t i n g u i s h b e t w e e n B r o n s t e d a n d L e w i s a c i d s i t e s . By t h e a d s o r p t i o n 
o f b a s e s , s u c h a s p y r i d i n e , t h e s e s i t e s c a n be d i s t i n g u i s h e d by IR 
s p e c t r o s c o p y ( 5 ) , b u t
r e q u i r i n g t h e d e t e r m i n a t i o
m e c h a n i c a l c a l c u l a t i o n s h a v e r e c e n t l y b e e n u s e d (6) i n a n a t t e m p t t o 
r a t i o n a l i z e t h e i n t e r a c t i o n m e c h a n i s m s o f s u r f a c e h y d r o x y l g r o u p s o f 
t h e L e w i s a c i d t y p e w i t h a d s o r b e n t m o l e c u l e s i n z e o l i t e s a n d 
amorphous a l u m i n o s i l i c a t e s , a n d some p a p e r s h a v e b e e n p u b l i s h e d 
w h i c h d e m o n s t r a t e t h e u s e o f NMR s p e c t r o s c o p y i n r e s o l v i n g t h i s t y p e 
o f p r o b l e m . F o r e x a m p l e , N - 1 5 NMR u n d e r c o n d i t i o n s o f c r o s s 
p o l a r i z a t i o n a n d " m a g i c a n g l e " s p i n n i n g c a n d i s t i n g u i s h t h e B r o n s t e d 
and L e w i s a c i d s i t e s by t h e s y s t e m a t i c d i s p l a c e m e n t o f N - 1 5 e n r i c h e d 
p y r i d i n e by u n e n r i c h e d n - b u t y l a m l n e ( £ ) · S i l y l a t i o n f o l l o w e d by 
S i - 2 9 NMR h a s b e e n u s e d a s a p r o b e o f t h e s u r f a c e h y d r o x y l g r o u p s o f 
s i l i c a ( 8 , 9 ) a n d c o u l d p r e s u m a b l y a l s o be u s e d w i t h m i n e r a l h y d r o x y l 
s u r f a c e s . H o w e v e r , IR s p e c t r o s c o p y i s t h e t e c h n i q u e t h a t h a s b e e n 
u s e d most f r e q u e n t l y ( e . g . 1 0 , 1 1 ) i n t h e c h a r a c t e r i z a t i o n o f s u r f a c e 
h y d r o x y l g r o u p s i n m i n e r a l s . 

E x p e r i m e n t a l i n f o r m a t i o n on t h e o r i g i n a n d n a t u r e o f s i t e s f o r 
a d s o r p t i o n on t h e s u r f a c e s o f m i n e r a l s c a n be o b t a i n e d f r o m ESR 
i n v e s t i g a t i o n s o f a d s o r b e d p a r a m a g n e t i c i o n s . F o r e x a m p l e , t h e 
r e s u l t s f r o m C u ( I I ) a n d M n ( I I ) e x c h a n g e d k a o l i n i t e , t a l c and 
p y r o p h y l l i t e ( 12 ) d e m o n s t r a t e t h a t m o s t o f t h e e x c h a n g e s i t e s a r i s e 
f r o m i o n i c s u b s t i t u t i o n s i n e a c h o f t h e m i n e r a l s . T h e d i p o l a r 
b r o a d e n i n g o f t h e Mn s p e c t r a was c o n s i s t e n t w i t h t h e d i v a l e n t 
e x c h a n g e i o n s b e i n g a b o u t 11 -12 Â a p a r t on t h e m i n e r a l s u r f a c e s . The 
Cu s p e c t r a a t l ow r e l a t i v e h u m i d i t y were o r i e n t a t i o n d e p e n d e n t w i t h 
t h e p r i n c i p a l a x i s p e r p e n d i c u l a r t o t h e p l a n e o f t h e c l a y s h e e t , 
s u g g e s t i n g t h a t t h e c a t i o n e x c h a n g e was n o t a s s o c i a t e d w i t h edge 
s i t e s . R e c e n t work o n t h e a d s o r p t i o n o f C d ( I I ) and C u ( I I ) on 
m o n t m o r i l l o n i t e i n t h e pH r a n g e 4 - 8 . 5 ( 13 ) h a s shown t h a t a t l o w 
l e v e l s o f m e t a l s , h o w e v e r , t h e pH d e p e n d e n c e a s s o c i a t e d w i t h 
a d s o r p t i o n I s r e v e r s i b l e a n d much l o w e r t h a n f o r o x i d e m i n e r a l s o r 
f o r p r e c i p i t a t i o n r e a c t i o n s . F r o m t h e s e m e a s u r e m e n t s i t was a r g u e d 
t h a t t h e a d s o r p t i o n o c c u r s p r e f e r e n t i a l l y a t t h e c o n s t a n t p o t e n t i a l 
e dge s i t e s i n t h i s pH r a n g e . 
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A d s o r p t i o n o f m e t a l i o n s on m i n e r a l s 

S e l e c t i v i t y o f a d s o r p t i o n c a n v a r y g r e a t l y a n d i s i n f l u e n c e d by a 
v a r i e t y o f f a c t o r s , t h e m o s t s i g n i f i c a n t b e i n g t h e c h a r g e a n d 
c h e m i c a l f o r m o f t h e a d s o r b a t e , t h e n a t u r e o f o t h e r i o n s i n t h e 
e x t e r n a l s o l u t i o n a n d t h e c h a r a c t e r o f t h e s u r f a c e o f t h e m i n e r a l 
u n d e r i n v e s t i g a t i o n . R e c o g n i t i o n o f t h e v a r i o u s f a c t o r s 
c o n t r i b u t i n g t o t h e a d s o r p t i v i t y i s i m p o r t a n t i n u n d e r s t a n d i n g a n d 
i n t e r p r e t i n g e x p e r i m e n t a l r e s u l t s . T n t h i s s e c t i o n , s e l e c t e d 
e x a m p l e s f r o m t h e l i t e r a t u r e w i l l be p r e s e n t e d a s i l l u s t r a t i o n s o f 
t h e d e v e l o p m e n t o f o u r k n o w l e d g e on a d s o r p t i o n p r o c e s s e s . 

E x c h a n g e i s o t h e r m s h a v e b e e n p r o d u c e d ( 14 ) f o r s e v e r a l 
d i v a l e n t c a t i o n s w i t h Na m o n t m o r i l l o n i t e a n d f o u n d t o be v i r t u a l l y 
i d e n t i c a l a t c o n s t a n t pH ( 5 . 5 ) . T h e r e a c t i o n s were s t o i c h i o m e t r i c 
a n d r e v e r s i b l e when t h e e q u i v a l e n t f r a c t i o n o f t h e t r a c e m e t a l i n 
t h e e x c h a n g e p h a s e was < 0 . 7 , and t h e s e l e c t i v i t y c o e f f i c i e n t was 
f o u n d t o v a r y w i t h t h e amount o f m e t a l i n t h e e x c h a n g e p h a s e . 
A l t h o u g h t h i s b e h a v i o u
shown s u b s e q u e n t l y t h a t
s o d i u m - t r a c e m e t a l c a t i o n e x c h a n g e p r o d u c e s a n e x c h a n g e r p h a s e o n 
m o n t m o r i l l o n i t e t h a t b e h a v e s a s a n i d e a l m i x t u r e ( 1 5 ) . When 
e x c h a n g i n g i o n s a r e o f u n e q u a l c h a r g e , i t h a s b e e n shown (JUS), f r o m 
an a n a l y s i s o f i o n e x c h a n g e d a t a , t h a t t h e f o r m a t i o n o f t a c t o i d 
s t r u c t u r e s may i n f l u e n c e s e l e c t i v i t y o f a d s o r p t i o n . I n t h i s l a t t e r 
work t h e d e g r e e o f d e v i a t i o n f r o m i d e a l m a s s - a c t i o n e x c h a n g e was 
r e l a t e d t o t h e d i s s i m i l a r i t y o f t h e i o n s u n d e r g o i n g e x c h a n g e a n d 
d a t a i n v o l v i n g t r i v a l e n t i o n a d s o r p t i o n on s m e c t i t e s s u g g e s t t h a t 
mass a c t i o n i s a p o o r a p p r o x i m a t i o n when t h e a d s o r b i n g and d e s o r b i n g 
i o n s h a v e d i f f e r e n t h y d r a t i o n e n e r g i e s and c h a r g e . No f o r m o f 
e x c h a n g e e q u a t i o n s u c c e s s f u l l y d e s c r i b e d I o n e x c h a n g e f o r a w i d e 
r a n g e o f e x p e r i m e n t a l c o n d i t i o n s , a l t h o u g h f l u c t u a t i o n o f t h e 
s e l e c t i v i t y c o e f f i c i e n t f o l l o w e d c o n s i s t e n t t r e n d s w i t h c h a n g i n g 
e x p e r i m e n t a l c o n d i t i o n s . T h e r e a r e a l s o c a s e s where i n d i v i d u a l 
m i n e r a l s show s t r o n g s p e c i f i c a d s o r p t i o n f o r a p a r t i c u l a r c a t i o n , 
e . g . h a l l o y s i t e h a s a h i g h s e l e c t i v i t y f o r Z n ( 1 7 , 1 8 ) . 

The n a t u r e a n d i o n i c s t r e n g t h o f t h e medium c a n e x e r t a 
s i g n i f i c a n t i n f l u e n c e on a d s o r p t i o n b e h a v i o u r , e . g . a d s o r p t i o n o f N i 
by k a o l i n i t e s d e c r e a s e d w i t h i n c r e a s i n g i o n i c s t r e n g t h , a l t h o u g h 
g r e a t e r a d s o r p t i o n o c c u r r e d w i t h N a - t h a n w i t h C a - s a t u r a t e d m i n e r a l s 
( 1 9 ) . When s u l p h a t e was t h e d o m i n a n t s o l u t i o n a n i o n , a d s o r p t i o n o f 
N i was d e p r e s s e d r e l a t i v e t o t h a t o b t a i n e d w i t h n i t r a t e . T h i s was 
e x p l a i n e d by t h e f o r m a t i o n o f n e u t r a l I o n p a i r s w i t h s u l p h a t e and 
t h e c o n s e q u e n t r e d u c t i o n i n a c t i v i t y o f t h e a d s o r b i n g s p e c i e s i n 
s o l u t i o n . A d s o r p t i o n o f u r a n i u m i n t h e f o r m o f u r a n y l i o n s by 
m o n t m o r i l l o n i t e h a s b e e n v a r i o u s l y r e p o r t e d a s r o u g h l y e q u a l t o t h e 
CEC o f t h e c l a y f o r n i t r a t e and a c e t a t e s o l u t i o n s ( 2 0 , 2 1 ) , t o 
a p p r o x i m a t e l y one h a l f o f t h e CEC f o r n i t r a t e s o l u t i o n s and v e r y 
much l e s s f o r s u l p h a t e s o l u t i o n s ( 2 2 ) . I s o t h e r m s f o r a d s o r p t i o n o f 
u r a n y l i o n s on m o n t m o r i l l o n i t e f r o m n i t r a t e s o l u t i o n s h a v e b e e n 
r e p o r t e d t o f o l l o w L a n g m u i r - t y p e c u r v e s w i t h i n c r e a s i n g U 
c o n c e n t r a t i o n s , a p p r o a c h i n g t h e CEC o f t h e c l a y a t maximum 
a d s o r p t i o n ( 2 3 ) . I n c o m p e t i t i o n w i t h a l k a l i a n d a l k a l i n e e a r t h i o n s , 
U was p r e f e r e n t i a l l y a d s o r b e d , t h e r e b e i n g a s t r o n g p r e f e r e n c e 
r e l a t i v e t o Na a n d Κ b u t a s m a l l e r p r e f e r e n c e o v e r Mg , Ca a n d B a . 
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The pH d e p e n d e n c e o f t h e a d s o r p t i o n o f Co o n m o n t m o r i l l o n i t e 
i n t h e pH r a n g e 5 - 6 h a s b e e n i n t e r p r e t e d ( 1 4 , 2 4 ) a s due t o t h e 
b e h a v i o u r o f s t r u c t u r a l h y d r o x y l g r o u p s on t h e c l a y o r t o h y d r o x y - A l 
c o m p o u n d s . I n o t h e r w o r k , a d s o r p t i o n o f C d , Co a n d S r o n t o 
m o n t m o r i l l o n i t e f r o m s o l u t i o n s w i t h w i d e l y d i f f e r e n t s a l t 
c o n c e n t r a t i o n s h a s b e e n i n v e s t i g a t e d i n t h e pH r a n g e 5 - 6 . 5 ( 2 5 ) . 
A d s o r p t i o n o f S r was c o n s i s t e n t w i t h a s i m p l e i o n e x c h a n g e p r o c e s s 
( 26 ) . A t m o d e r a t e t o h i g h s a l t c o n c e n t r a t i o n s ( > 0 . 0 1 M) t h e 
a d s o r b a b i l i t y o f Cd was l o w e r f r o m c h l o r i d e t h a n f r o m n i t r a t e 
s o l u t i o n s a s was t h e i n c r e a s e i n d i s t i b u t i o n c o e f f i c e n t w i t h 
i n c r e a s i n g p H , p o s s i b l y a s a r e s u l t o f t h e f o r m a t i o n i n s o l u t i o n o f 
c o m p l e x e s o f t h e t y p e C d C l ^ " " , w h i c h h a v e a l o w e r a f f i n i t y f o r t h e 
c l a y t h a n t h e f r e e s o l v a t e d i o n . A d s o r b a b i l i t y o f Cd a n d Co 
i n c r e a s e d w i t h i n c r e a s i n g p H , p a r t i c u l a r l y a t h i g h s a l t 
c o n c e n t r a t i o n s . T h e i r d i s t r i b u t i o n c o e f f i c e n t s d e c r e a s e d w i t h 
i n c r e a s i n g s a l t c o n c e n t r a t i o n s , b u t l e s s s h a r p l y t h a n t h a t o f S r . A t 
v e r y l ow l o a d i n g l e v e l s t h e r e was a d e c r e a s e i n d i s t r i b u t i o n 
c o e f f i c i e n t w i t h i n c r e a s e
s u g g e s t i n g t h a t 2 d i f f e r e n
a d s o r p t i o n o f b o t h Cd and C o . 

C o r a p l e x i n g l i g a n d s o f t e n , b u t n o t a l w a y s , a f f e c t t h e 
a d s o r p t i o n o f t r a c e m e t a l s o n m i n e r a l s u r f a c e s . F o r e x a m p l e , 
I n s k e e p and Baham ( 27 ) h a v e r e p o r t e d t h a t a d d i t i o n o f n a t u r a l w a t e r 
s o l u b l e o r g a n i c l i g a n d s f r o m f o r e s t l i t t e r , sewage s l u d g e o r s o i l 
h ad l i t t l e e f f e c t on Cd a d s o r p t i o n on m o n t m o r i l l o n i t e ( 2 7 ) , b u t 
F a r a h a n d P i c k e r i n g ( 2 8 ) f o u n d a s i g n i f i c a n t d i f f e r e n c e i n t h e 
a d s o r p t i o n o f Cd f r o m a l a n d f i l l l e a c h a t e a s c o m p a r e d t o t h a t f r o m 
p u r e s o d i u m n i t r a t e s o l u t i o n . The p r e s e n c e o f l i g a n d s c a u s e s t h e 
t h r e s h o l d p H , a t w h i c h p r e c i p i t a t i o n / s o r p t i o n o f h y d r o x y s p e c i e s 
o c c u r s , t o be s h i f t e d t o h i g h e r v a l u e s f o r Pb a n d Cd o n k a o l i n i t e , 
i l l i t e and m o n t m o r i l l o n i t e , t h e m a g n i t u d e o f t h e e f f e c t d e p e n d i n g o n 
t h e s t a b i l i t y o f t h e m e t a l - l i g a n d c o m p l e x ( 2 9 ) . N a t u r a l 
w a t e r - s o l u b l e o r g a n i c l i g a n d s p r o d u c e d a ma rked d e c r e a s e i n Cu 
a d s o r p t i o n on m o n t m o r i l l o n i t e w i t h i n c r e a s e d pH v a l u e s , i n c o n t r a s t 
t o t h e i n c r e a s e t h a t was o b s e r v e d i n t h e a b s e n c e o f o r g a n i c l i g a n d s 

( 27 ) . 
E x t e n s i v e m e a s u r e m e n t s h a v e b e e n made o f t h e i n f l u e n c e o f 

o r g a n i c l i g a n d s on t h e u p t a k e o f C u ( I I ) by k a o l i n i t e , i l l i t e a n d 
m o n t m o r i l l o n i t e ( 3 0 , 3 1 ) . W i t h k a o l i n i t e i n a l k a l i n e m e d i a t h e c l a y 
a c t s a s a n u c l e a t i o n s i t e f o r t h e f o r m a t i o n o f h y d r o x y - b r i d g e d 
c o p p e r s p e c i e s a n d t h e m a j o r r o l e o f many l i g a n d s i s t o " m a s k " t h i s 
p r e c i p i t a t i o n r e a c t i o n , s i n c e u n c h a r g e d and n e g a t i v e l y - c h a r g e d 
c o m p l e x e s a r e n o t a d s o r b e d t o any m e a s u r a b l e e x t e n t . When k a o l i n i t e 
was a l l o w e d t o come i n t o c o n t a c t w i t h t h e m e t a l p r i o r t o t h e 
a d d i t i o n o f t h e l i g a n d , t h e amount r e t a i n e d by t h e c l a y was g r e a t e r 
t h a n i f t h e i n i t i a l c o n t a c t was w i t h t h e l i g a n d o r t h e c o m p l e x . The 
a b s o r p t i v e c a p a c i t y o f k a o l i n i t e f o r c a t i o n s i n c r e a s e d w i t h pH up t o 
a l i m i t i n g v a l u e a t a b o u t pH 7 . O t h e r d i v a l e n t i o n s were f o u n d t o 
c o m p e t e w i t h Cu f o r a d s o r p t i o n s i t e s , e . g . w i t h 5 - f o l d e x c e s s o f Mg 
o r Ca t h e Cu a d s o r p t i o n f e l l t o 30% a n d 18%, r e s p e c t i v e l y , o f i t s 
o r i g i n a l l e v e l on Na m o n t m o r i l l o n i t e . The b e h a v i o u r o f i l l i t e was 
s i m i l a r t o t h a t o f k a o l i n i t e w i t h t h e c o n t r o l l i n g p r o c e s s a p p a r e n t l y 
t h e f o r m a t i o n o f p o l y m e r i c h y d r o x y s p e c i e s on p a r t i c u l a r s u r f a c e 
s i t e s o f t h e c l a y . The d e v e l o p m e n t o f h y d r o x y i o n s i s c o n t r o l l e d by 
t h e s o l u t i o n pH and i n h i b i t e d by c o m p l e x a t i o n w i t h t h e l i g a n d s . 
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Montmorillonite, in contrast, appeared to behave as an ion-exchanger 
with results being Interpreted in terras of competition between a l l 
positively charged solution species for the adsorption sites. 

The retention of Cu by allophane is enhanced by phosphate 
regardless of the sequence of Cu and phosphate adsorption, although 
Cu has been found to have no effect on the simultaneous and 
subsequent adsorption of phosphate on surface bound Cu (32). ESR 
results suggest that the Cu binds to surface A10H groups of the 
allophane irrespective of the presence of phosphate and i t was 
proposed that the enhanced Cu retention was the result of the 
formation of a ternary complex by the binding of phosphate to the 
axial position of the surface-bound Cu ion. 

The formation of polymeric metal ions on mineral surfaces 
readily occurs in nature and aluminosilicate clay minerals in their 
natural state are often associated with surface coatings of iron 
and/or aluminium oxides. Mossbauer spectroscopy has been used 
extensively in the identificatio
oxide species In mineral
carried out on the similar aluminium oxide species. However, the 
production of hydroxy-aluminium interlayers in expanding layer 
minerals, possibly involving the Al^O^OH^ 7"*" ion, has received 
considerable attention (34). The polymeric cations partially 
neutralize the charge of the aluminosilicate sheets, which, 
therefore, exhibit a reduced CEC, but at the same time the 
interlayer ions function as p i l l a r s which prevent the mineral from 
collapsing on heating. Thus structures resembling those of zeolites 
are formed and have attracted interest because of their molecular 
sieve and catalytic properties. Hydroxy-magnesium interlayers also 
occur extensively in phyllosilicates. Such interlayers can be 
prepared synthetically (35,36) by titrating MgCl and NaOH into a 
suspension of a layer s i l i c a t e mineral, although the extent of 
interlayer formation Is strongly dependent on pH and the nature of 
the mineral (37). 

Characterization of chemical forms of adsorbed metal ions 

Information on the nature of the chemical environment of trace metal 
ions adsorbed on clay minerals can be obtained by a number of 
spectroscopic methods, but the principal applications have used 
either XPS or ESR spectroscopy, or one of i t s related techniques, 
such as ENDOR and ESEM spectroscopy. 

With XPS i t is possible to obtain good analytical information 
on the amount of metal adsorbed and, in favourable cases, to 
identify the chemical form of that metal. Oxidation states are 
readily determined and It can be shown, for example, that adsorption 
of Co(II) on manganese oxides results in oxidation to Co(III) 
(38,39), whereas adsorption of Co(II) on zirconia and alumina leads 
to the formation of cobalt(II) hydroxide (40). With Y-type zeolites 
hexaaquacobalt(II) is adsorbed as Co(II), and cobalt(III) hexaamraine 
is adsorbed as Co(III). The XPS spectrum of Co(II) adsorbed on 
chlorite was consistent with the presence of the hexaaquacobalt(II) 
ion for pH 3-7 and indicated that no cobalt(II) hydroxide was 
present (41). With kaolinite and i l l i t e , Co i s adsorbed as Co(II) 
over the pH range 3-10 (39,42), i t being bound as the aqua Ion below 
pH 6 and as the hydroxide above pH 8. Measurements involving Pb have 
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shown t h a t a d s o r b e d P b ( I I ) on m o n t m o r i l l o n i t e r e m a i n s a s P b ( I I ) 
( 4 3 ) , w h e r e a s o x i d a t i o n t o P b ( I V ) o c c u r s on/3 - a n d δ - Μ η 0 2 ( 3 9 ) . 
R e s u l t s f r o m t h e a d s o r p t i o n o f C r ( I I I ) on c h l o r i t e , k a o l i n i t e a n d 
i l l i t e ( 44 ) i n d i c a t e t h a t t h e C r r e m a i n s a s C r ( I I I ) a n d t h a t t h e 
a d s o r b e d s p e c i e s i s t h e C r ( I I I ) a qua i o n a t pH v a l u e s b e l o w 4 a n d 
c h r o r a i u m ( I I I ) h y d r o x i d e a t pH v a l u e s a b o v e 6 . 

XPS i s a b l e t o d i s t i n g u i s h b e t w e e n m e t a l i o n s i n a m i n e r a l 
s t r u c t u r e and t h o s e a d s o r b e d on t h e s u r f a c e w i t h t h e same o x i d a t i o n 
s t a t e . As a n e x a m p l e , t h e Mg I s p h o t o e l e c t r o n - a n d A u g e r 
e l e c t r o n - s p e c t r a o f Mg m o n t m o r i l l o n i t e r e v e a l 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 t h e e l e c t r o n i c s t a t e s o f t h e e x c h a n g e a b l e a n d 
s k e l e t a l Mg ( 4 5 ) , t h e f o r m e r b e i n g s i m i l a r t o t y p i c a l i o n i c 
c o m p o u n d s , s u c h a s m a g n e s i u m f l u o r i d e , w h i l s t t h e l a t t e r r e s e m b l e s 
magnes i um o x i d e . 

XPS ha s g e n e r a l a p p l i c a t i o n s i n t h e s t u d y o f t r a c e m e t a l 
s p e c i e s on m i n e r a l s u r f a c e s . H o w e v e r , b e c a u s e m e a s u r e m e n t s h a v e t o 
be made u n d e r h i g h v a c u u m , t h e r e i s a l w a y s a q u e s t i o n a s t o t h e 
r e l a t i o n s h i p o f t h e s a m p l
u n d e r a q u e o u s c o n d i t i o n s
t h e i r n a t u r a l s t a t e and c h e m i c a l i n f o r m a t i o n i s o b t a i n e d f r o m b o t h 
s o l u t i o n and s o l i d p h a s e s . I n f o r m a t i o n o n t h e o r i e n t a t i o n o f 
a d s o r b e d s p e c i e s on t h e c l a y s u r f a c e s i s p r o v i d e d i n a d d i t i o n t o 
p r o b i n g t h e i r c h e m i c a l e n v i r o n m e n t s more s e n s i t i v e l y t h a n o t h e r 
methods f o r t h e s t u d y o f t r a c e c o m p o n e n t s . I n t h e s e c a s e s , t h o u g h , 
o n l y a s m a l l number o f p a r a m a g n e t i c i o n s c a n be i n v e s t i g a t e d a n d 
much o f t h e p u b l i s h e d ESR work i s c o n c e r n e d w i t h a d s o r p t i o n o f 
C u ( I I ) , a l t h o u g h t h e r e a r e r e p o r t s o f e x p e r i m e n t s w i t h o t h e r 
t r a n s i t i o n m e t a l i o n s . 

W i t h z e o l i t e s t h e n a t u r e o f t h e C u ( I I ) ESR s p e c t r a v a r i e s w i t h 
t h e d e g r e e o f h y d r a t i o n o f t h e m i n e r a l , a n d a r a n g e o f p a r a m e t e r s 
h a v e b e e n r e p o r t e d i n t h e l i t e r a t u r e . When N a - Y z e o l i t e s were 
e x c h a n g e d w i t h l o w c o n c e n t r a t i o n s o f C u ( I I ) a t a m b i e n t t e m p e r a t u r e 
and s h o r t e q u i l i b r i u m t i m e s ( 4 6 ) , h y d r a t e d C u ( I I ) i o n s were f o u n d i n 
t h e s u p e r c a g e s . R a p i d d e h y d r a t i o n l e a v e s t h e C u ( I I ) i o n s i n t h e 
s u p e r c a g e s where t h e y e x h i b i t d i s t i n c t i v e ESR p a r a m e t e r s , b u t s l o w 
d e h y d r a t i o n f o l l o w e d by p r o l o n g e d e v a c u a t i o n a l l o w s t h e C u ( I I ) t o 
m i g r a t e i n t o t h e s m a l l c a g e s , where t h e y e x h i b i t a d i f f e r e n t 
d i s t i n c t i v e s e t o f p a r a m e t e r s . T h e s e l a t t e r i o n s a r e t h e l a s t t o 
u n d e r g o r e d u c t i o n a t h i g h t e m p e r a t u r e . D i p o l a r c o u p l i n g b e t w e e n 
p a i r s o f C u ( I I ) i o n s i n Cu/Ce e x c h a n g e d Y - z e o l i t e s h a s a l s o b e e n 
i d e n t i f i e d i n ESR s p e c t r a ( 4 7 ) . The m a g n i t u d e o f t h i s d i p o l a r 
i n t e r a c t i o n p e r m i t s a c a l c u l a t i o n o f a 4 . 2 Â s e p a r a t i o n o f t h e i o n s 
and o x y g e n - b r o a d e n i n g e x p e r i m e n t s r e v e a l t h e p r e s e n c e o f t h e s e p a i r s 
i n t h e l a r g e c a v i t i e s o f t h e z e o l i t e l a t t i c e . 

No t a l l p a r a m a g n e t i c i o n s p r o d u c e a n ESR s p e c t r u m a n d , i n d e e d , 
w i t h many i o n s t h e a b i l i t y t o p r o d u c e a s p e c t r u m i s d e p e n d e n t u p o n 
t h e c h e m i c a l e n v i r o n m e n t o f t h a t i o n . By p e r f o r m i n g d o u b l e 
i n t e g r a t i o n s o f t h e 1 s t d e r i v a t i v e ESR s p e c t r a f r o m C u ( I I ) e x c h a n g e d 
Y - z e o l i t e w i t h v a r y i n g d e g r e e s o f d e h y d r a t i o n , C o n e s a a n d S o r i a ( 4 8 ) 
h a v e shown t h a t t h e r e i s a n ESR s p e c t r a l i n t e n s i t y min imum a t 1 0 0 ° C , 
w h i l e t h e m a g n e t i c s u s c e p t i b i l i t y m e a s u r e m e n t s show no c h a n g e i n 
p a r a m a g n e t i s m u n d e r t h e same c o n d i t i o n s . The e f f e c t was i n t e r p r e t e d 
as a r i s i n g f r o m l i n e b r o a d e n i n g o f C u ( I I ) i n t r i g o n a l s y m m e t r y . 
A n o t h e r d e c r e a s e i n i n t e n s i t y o c c u r r e d a t t e m p e r a t u r e s a b o v e 3 0 0 ° C , 
b u t i n t h i s c a s e i t was a c c o m p a n i e d by a s i m i l a r d e c r e a s e i n 
s u s c e p t i b i l i t y a n d c o r r e s p o n d e d t o a r e d u c t i o n o f C u ( I I ) t o C u ( I ) . 
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S m a l l amounts o f C u ( I I ) a d s o r b e d on g i b b s i t e a t l ow pH g a v e 
ESR s p e c t r a t h a t were c o n s i s t e n t w i t h t h e p r e s e n c e o f f r e e 
h e x a a q u a c o p p e r ( I I ) a n d a r i g i d - l i m i t component f r o m m o n o m e r i c C u ( I I ) 
o r i e n t e d w i t h i t s p r i n c i p a l a x i s p e r p e n d i c u l a r t o t h e ( 001 ) p l a n e o f 
t h e m i n e r a l ( 4 9 ) « R a i s i n g t h e pH a b o v e 5 r e s u l t e d i n a n i n c r e a s e i n 
t h e amount o f Cu a d s o r b e d b u t a d e c r e a s e i n t h e ESR s i g n a l i n t e n s i t y 
a s a r e s u l t o f t h e f o r m a t i o n o f c o p p e r h y d r o x i d e p o l y m e r s o n t h e 
m i n e r a l s u r f a c e . The f o r m a t i o n o f t h i s h y d r o x i d e p h a s e on g i b b s i t e 
o c c u r s 1 pH u n i t l o w e r t h a n t h e commencement o f p r e c i p i t a t i o n f r o m 
s o l u t i o n a n d i n d i c a t e s t h a t t h e g i b b s i t e s u r f a c e s p r o m o t e t h e c o p p e r 
h y d r o l y s i s , l o w e r i n g t h e a p p a r e n t s o l u b i l i t y o f t h e m e t a l . B e c a u s e 
IR r e s u l t s i n d i c a t e d t h a t t h e r e was no i n t e r a c t i o n b e t w e e n t h e 
c o p p e r and s u r f a c e h y d r o x y l s and no s e p a r a t e - p h a s e c o p p e r h y d r o x i d e 
c o u l d be d e t e c t e d by e l e c t r o n m i c r o s c o p y , i t was p r o p o s e d t h a t t h e 
a d s o r p t i o n o c c u r s a t t h e e d g e s o f c r y s t a l s t e p s on t h e ( 0 0 1 ) f a c e s 
where A 1 - 0 H a n d A 1 ( 0 H ) 2 g r o u p s a r e p r e s e n t . 

W i t h l a y e r s i l i c a t e s t r u c t u r e s , i t h a s b e e n shown ( 50 ) t h a t , 
when a m o n o l a y e r o f w a t e
C u ( I I ) h a s a x i a l s y m m et r
t h e s i l i c a t e l a y e r s . S u c h b e h a v i o u r i s e x h i b i t e d b y a r a n g e o f l a y e r 
s i l i c a t e s and i s i n d e p e n d e n t o f t h e o r i g i n o f t h e l a y e r c h a r g e , i . e . 
f r o m o c t a h e d r a l s u b s t i t u t i o n s i n h e c t o r i t e o r t e t r a h e d r a l 
s u b s t i t u t i o n s i n s a p o n i t e . W i t h two l a y e r s o f w a t e r i n t h e 
i n t e r l a y e r s p a c e , no a p p r e c i a b l e c h a n g e s w i t h o r i e n t a t i o n i n t h e 
s p e c t r a f r o m f i l m s o f t h e c l a y s were o b s e r v e d , a n d t h i s r e s u l t was 
i n t e r p r e t e d i n t e r m s o f t h e p r i n c i p a l a x i s o f t h e a d s o r b e d Cu b e i n g 
a l i g n e d a t a p p r o x i m a t e l y 4 5 ° t o t h e s i l i c a t e . H o w e v e r , w i t h s u c h 
r e s u l t s i t i s n o t p o s s i b l e t o d i s t i n g u i s h b e t w e e n t h i s t y p e o f 
p r e f e r e n t i a l a l i g n m e n t a n d t h e s i t u a t i o n where t h e r e i s no p r e f e r r e d 
o r i e n t a t i o n r e l a t i v e t o t h e c l a y s t r u c t u r e . D o p i n g C u ( I I ) i n t o Mg 
s m e c t i t e s , where t h e a i r - d r i e d s a m p l e s r e t a i n an i n t e r l a y e r o f t h r e e 
w a t e r m o l e c u l e s , p r o d u c e d ESR s p e c t r a t h a t d e m o n s t r a t e d t h a t Cu o n c e 
a g a i n a d o p t e d a p r e f e r e n t i a l a l i g n m e n t w i t h i t s p r i n c i p a l a x i s 
p e r p e n d i c u l a r t o t h e p l a n e o f t h e s i l i c a t e s h e e t s ( 5 1 ) . 

W i t h M n ( I I ) - e x c h a n g e d s m e c t i t e s , h a v i n g s i g n i f i c a n t amount s o f 
s t r u c t u r a l i r o n , d i p o l a r i n t e r a c t i o n s b e tween F e a n d Mn a n d b e t w e e n 
n e i g h b o u r i n g Mn i o n s r e s u l t i n l a r g e a n i s o t r o p i c l i n e w i d t h s ( 5 2 ) . 
I n h e c t o r i t e , w h i c h c o n t a i n s l i t t l e s t r u c t u r a l F e , d i p o l a r e f f e c t s 
c a n be m i n i m i z e d by d o p i n g s m a l l amounts o f Mn i n t o t h e Mg e x c h a n g e d 
f o r m . I t was f o u n d t h a t u n d e r f u l l y h y d r a t e d c o n d i t i o n s 
h e x a a q u a r a a n g a n e s e ( I I ) i o n s were p r e s e n t w i t h somewhat b r o a d e r l i n e s 
t h a n a r e f o u n d f o r f l u i d s o l u t i o n s a n d w h i c h were c o n s i s t e n t w i t h a n 
a p p r o x i m a t e l y 30% i n c r e a s e i n t i m e b e t w e e n c o l l i s i o n s w i t h w a t e r 
m o l e c u l e s ( 5 2 ) . L i n e w i d t h s i n c r e a s e d s i g n i f i c a n t l y on d r y i n g i n 
a i r , t h u s d e m o n s t r a t i n g t h a t t h e m o b i l i t y o f t h e i o n i s g r e a t l y 
d e c r e a s e d when t h e i n t e r l a y e r i s l i m i t e d t o two w a t e r m o l e c u l e s . 
D e h y d r a t i o n a t 200°C c a u s e d t h e Mn i o n s t o move i n t o h e x a g o n a l 
p o s i t i o n s i n t h e s i l i c a t e s t r u c t u r e a n d a s p e c t r u m t y p i c a l o f Mn i n 
c r y s t a l l i n e m a t r i c e s was o b s e r v e d . 

E x c h a n g e o f v a r y i n g q u a n t i t i e s o f t h e o x o v a n a d i u m ( I V ) i o n on 
Mg h e c t o r i t e r e s u l t e d i n h y d r o l y s i s o f V a t l ow l e v e l s o f a d s o r p t i o n 
( 5 3 ) . The h y d r o l y z e d p r o d u c t t h a t was a d s o r b e d o n t h e c l a y s u r f a c e 
was i n t e r p r e t e d a s h a v i n g a l i g a n d e n v i r o n m e n t t h a t was p a r t i a l l y 
a q u e o u s and p a r t i a l l y h y d r o x i d e i n n a t u r e . W i t h i n c r e a s i n g V 
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adsorption on wetted h e c t o r i t e the p a r t i a l l y hydrolyzed product was 
obscured by a spectrum from the solvated oxovanadium(IV) ion which 
had a linewidth greater than i n aqueous s o l u t i o n as a r e s u l t of 
r e s t r i c t e d m o b i l i t y . Under strongly dehydrating conditions the 
adsorbed V was observed to a l i g n with the p r i n c i p a l V=0 a x i s 
perpendicular to the plane of the c l a y p l a t e l e t s . 

ESR has a l s o been used i n the c h a r a c t e r i z a t i o n of species 
adsorbed on p i l l a r e d c l a y s , i . e . smectites with hydroxy-aluminium 
i n t e r l a y e r s . Adsorption of Cu(II) on hydroxy-aluminium h e c t o r i t e 
produced mobile hexaaquacopper(II) and Cu(II) cheraisorbed to 
d i s c r e t e s i t e s of the 0H-A1 interlayerÇ54)· The r a t i o of chemisorbed 
to mobile Cu increased with i n c r e a s i n g pH, but even at pH>7, when 
the s o l u b i l i t y product of copper(II) hydroxide was exceeded, 
cheraisorbed Cu(II) remained the dominant spec i e s . This i s i n 
complete contrast to the r e s u l t s with g i b b s i t e (49), where 
p r e c i p i t a t i o n of copper hydroxide was observed at pH>5. Spectra 
from a i r - d r i e d f i l m s showed that the Cu(II) had a x i a l symmetry with 
p r i n c i p a l axis perpendicula
higher pH, a spectrum
observed, suggesting a l i g a n d exchange mechanism f o r Cu(II) 
adsorption on the complex. With hydroxy-aluminium montmorillonite 
there was an i n c r e a s i n g c a p a c i t y f o r Na adsorption with i n c r e a s i n g 
pH (55) and Na was not d i s p l a c e d by adsorption of low l e v e l s of Cu, 
i n d i c a t i n g the existence of C u - s p e c i f i c s i t e s . In contrast to the 
h e c t o r i t e system, there was evidence of a hydroxy or hydroxy 
carbonate p r e c i p i t a t e analogous to the s i t u a t i o n with g i b b s i t e , 
although there was no g i b b s i t e detected i n t h i s system. ESR spectra 
showed the existence of a cheraisorbed species as w e l l as 
e l e c t r o s t a t i c a l l y bound hexaaquacopper(II), but rather unexpectedly 
the Cu could be s o l u b i l i z e d with ammonia only a f t e r e x t r a c t i o n with 
barium c h l o r i d e . 

The s p e c i f i c adsorption of Cu(II) and Co(II) by imogolite, an 
a l u m i n o s i l i c a t e mineral with tubular morphology of composition 
A l 2 S i 0 3 ( O H ) 4 , was found to be lower than f o r allophanes, which are 
r e l a t e d amorphous a l u m i n o s i l i c a t e materials covering a range of 
A l : S i r a t i o s . Cu adsorption on s y n t h e t i c allophanes was dependent 
on the S i : A l r a t i o ( i n c r e a s i n g with i n c r e a s i n g A l ) (56) but no 
c o n s i s t e n t e f f e c t was found with n a t u r a l a l l o p h a n i c c l a y s or f o r 
Co(II) adsorption. ESR spectra were i n t e r p r e t e d as i n d i c a t i n g that 
adsorption of monomeric Cu(II) occurred on an alumina-like surface, 
where OH was coordinated to a s i n g l e A l i o n and at a second type of 
s i t e , which was thought to be a s i n g l e SIOH or A10H group, with the 
d i s t r i b u i o n of Cu(II) between the s i t e s being dependent on the S i : A l 
r a t i o , pH and adsorbate concentrations, exposure of the adsorbed Cu 
to ammonia r e s u l t e d i n l i g a n d exchange and the formation of 
Cu(II)-NH 3 -surface complexes. With imogolite some Cu(II) was 
desorbed from the surfaces as tetraamminecopper(II) ions and 
desorption of both Cu(II) and Co(II) ions was r e a d i l y e f f e c t e d by 
complexation with EDTA or by competition with Pb(II) or protons. 

In the ESR spectra of adsorbed oxovanadium(IV) ions on 
minerals, information on the nature of the adsorbed species Is 
obtained from the g-values and V hyperfine coupling constants, but 
l i g a n d hyperfine s t r u c t u r e i s seldom, i f ever, observed. With ENDOR 
much smaller hyperfine s p l i t t i n g s can be observed than with ESR and 
i t i s p o s s i b l e to measure hyperfine coupling from nuclear spins i n 
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t h e n e i g h b o u r h o o d o f t h e p a r a m a g n e t i c c a t i o n . F o r e x a m p l e , p r o t o n 
s p l i t t i n g s f o r b o t h a x i a l a n d e q u a t o r i a l w a t e r a s s o c i a t e d w i t h 
o x o v a n a d i u m ( I V ) a d s o r b e d o n Y - z e o l i t e were f o u n d t o be s i m i l a r t o 
t h o s e f r o m t h e i o n i n s o l u t i o n , b u t i n t h e z e o l i t e t h e r e was no 
m a t r i x ENDOR p e a k , i n d i c a t i n g t h a t t h e V was s h i e l d e d f r o m 
i n t e r a c t i o n w i t h p r o t o n s o u t s i d e o f i t s 1 s t c o o r d i n a t i o n s p h e r e ( 5 7 ) , 
B e c a u s e t h e r e was no c l o s e a p p r o a c h o f b u l k w a t e r m o l e c u l e s , t h e 
c o m p l e x c o u l d n o t be i n t h e c e n t r e o f t h e s u p e r c a g e s u r r o u n d e d by 
one o r more s o l v e n t l a y e r s . A l s o , a l t h o u g h e v a c u a t i o n d i d n o t c a u s e 
a s i g n i f i c a n t c h a n g e i n t h e ESR s p e c t r u m ( 5 8 ) , t h e ENDOR s p e c t r u m 
l o s t i t s p r o t o n s i g n a l , a n d e x h i b i t e d a more c o m p l e x Na ENDOR 
s p e c t r u m ( 5 7 ) · T h i s r e s u l t showed t h a t o n d e h y d r a t i o n V l o s e s i t s 
a x i a l w a t e r m o l e c u l e a n d b i n d s t o f o u r o x y g e n s o f t h e z e o l i t e 
s t r u c t u r e , t h u s i l l u s t r a t i n g t h e t y p e o f c h e m i c a l c h a n g e t h a t c a n 
o c c u r i n a d s o r b e d s p e c i e s s i m p l y a s a r e s u l t o f d e h y d r a t i n g t h e 
s a m p l e . ENDOR s p e c t r a a r e more s e n s i t i v e t h a n ESR t o c h a n g e s i n 
s t r u c t u r e a n d t h e r e i s g r e a t v a l u e i n p e r f o r m i n g b o t h t y p e s o f 
m e a s u r e m e n t . 

The ESEM t e c h n i q u
s m a l l h y p e r f i n e i n t e r a c t i o n s a n d h a s t h e a d v a n t a g e o f p r o v i d i n g 
i n f o r m a t i o n on t h e number o f s p i n s r e s p o n s i b l e f o r a p a r t i c u l a r 
i n t e r a c t i o n i n a d d i t i o n t o d i s t i n g u i s h i n g i s o t r o p i c and d i p o l a r 
c o n t r i b u t i o n s t o t h e h y p e r f i n e c o u p l i n g c o n s t a n t s . A l t h o u g h a n a l y s i s 
o f t h e t i m e d o m a i n r e s u l t s c a n s o m e t i m e s p r e s e n t d i f f i c u l t i e s , 
s e v e r a l p a p e r s h a v e b e e n p u b l i s h e d o n t h e a p p l i c a t i o n o f ESEM t o t h e 
a d s o r p t i o n o f c a t i o n s on i n o r g a n i c s o l i d s . I c h i k a w a e t a l ( 59 ) h a v e 
shown t h a t C u ( I I ) i o n s e x c h a n g e d i n t o s i l i c a g e l a n d i n t e r a c t i n g 
w i t h ammonia o r w a t e r , h a v e o n l y two l i g a n d m o l e c u l e s i n t h e i r 
c o o r d i n a t i o n s p h e r e s . [ I t s h o u l d be n o t e d t h a t t h e C u ( I I ) e x c h a n g e d 
i n t o s i l i c a i s c o m p l e t e l y d i f f e r e n t t o t h a t a d s o r b e d o n t o s i l i c a 
g e l , whe re t h e h e x a a q u a c o p p e r ( I I ) s p e c i e s i s p r e s e n t . ] 

ESR and ESEM s t u d i e s o f C u ( I I ) i n a s e r i e s o f a l k a l i m e t a l 
i o n - e x c h a n g e d T l - X z e o l i t e s were a b l e t o d e m o n s t r a t e t h e I n f l u e n c e 
o f m i x e d c o - c a t i o n s on t h e c o o r d i n a t i o n a n d l o c a t i o n o f C u ( I I ) ( 6 0 ) . 
The p r e s e n c e o f T l ( l ) f o r c e s o f C u ( I I ) i n t o t h e « - c a g e t o f o r m a 
h e x a a q u a s p e c i e s , w h e r e a s Na a n d Κ r e s u l t i n t h e f o r m a t i o n o f 
t r i a q u a o r raonoaqua s p e c i e s . I n N a T l - X z e o l i t e , b o t h s p e c i e s a r e 
p r e s e n t w i t h t h e same i n t e n s i t y , i n d i c a t i n g t h a t b o t h c a t i o n s c a n 
i n f l u e n c e t h e l o c a t i o n a n d c o o r d i n a t i o n g e o m e t r y o f C u ( I I ) . T h e 
C u ( I I ) s p e c i e s o b s e r v e d a f t e r d e h y d r a t i o n o f T l - r i c h N a T l - X a n d 
K T 1 - X z e o l i t e s was a b l e t o i n t e r a c t w i t h e t h a n o l and DMSO a d s o r b a t e s 
b u t no s u c h i n t e r a c t i o n was o b s e r v e d w i t h C s T l - X z e o l i t e s . T h i s 
i n t e r a c t i o n w i t h p o l a r a d s o r b a t e s was i n t e r p r e t e d i n t e r m s o f 
m i g r a t i o n s o f t h e c o p p e r f r o m t h e / S - c a g e s . 

ESR s p e c t r o s c o p y c a n be u s e d w i t h a d s o r b e d p a r a m a g n e t i c i o n s 
t o s t u d y t h e l i q u i d a s s o c i a t e d w i t h m i n e r a l s u r f a c e s . C u ( I I ) a n d 
M n ( I I ) h a v e b e e n u s e d i n h i s t y p e o f i n v e s t i g a t i o n , a l t h o u g h 
d i f f i c u l t i e s a r e e n c o u n t e r e d w i t h o b s e r v i n g a r e s o n a n c e f r o m M n ( I I ) 
i n d i s t o r t e d e n v i r o n m e n t s . M e a s u r e m e n t s o f C u ( I I ) on s i l i c a a t room 
t e m p e r a t u r e and above h a v e shown t h a t a d s o r b e d w a t e r b e h a v e s i n t h e 
same manner a s b u l k w a t e r , b u t a t l o w e r t e m p e r a t u r e s i t e x p e r i e n c e s 
a d e c r e a s e d m o b i l i t y ( 6 1 ) . On f r e e z i n g two t y p e s o f w a t e r a r e f o u n d ; 
one w h i c h i s f r e e z a b l e a n d u n d e r g o e s c r y s t a l l i z a t i o n and t h e o t h e r 
w h i c h i s u n f r e e z a b l e , i n w h i c h t h e i c e s t r u c t u r e c a n n o t be f o r m e d 
b e c a u s e o f t h e s u r f a c e i n t e r a c t i o n . NMR, IR a n d d i f f e r e n t i a l t h e r m a l 
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a n a l y s i s (DTA) h a v e a l s o b e e n e m p l o y e d i n t h e I n v e s t i g a t i o n o f t h e 
s t r u c u r e o f a d s o r b e d w a t e r ( 6 2 - 6 5 ) , w h i c h c a n h a v e a n e f f e c t on 
m i n e r a l p r o p e r t e s , e . g . t h e NMR l i n e w i d t h , a n d h e n c e t h e e l e c t r i c 
f i e l d g r a d i e n t a r o u n d A l , i n ZSM-5 z e o l i t e s h a s b e e n shown t o be 
i n f l u e n c e d by t h e d e g r e e o f h y d r a t i o n ( 6 6 ) · 

A d s o r p t i o n and c h a r a c t e r i z a t i o n o f c o m p l e x s p e c i e s o n m i n e r a l s 

The a d s o r p t i o n o f t r a n s i t i o n m e t a l c o m p l e x e s by m i n e r a l s i s o f t e n 
f o l l o w e d by r e a c t i o n s w h i c h c h a n g e t h e c o o r d i n a t i o n e n v i r o n m e n t 
a r o u n d t h e m e t a l i o n . T h u s i n t h e a d s o r p t i o n o f 
h e x a a m m i n e c h r o r a i u m ( I I I ) a n d t r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m ( I I I ) by 
c h l o r i t e , i l l i t e a n d k a o l i n i t e , XPS showed t h a t h y d r o l y s i s r e a c t i o n s 
o c c u r r e d , l e a d i n g t o t h e f o r m a t i o n o f aqua c o m p l e x e s ( 6 7 ) . I n a 
s i m i l a r m a n n e r , d e h y d r a t i o n o f h e x a a m m i n e c o b a l t ( I I I ) a n d 
c h l o r o p e n t a a r a m i n e c o b a l t ( I I I ) a d s o r b e d o n m o n t m o r i l l o n i t e l e d t o t h e 
f o r m a t i o n o f c o b a l t ( I I ) h y d r o x i d e a n d ammonium i o n s ( 6 8 ) , t h e 
r e a c t i o n b e i n g c o n v e n i e n t l
ammonium i o n s . D e m e t a l l a t i o
c a s e o f d e h y d r a t i o n o f t i n t e t r a ( 4 - p y r i d y l ) p o r p h y r i n a d s o r b e d on Na 
h e c t o r i t e ( 6 9 ) · The r e a c t i o n , w h i c h was o b s e r v e d u s i n g U V - v i s i b l e 
a n d l u m i n e s c e n c e s p e c t r o s c o p y , was r e v e r s i b l e i n d i c a t i n g t h a t t h e 
S n ( I V ) c a t i o n a n d p o r p h y r i n a n i o n r e m a i n e d c l o s e t o one a n o t h e r 
a f t e r d e s t r u c t i o n o f t h e c o m p l e x . 

I n e l a s t i c e l e c t r o n t u n n e l i n g s p e c t r o s c o p y ( I E T S ) i s a n o v e l 
s p e c t r o s c o p i c t e c h n i q u e t h a t p r o d u c e s v i b r a t i o n a l s p e c t r a a n d g i v e s 
t h e p o s s i b i l i t y o f o b s e r v i n g b ands t h a t a r e Raman - a n d / o r I R - a l l o w e d 
a s w e l l a s t r a n s i t i o n s t h a t a r e f o r b i d d e n i n t h e p h o t o n 
s p e c t r o s c o p i e s . H i p p s a n d M a z o r ( 70 ) h a v e u s e d I E T S t o i n v e s t i g a t e 
N i and Co g l y c i n a t e s a d s o r b e d o n a l u m i n a a n d h a v e shown t h a t t h e 
g l y c i n e a c t s a s a b i d e n t a t e l i g a n d i n t h e s u r f a c e c o m p l e x e s i n t h e 
pH r a n g e 4 - 9 . I t was n o t p o s s i b l e , h o w e v e r , t o d e t e r m i n e w h e t h e r 
mono - o r d i g l y c i n a t e s we re f o r m e d . 

A d s o r p t i o n o f a number o f d i f f e r e n t c o p p e r c o m p l e x e s on 
k a o l i n i t e a n d i l l i t e h a s b e e n shown t o i n v o l v e t h e f o r m a t i o n o f 
p o l y m e r i c h y d r o x y s p e c i e s a t p a r t i c u l a r s i t e s on t h e c l a y s ( 3 0 , 3 1 ) . 
I n c o n t r a s t , w i t h m o n t m o r i l l o n i t e a d s o r p t i o n a p p e a r e d t o p r o c e e d v i a 
an i o n e x c h a n g e p r o c e s s w i t h a l l p o s i t i v e l y c h a r g e d s o l u t i o n s p e c i e s 
c o m p e t i n g f o r a v a i l a b i l e s i t e s on t h e m i n e r a l ( 3 2 ) . ESR m e a s u r e m e n t s 
o f b i s g l y c l n e C u ( I I ) a d s o r b e d on m o n t m o r i l l o n i t e a n d i m o g o l i t e a t pH 
6 showed t h e p r e s e n c e o f two d i f f e r e n t a d s o r b e d s p e c i e s , one 
r e s e m b l i n g t h e s o l u t i o n c o m p l e x , t h e o t h e r b e i n g d i f f e r e n t f o r t h e 
two m i n e r a l s ( 7 1 ) . F u r t h e r m o r e , w i t h a l a r g e Cu humate c o m p l e x , 
a d s o r p t i o n on m o n t m o r i l l o n i t e a p p e a r e d t o i n v o l v e a p h y s i c a l 
a s s o c i a t i o n o f t h e Cu humate w i t h t h e m i n e r a l s u r f a c e , w h e r e a s 
i m o g o l i t e e x t r a c t e d t h e m e t a l f r o m t h e o r g a n i c m a t t e r t o p r o d u c e a n 
ESR s p e c t r u m t h a t was i d e n t i c a l t o t h a t w h i c h was o b t a i n e d by 
a d s o r b i n g t h e u n c o m p l e x e d i o n ( 7 1 ) . 

ESEM r e s u l t s on t h e I n t e r a c t i o n o f s i l i c a - e x c h a n g e d C u ( I I ) w i t h 
a r a n g e o f a d s o r b a t e s showed t h a t one o r two a d s o r b a t e m o l e c u l e s 
we re a b l e t o c o o r d i n a t e t o t h e Cu d e p e n d i n g on t h e c h e m i c a l 
i n t e r a c t i o n , p o l a r i t y a n d s i z e ( 7 2 ) . D i f f e r e n c e s i n A ^ w e r e o b s e r v e d 
f o r N - and O - c o o r d i n a t e d l i g a n d s , b u t t h e s e seem t o r e f l e c t a c h a n g e 
i n c o o r d i n a t i o n s ymmet ry and n o t a d i f f e r e n c e i n a d s o r b a t e l i g a n d 
number . N - c o o r d i n a t e d l i g a n d s f o r m a p p r o x i m a t e l y s q u a r e p l a n a r 
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c o m p l e x e s w i t h two a d s o r b a t e s and two l a t t i c e o x y g e n s w h e r e a s 
O - c o o r d i n a t e d l i g a n d s i n v o l v e f o u r l a t t i c e o x y g e n s i n d i s t o r t e d 
o c t a h e d r a l c o m p l e x e s . D i s t o r t e d 5 - c o o r d i n a t e d c o m p l e x e s , i n v o l v i n g 
f o u r l a t t i c e o x y g e n s , a n d one a d s o r b a t e m o l e c u l e , were f o rmed w i t h 

T T -bond c o o r d i n a t e d l i g a n d s . 
C o m p l e x e s o f 3d t r a n s i t i o n m e t a l i o n s w i t h ammines h a v e a h i g h 

a f f i n i t y f o r m o n t r a o r i l l o n i t e - t y p e c l a y m i n e r a l s w i t h o v e r a l l 
s t a b i l i t y c o n s t a n t s much h i g h e r t h a n f o r t h e c o m p l e x e s i n a q u e o u s 
s o l u t i o n ( 7 3 ) , a l t h o u g h m o l e c u l a r o r b i t a l c a l c u l a t i o n s b a s e d o n d - d 
t r a n s i t i o n e n e r g i e s and ESR p a r a m e t e r s f o r b i s ( e t h y l e n e d i a m i n e ) 
C u ( I I ) i n d i c a t e d s i m i l a r v a l u e s f o r t h e G a n d i n - p l a n e IT o r b i t a l s 
f o r s o l u t i o n a n d a d s o r b e d c o m p l e x e s ( 7 4 ) . The c r y s t a l f i e l d 
s p l i t t i n g p a r a m e t e r , l O D q , a n d t h e c r y s t a l f i e l d s t a b i l i z a t i o n 
e n e r g y o f b i s ( e t h y l e n e d i a m i n e ) C u ( I I ) a d s o r b e d on a number o f 
s m e c t i t e m i n e r a l s was o b s e r v e d t o i n c r e a s e l i n e a r l y w i t h i n c r e a s i n g 
a v e r a g e n e g a t i v e c h a r g e d e n s i t y o f t h e m i n e r a l s and t o d e c r e a s e w i t h 
i n c r e a s e d l o a d i n g o f t h e c l a y ( 7 5 ) . T h e s e r e s u l t s c o u l d be e x p l a i n e d 
i f t h e c l a y a c t s a s a
c o m p l e x . XRD shows t h a
l a r g e t o f i t b e tween m o n t m o r i l l o n i t e s h e e t s a t 50% h u m i d i t y , a n d , 
when l a r g e amounts o f t h e c o m p l e x a r e a d d e d t o t h e c l a y , t h e s q u a r e 
p l a n a r b i s c o m p l e x i s a d s o r b e d ( 7 6 ) . W i t h d i e t h y l e n e t r i a m i n e a n d 
t e t r a e t h y l e n e p e n t a m i n e c o m p l e x e s t h e s i t u a t i o n i s more c o m p l i c a t e d , 
w i t h s e v e r a l d i f f e r e n t c o m p l e x e s e x i s t i n g i n s o l u t i o n a s a f u n c t i o n 
o f pH ( 7 7 ) . A d s o r p t i o n s t u d i e s o f C u ( I I ) and N i ( I I ) c o m p l e x e s o f 
t h e s e l i g a n d s on h e c t o r i t e u s i n g E S R , IR a n d U V - v i s i b l e a b s o r p t i o n 
s p e c t r o s c o p i e s h a v e shown t h a t t h e h e c t o r i t e s u r f a c e p r e f e r s 
t e t r a g o n a l l y - d i s t o r t e d c o m p l e x e s . A x i a l l y - c o o r d i n a t e d w a t e r 
m o l e c u l e s a r e r e a d i l y l o s t a n d p l a n a r c o m p l e x e s a r e f o r m e d o n t h e 
i n t e r l a m e l l a r s u r f a c e . T h e p l a n a r N i ( I I ) c o m p l e x e s a r e d i a m a g n e t i c , 
i n d i c a t i n g t h a t t h e c l a y s u r f a c e f u n c t i o n s a s o n l y a v e r y weak a x i a l 
l i g a n d . 

C u ( I I ) a n d F e ( I I ) c o m p l e x e s w i t h 1 , 1 0 - p h e n a n t h r o l l n e ( p h e n ) 
show a h i g h a f f i n i t y f o r a s m e c t i t e ( h e c t o r i t e ) s u r f a c e ( 7 8 ) . A s was 
t h e c a s e w i t h e t h y l e n e d i a m i n e , a d s o r b e d C u ( I I ) e x i s t s a s a b i s 
c o m p l e x . A l t h o u g h F e r e m a i n s bound i n a t r i s c o m p l e x , a n i n c r e a s e i n 
t h e o x i d a t i o n p o t e n t i a l o f t h e F e ( p h e n ) 3

2 * - F e ( p h e n ) 3
3 + c o u p l e , 

a b o v e t h a t i n p u r e s o l v e n t , was s e e n when t h e c o m p l e x e s were 
a s s o c i a t e d w i t h t h e m i n e r a l s u r f a c e . A d s o r p t i o n o f e n a n t i o m e r i c 
F e ( p h e n ) 3

2 " * " on m o n t m o r i l l o n i t e h a s b e e n shown t o p r o d u c e F e ( p h e n ) 3
2 + 

as t h e a d s o r b e d s p e c i e s , w h e r e a s r a c e m i c F e ( p h e n ) 3
2 + i s a d s o r b e d i n 

t w i c e t h e amount a s F e ( p h e n ) 3
2 + X"" i o n p a i r s ( 7 9 ; . T h i s p r o p e r t y o f 

a d s o r p t i o n o f a r a c e m i c m i x t u r e t o t w i c e t h e CEC h a s been e x p l o i t e d 
i n t h e a n t i r a c e m i z a t i o n o f a r a c e m i c m i x t u r e o f a l a b i l e m e t a l 
c o m p l e x ( 8 0 ) . An a d d u c t o f m o n t m o r i l l o n i t e w i t h A - R u ( p h e n ) 3

2 " * * 
a c c e p t e d t h e a d s o r p t i o n o f A - M ( p h e n ) 3

2 + ( M = R u , F e , N i ) , b u t n o t 
7 V M ( p h e n ) 3

2 + , a n d r a c e m i c m i x t u r e s o f e i t h e r t h e Co o r Fe c o m p l e x e s 
were o b s e r v e d t o a n t i r a c e r a i z e i n t h e p r e s e n c e o f A . - R u ( p h e n ) 3

2 + * 
- m o n t m o r i l l o n i t e . A d s o r p t i o n o f a n a c h i r a l m o l e c u l e , s u c h a s t h e 
a c r i d i n e o r a n g e c a t i o n by A ~ N i ( p h e n ) 3

2 + * - m o n t m o r i l l o n i t e r e s u l t e d i n 
o p t i c a l a c t i v i t y b e i n g i n t r o d u c e d i n t h e e l e c t r o n i c s p e c t r u m o f t h e 
a d s o r b a t e . The ^ - N i ( p h e n ) 3

2 + - m o n t m o r i l l o n i t e c o m p l e x h a s r e c e n t l y 
b e e n u s e d t o r e s o l v e c h r o m a t o g r a p h i c a l l y e n a n t i o m e r s o f o r g a n i c 
m o l e c u l e s h a v i n g two a r o m a t i c o r one a r o m a t i c and one a l i p h a t i c r i n g 
( 8 1 ) . 
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The c h e m i s o r p t i o n o r r e a c t i o n o f o r g a n i c m o l e c u l e s w i t h 
m e t a l - e x c h a n g e d c l a y s i s a n a r e a o f s c i e n c e o f g r e a t r e l e v a n c e t o 
t h e c h e m i c a l i n d u s t r y a s w e l l a s b e i n g o f i m p o r t a n c e i n t h e 
u n d e r s t a n d i n g o f n a t u r a l p r o c e s s e s a n d t h e c o n t r o l o f e n v i r o n m e n t a l 
q u a l i t y . E x a m p l e s o f t h i s t y p e o f r e a c t i o n a r e p r e s e n t e d i n t h e 
f o l l o w i n g s e c t i o n s . 

S e v e r a l p a p e r s h a v e b e e n p u b l i s h e d i n w h i c h r e a c t i o n s o f 
s i m p l e m o l e c u l e s w i t h m e t a l e x c h a n g e d c l a y s h a v e b e e n i n v e s t i g a t e d . 
L a w l e s s and L e v i ( 82 ) h a v e s t u d i e d t h e e f f e c t o f e x c h a n g e a b l e c a t i o n 
on t h e c o n d e n s a t i o n o f g l y c i n e a n d a l a n i n e i n b e n t o n i t e s d u r i n g 
d r y i n g , wa rming a n d w e t t i n g c y c l e s . P e p t i d e bond f o r m a t i o n was 
o b s e r v e d and t h e e f f e c t i v e n e s s o f t h e m e t a l t o c a t a l y z e t h e 
c o n d e n s a t i o n was C u 2 V î i 2 + - Z n ^ ^ N a " 1 " · G l y c i n e showed 6% o f t h e monomer 
i n c o r p o r a t e d i n t o o l i g o m e r s w i t h t h e pentaraer b e i n g t h e l a r g e s t 
d e t e c t e d . L e s s p e p t i d e bond f o r m a t i o n o c c u r r e d w i t h a l a n i n e a n d o n l y 
t h e d i m e r was o b s e r v e d
g r e a t e r f o r Mg a n d Z
( 8 3 ) , p r e s u m a b l y b e c a u s e o f c o m p l e x f o r m a t i o n . P u r e ATP d e c o m p o s e d 
on h e a t i n g and t h e r a t e o f d e c o m p o s i t i o n was a c c e l e r a t e d i n t h e 
p r e s e n c e o f g l y c i n e w i t h t h e p r o d u c t i o n o f s m a l l y i e l d s o f p e p t i d e . 
I n t h e p r e s e n c e o f M g - o r Z n - k a o l i n i t e o r M g - m o n t r a o r i l l o n i t e t h e 
r a t e o f d e c o m p o s i t i o n o f ATP d e c r e a s e d , a l t h o u g h t h e p e p t i d e 
f o r m a t i o n s t i l l o c c u r r e d . The 5 ' - A M P n u c l e o t i d e was n o t a d s o r b e d by 
a l k a l i - m e t a l e x c h a n g e d c l a y s , b u t w i t h d i v a l e n t m e t a l i o n s t h e 
a d s o r p t i o n i n c r e a s e d i n t h e o r d e r Mg<Co<Ni<Cu<Zn ( 8 4 ) . A l s o p u r i n e 
n u c l e o t i d e s a r e a d s o r b e d more s t r o n g l y t h a n p y r i m i d i n e n u c l e o t i d e s 
on Zn b e n t o n i t e . I n a c o m p e t i t i v e s t u d y b e tween 2 ' - , 3 ' - a n d 5* -AMP 
f o r Zn b e n t o n i t e t h e r e was a l a r g e p r e f e r e n c e f o r a d s o r p t i o n o f t h e 
5 · -AMP o v e r t h e 2 ' - a n d 3 ' - i s o m e r s . 

Two t y p e s o f c o m p l e x a r e f o rmed o n r e a c t i o n o f b e n z e n e w i t h Cu 
m o n t m o r i l l o n i t e . I n t h e T y p e 1 s p e c i e s t h e b e n z e n e r e t a i n s i t s 
a r o m a t i c i t y a n d i s c o n s i d e r e d t o be edge bonded t o t h e C u ( I I ) , 
w h e r e a s i n t h e T y p e 2 c o m p l e x t h e r e i s a n a b s e n c e o f a r o m a t i c i t y 
( 8 5 , 8 6 ) . ESR s p e c t r a o f t h e T y p e 2 c o m p l e x c o n s i s t o f a n a r r o w p e a k 
c l o s e t o t h e f r e e s p i n g - v a l u e and t h i s r e s u l t c a n be e x p l a i n e d i n 
t e r m s o f e l e c t r o n d o n a t i o n f r o m t h e o r g a n i c m o l e c u l e t o t h e C u ( I I ) , 
t o p r o d u c e a c o m p l e x o f C u ( I ) a n d a n o r g a n i c r a d i c a l c a t i o n . S i m i l a r 
t y p e s o f r e a c t i o n o c c u r w i t h o t h e r a r o m a t i c m o l e c u l e s . However w i t h 
p h e n o l a n d a l k y l - s u b s t i t u t e d b e n z e n e s o n l y T y p e 1 c o m p l e x e s we re 
o b s e r v e d ( 8 7 ) , a l t h o u g h b o t h t y p e s o f c o m p l e x were s e e n on t h e 
a d s o r p t i o n o f a r e n e m o l e c u l e s on t o C u ( I I ) m o n t m o r i l l o n i t e s ( 88 ) a n d 
a n i s o l e and some r e l a t e d a r o m a t i c e t h e r s on t o C u ( I I ) h e c t o r i t e 
( 8 9 ) . 

The r e a c t i o n o f b e n z e n e w i t h C u ( I I ) a n d F e ( I I I ) - e x c h a n g e d 
h e c t o r i t e s a t e l e v a t e d t e m p e r a t u r e s p r o d u c e d a v a r i e t y o f o r g a n i c 
r a d i c a l p r o d u c t s , d e p e n d i n g on t h e c o n c e n t r a t i o n o f w a t e r i n t h e 
r e a c t i o n medium a n d t h e r e a c t i o n t i m e ( 9 0 ) . The f o r m a t i o n o f f r e e 
r a d i c a l s was a c c o m p a n i e d by a r e d u c t i o n i n o x i d a t i o n s t a t e o f t h e 
m e t a l s , a p r o c e s s t h a t h a d a z e r o - o r d e r d e p e n d e n c e o n t h e m e t a l i o n 
c o n c e n t r a t i o n . U n d e r a n h y d r o u s c o n d i t i o n s t h e f r e e r a d i c a l s a p p e a r e d 
t o p o p u l a t e s i t e s i n t h e i n t e r l a y e r r e g i o n , t h e a c t i v a t i o n e n e r g i e s 
u n d e r t h e s e c o n d i t i o n s b e i n g l o w e r t h a n i n t h e h y d r a t e d s a m p l e s . 
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A c t i v a t i o n e n e r g i e s were a l s o l o w e r f o r t h e F e ( l l l ) t h a n t h e C u ( l l ) 
s y s t e m s a n d a g r e e d w e l l w i t h numbers o b t a i n e d f r o m k i n e t i c 
m e a s u r e m e n t s . T h e r e was l i t t l e t e m p e r a t u r e d e p e n d e n c e o f t h e ESR 
s i g n a l s f r o m t h e o r g a n i c r a d i c a l s s u g g e s t i n g t h a t e x c h a n g e p r o c e s s e s 
i n v o l v i n g o r g a n i c f r e e r a d i c a l s were p r o b a b l y n o t i m p o r t a n t i n 
d e t e r m i n i n g t h e ESR l i n e s h a p e s . 

F e ( l l l ) a n d C u ( l l ) a d s o r b e d o n s m e c t i t e s ( h e c t o r i t e ) , e i t h e r a s 
h y d r a t e d o r p a r t i a l l y h y d r o l y z e d i o n s , h a v e a h i g h d e g r e e o f 
a c t i v i t y i n o x i d i z i n g b e n z i d i n e t o f o r m t h e b e n z i d i n e b l u e 
s e m i q u i n o n e r a d i c a l c a t i o n ( 9 1 ) , w h e r e a s i n t h e a b s e n c e o f c l a y 
f u r t h e r o x i d a t i o n o c c u r s . S m a l l amounts o f s t r u c t u r a l i r o n were a l s o 
e f f e c t i v e i n i n i t i a t i n g t h i s r e a c t i o n , b u t s u r f a c e i r o n o x i d e 
c o a t i n g s e x h i b i t e d no s i g n i f i c a n t a c t i v i t y . A s i m i l a r t y p e o f 
r e a c t i o n h a s b e e n o b s e r v e d t o o c c u r w i t h d i o x i n s when r e f l u x e d w i t h 
a C u ( I I ) s m e c t i t e i n n - h e x a n e (92: ) . F o r m a t i o n o f t h e r a d i c a l c a t i o n 
was e s t a b l i s h e d by I R , U V - v i s i b l e a n d ESR s p e c t r o s c o p y . Mas s 
s p e c t r o s c o p y showed some e v i d e n c e f o r t h e f o r m a t i o n o f d i o x i n 
p o l y m e r s , w i t h m o l e c u l a
s e e n . I t h a s b e e n p r o p o s e
c h e a p a n d c o n v e n i e n t means o f d e t o x i f y i n g d i o x i n s by r e a c t i n g t h e 
d i o x i n r a d i c a l c a t i o n s w i t h o t h e r o r g a n i c s p e c i e s t o y i e l d p r o d u c t s 
o f a l e s s u n d e s i r a b l e n a t u r e . 

I n a d d i t i o n t o s t a b i l i z i n g o r g a n i c p r o d u c t s by r e a c t i o n w i t h 
m e t a l - e x c h a n g e d c l a y s , a s i n d i c a t e d a b o v e , a l u m i n o s i l i c a t e m i n e r a l s 
may e n a b l e t h e p r e p a r a t i o n o f m e t a l o r g a n i c c o m p l e x e s t h a t c a n n o t be 
f o r m e d i n s o l u t i o n . T h u s a c o m p l e x o f C u ( I I ) w i t h r u b e a n i c a c i d 
( d i t h i o o x a m i d e ) c o u l d be p r e p a r e d by s o a k i n g Cu m o n t m o r i l l o n i t e i n 
a n a c e t o n e s o l u t i o n o f r u b e a n i c a c i d ( 9 3 ) . The i n t e r c a l a t e d c o m p l e x 
was m o n o m e r i c , a l i g n e d w i t h i t s m o l e c u l a r p l a n e p a r a l l e l t o t h e 
i n t e r l a m e l l a r s u r f a c e s , a n d h a d a m e t a l : l i g a n d r a t i o o f 1:2 d e s p i t e 
t h e t e t r a d e n t a t e n a t u r e o f t h e r u b e a n i c a c i d . 

S p e c i f i c r e a c t i o n s may o c c u r b e t w e e n o r g a n i c m o l e c u l e s and 
p a r t i c u l a r m e t a l s e x c h a n g e d o n t o c l a y s , e . g . t h e r e a c t i o n b e t w e e n 
f l a v o m o n o n u c l e o t i d e (FMN) a n d F e ( I I I ) m o n t m o r i l l o n i t e . A d s o r p t i o n 
i s o t h e r m s , U V - v i s i b l e a n d M o s s b a u e r s p e c t r o s c o p i c d a t a showed t h a t a 
1:1 F e : F M N r a t i o e x i s t e d a t maximum a d s o r p t i o n . S i g n i f i c a n t l y l o w e r 
l e v e l s o f a d s o r p t i o n were e x h i b i t e d by C u , Zn a n d Ca c l a y s , i n w h i c h 
t h e r e was a p p a r e n t l y l e s s s p e c i f i c i n t e r a c t i o n ( 9 4 ) . A c o m p l e t e l y 
d i f f e r e n t t y p e o f b e h a v i o u r h a s b e e n r e p o r t e d f o r t h e i n t e r a c t i o n o f 
p i c l o r a m ( 4 - a m i n o - , 5 , 6 - t r i c h l o r o p i c o l i n i c a c i d ) w i t h 
m e t a l - c o n t a i n i n g m o n t m o r i l l o n i t e s ( 9 5 ) . I n t e r a c t i o n w i t h A l o r 
F e - s a t u r a t e d c l a y o r c l a y c o a t e d w i t h A l o r Fe h y d r o u s o x i d e s was 
c o n c e n t r a t i o n d e p e n d e n t , t h e m o n o m e r i c a c i d b e i n g p r e s e n t on t h e 
m i n e r a l s u r f a c e a t l ow c o n c e n t r a t i o n (<1 meq/g c l a y ) a n d t h e s a l t a t 
h i g h e r l e v e l s o f a d s o r p t i o n . The IR s p e c t r u m o f p i c l o r a m a d s o r b e d o n 
m o n t m o r i l l o n i t e c o a t e d w i t h a h y d r o u s o x i d e o f C u ( I I ) r e s e m b l e d t h a t 
o f C u ( I I ) p i c l o r a m , i n d i c a t i n g t h a t c o o r d i n a t i o n - t y p e b o n d i n g 
o c c u r r e d , b u t when p i c l o r a m was a d s o r b e d o n t o C u ( U n e x c h a n g e d c l a y 
a c o m p l e t e l y d i f f e r e n t t y p e o f s p e c t r u m was o b t a i n e d . W i t h b o t h 
c o p p e r s y s t e m s , h o w e v e r , t h e i n t e r a c t i o n s were i n d e p e n d e n t o f 
c o n c e n t r a t i o n i n t h e r a n g e 0 . 4 4 - 2 . 2 0 meq/g c l a y . 

I n t e r a c t i o n s b e tween a d s o r b e d m e t a l i o n s and c o m p l e x o r g a n i c 
m o l e c u l e s h a v e b e e n o b s e r v e d i n o t h e r s y s t e m s . F o r e x a m p l e , IR 
r e s u l t s i n d i c a t e d t h a t c o m p l e x a t i o n o c c u r r e d b e t w e e n s u l f o l a n e 
( C 4 H g S 0 2 ) and e i t h e r Cu o r N i m o n t m o r i l l o n i t e s , w i t h t h e r e s u l t t h a t 
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d e s o r p t i o n r a t e s were v e r y much l o w e r t h a n w i t h Na o r H c l a y s ( 9 6 ) « 
The a d s o r p t i o n o f b i t u m e n on m o n t m o r i l l o n i t e , k a o l i n i t e , i l l i t e a n d 
c h l o r i t e was f o u n d t o be i n f l u e n c e d by t h e n a t u r e o f t h e 
e x c h a n g e a b l e c a t i o n and t h e s o l v e n t c a r r i e r ( 9 7 ) · Ca c l a y s a d s o r b e d 
t h e o r g a n i c m a t e r i a l more s t r o n g l y t h a n Na c l a y s a n d , e v e n t h o u g h 
a d s o r p t i o n o c c u r r e d p r i m a r i l y on e x t e r n a l s u r f a c e s , t h e c l a y o r g a n i c 
c o m p l e x e s were s u f f i c i e n t l y s t a b l e t o r e s i s t p o w e r f u l o r g a n i c 
s o l v e n t s ( 9 7 ) . 

The u s e o f p h o t o a c o u s t i c s p e c t r o s c o p y as a t o o l f o r m o n i t o r i n g 
s u r f a c e s p e c i e s h a s b e e n d e m o n s t r a t e d ( 9 8 ) i n i n v e s t i g a t i o n s o f t h e 
c o m p l e x a t i o n o f C u ( I I ) w i t h a n e t h y l e n e d i a m i n e a n a l o g i m m o b i l i z e d on 
s i l i c a g e l . N e a r l y c o n s e c u t i v e f o r m a t i o n o f b i s a n d mono c o m p l e x e s 
o c c u r r e d w i t h i n c r e a s i n g C u ( I I ) c o n c e n t r a t i o n a l t h o u g h t h e r e was no 
e v i d e n c e f o r t h e c o n v e r s i o n o f b i s t o mono s i t e s . A h i g h l e v e l o f 
a g r e e m e n t was f o u n d b e t w e e n t h e s e r e s u l t s a n d ESR r e s u l t s ( 9 9 ) t h u s 
d e m o n s t r a t i n g t h a t p h o t o a c o u s t i c s p e c t r o s c o p y may h a v e p o t e n t i a l 
u s e s i n o t h e r s y s t e m s where t h e a d s o r b e d s p e c i e s h a s a b s o r p t i o n a t 
s u i t a b l e w a v e l e n g t h s . P l o t
i m m o b i l i z e d m e t a l a g a i n s
c o n c e n t r a t i o n o f f e r a c o n v e n i e n t way o f d e s c r i b i n g t h e h e t e r o g e n e o u s 
m e t a l d i s t r i b t i o n a s a f u n c t i o n o f m e t a l i o n c o n c e n t r a t i o n a n d a l s o 
p r o v i d e a b a s i s f o r c o m p a r i s o n w i t h t h e c o r r e s p o n d i n g s o l u t i o n p h a s e 
e q u i l i b r i a . 

C o n c l u s i o n s 

C h e m i c a l r e a c t i o n s o f a d s o r b e d s p e c i e s a r e o f i m p o r t a n c e i n 
v a s t a r e a s o f s c i e n c e , t h e i n v o l v e m e n t o f a d s o r b e d m e t a l i o n s i n 
c a t a l y s i s b e i n g one e x a m p l e o f g r e a t e c o n o m i c v a l u e . I n a d d i t i o n 
r e a c t i o n s i n v o l v i n g a d s o r b e d s p e c i e s c a n s o m e t i m e s p r o d u c e p r o d u c t s 
t h a t may be e i t h e r d i f f i c u l t o r i m p o s s i b l e t o p r e p a r e away f r o m t h e 
m i n e r a l s u r f a c e . T h e r e f o r e , an u n d e r s t a n d i n g o f t h e c h e m i c a l 
p r o c e s s e s t h a t o c c u r i n s u c h s y s t e m s I s o f p o t e n t i a l e c o n o m i c 
b e n e f i t t o i n d u s t r i a l o p e r a t i o n s . S u c h k n o w l e d g e i s a l s o o f much 
w i d e r s i g n i f i c a n c e , h o w e v e r , b e c a u s e t he movement o f i o n s i n most 
e n v i r o n m e n t a l s i t u a t i o n s I s c o n t r o l l e d by s o r p t i o n p r o c e s s e s , a n d 
a l u m i n o s i l i c a t e m i n e r a l s p l a y a m a j o r r o l e i n many s i t u a t i o n s . 

S o r p t i o n p r o c e s s e s a r e i n f l u e n c e d n o t j u s t by t h e n a t u r e s o f 
t h e a b s o r b a t e i o n ( s ) a n d t h e m i n e r a l s u r f a c e , b u t a l s o b y t h e 
s o l u t i o n pH a n d t h e c o n c e n t r a t i o n s o f t h e v a r i o u s c o m p o n e n t s i n t h e 
s o l u t i o n . E v e n a p p a r e n t l y s i m p l e a b s o r p t i o n r e a c t i o n s may i n v o l v e a 
s e r i e s o f c h e m i c a l e q u i l i b r i a , e s p e c i a l l y i n n a t u r a l s y s t e m s . T h u s 
i n o n l y a c o m p a r a t i v e l y s m a l l number o f c a s e s h a s a n u n d e r s t a n d i n g 
b e e n a c h i e v e d o f e i t h e r t h e p r e c i s e c h e m i c a l f o r m ( s ) o f t h e a d s o r b e d 
s p e c i e s o r o f t h e e x a c t n a t u r e o f t h e a d s o r p t i o n s i t e s . The 
d i f f i c u l t i e s o f s u c h c h a r a c t e r i z a t i o n a r i s e f r o m ( i ) t h e number o f 
s i t e s f o r a d s o r p t i o n on t h e m i n e r a l s u r f a c e t h a t a r e p r e s e n t b e c a u s e 
o f t h e i s o m o r p h o u s s u b s t i t u t i o n s a n d s t r u c t u r a l d e f e c t s t h a t 
commonly o c c u r i n a l u m i n o s i l i c a t e m i n e r a l s , a n d ( i i ) t h e d i f f e r e n c e 
i n t h e c h e m i s t r y o f s o l u t i o n s i n c o n t a c t w i t h a s o l i d s u r f a c e a s 
compound t o b u l k s o l u t i o n . M u c h o f o u r p r e s e n t u n d e r s t a n d i n g i s 
d e r i v e d f r o m e x p e r i m e n t s u s i n g s p e c t r o s c o p i c t e c h n i q u e s w h i c h a r e 
a b l e t o p r o d u c e i n f o r m a t i o n a t t h e m o l e c u l a r l e v e l . A l t h o u g h 
i n d i v i d u a l m e t h o d s may o f t e n be a p p l i c a b l e t o o n l y s p e c i a l 
s i t u a t i o n s , s i g n i f i c a n t a d v a n c e s i n o u r k n o w l e d g e h a v e b e e n made 
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u s i n g t h i s t y p e o f a p p r o a c h . E v e n s o , many s y s t e m s a r e p o o r l y 
u n d e r s t o o d a n d t h e r e i s s t i l l c o n s i d e r a b l e s c o p e f o r a d v a n c e m e n t t o 
be made i n o u r u n d e r s t a n d i n g o f s o r p t i o n r e a c t i o n s by u t i l i s i n g 
f u l l y t h e i n f o r m a t i o n t h a t c a n be o b t a i n e d f r o m t h e v a r i o u s 
s p e c t r s c o p i c t e c h n i q u e s . 
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Paramagnetic Probes of Layer Silicate Surfaces 

Murray B. McBride 
Department of Agronomy, Cornell University, Ithaca, NY 14853 

Electron spin resonance (ESR) is a useful technique 
for investigating the mobility and orientation 
of exchange cations at the surface of layer silicate 
clays in various states of hydration. Using Cu2+ 

and the charged nitroxid  spi  probe  TEMPAMINE+ 

(4-amino-2,2,6,6-tetramethylpiperidin
adsorbed on a smal  exchang
of several smectites (expanding layer silicates), 
it is shown that interlayers with thicknesses equiva
lent to four molecular layers of water or more 
allow a high degree of rotational mobility, while 
less expanded interlayers impose a specific rigid 
orientation on the probe cations. It is proposed 
that quantity and location of structural charge 
modify chemical interactions between probe cations 
and surfaces via surface-H2O hydrogen bonding. 

The l aye r s i l i c a t e c l ays cont r i bu te s i g n i f i c a n t l y to the chemical 
p rope r t i e s of s o i l s and sediments due to t h e i r very h igh s p e c i f i c 
sur face areas i n aqueous media and t h e i r capac i ty for c a t i o n 
exchange. F igure 1 dep ic t s the s t ruc tu re o f a s i ng l e c r y s t a l l i t e 
( p l a t e l e t ) of those minera ls termed 2:1 layer s i l i c a t e s . The 
terminology der ives from the fact that the un i t c e l l c ons i s t s 
of a s i ng l e g i b b s i t e - l i k e or b r u c i t e - l i k e l ayer (with Al-*+ or 
Mg2"*" i n octahedra l coo rd ina t ion ) sandwiched between two p lanar 
l ayers of c o r n e r - l i n k e d s i l i c a t e t r ahedra . I f they have no s t r u c 
t u r a l de f ec t s , these s i l i c a t e s t ruc tu res are c l a s s i f i e d under 
the p y r o p h y l l i t e - t a l c subgroup, and are e s s e n t i a l l y i n e r t . How
ever , isomorphous s u b s t i t u t i o n of Al-*"*" for S i ^ + i n the t e t r ahed r a l 
l a y e r , and M g 2 + for Al^+ (or L i + for M g 2 + ) i n the octahedra l 
l aye r bestows i n t e r n a l negat ive charge on the c r y s t a l l i t e s , which 
must then be compensated by exchangeable ca t ions at the sur face . 
These ca t ions are dep icted i n two pos s i b l e s tates of hydra t ion 
at the surface i n F igure 1. Depending upon the charge, hyd ra t i on 
energy, redox p rope r t i e s and a c i d i t y of these c a t i o n s , the 
chemical and p h y s i c a l p rope r t i e s of the layer s i l i c a t e s can be 

0097-6156/86/0323-0362$07.75/0 
© 1986 American Chemical Society 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



MCBRIDE Paramagnetic Probes of Layer Silicate Surfaces 

F i g u r e 1. C r o s s - s e c t i o n a l d i a g r a m o f an e x p a n d i n g 2 : 1 l a y e r 
s i l i c a t e s h o w i n g t h e o c t a h e d r a l l a y e r , t e t r a h e d r a l l a y e r , 
and h y d r a t e d e x c h a n g e c a t i o n s i n t h e i n t e r l a y e r . 
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g r e a t l y mod i f i ed . One example i s the exchange of s t rong ly hydra t ing 
ca t i ons such as C a 2 + by alkylammonium i o n s , r e s u l t i n g i n increased 
hydrophob ic i ty of the c l ay as we l l as a reduced a b i l i t y of the 
i n t e r l a y e r ( reg ion between adjacent c r y s t a l l i t e s ) to imbibe water 
(1) . 

Layer s i l i c a t e s , i f i n i t i a l l y i n the dry s t a t e , can expand 
i n water by hydra t i on of the exchangeable c a t i o n and the sur face . 
For l aye r s i l i c a t e s with low s t r u c t u r a l charge (j-e^ smect i t e s ) , 
t h i s expansion i s l i m i t e d to about four molecular l ayers of water 
i f the exchangeable c a t i o n has a charge of +2. Since the s i l i c a t e 
p l a t e l e t i s about 0.96 nm t h i c k , the repeat spacing along the 
c - a x i s i s then approximately 0.96 + (4x.26) = 2.0 nm. 

However, smect ites with s ing ly - cha rged exchangeable ca t ions 
such as L i + and N a + demonstrate f r e e - s w e l l i n g behavior i n water, 
with the c - a x i s spacing i nc r ea s ing to very large va lues . Removal 
of water by a i r - d r y i n g co l l ap se s the spacing to the equiva lent 
of one molecular l ayer of water ( i n the case of ca t ions with 
+1 charge) or two l ayers of water ( cat ions with +2 charge) at 
most between the c r y s t a l l i t e s
spond to approximately 1.2 and 1.5 nm c - a x i s spacings , the r e s u l t 
of s t rong ly bonded hydra t ion water i n the inner hydra t ion sphere 
of the c a t i o n s . 

Ve rm icu l i t e s have a 2:1 l ayer s t ruc tu re s i m i l a r to smect i tes , 
but expand less f r e e l y i n water, presumably because of the higher 
l ayer charge i n the former minera l s . Most of t h i s s t r u c t u r a l 
charge res ides i n the t e t r ahed r a l l ayers of the v e r m i c u l i t e p l a t e 
l e t s . Even when f u l l y wetted, v e r m i c u l i t e s do not expand beyond 
the two wate r - l aye r stage ("*1.5 nm c - spac ing ) . 

There i s cons iderab le evidence tha t , desp i te the s t r u c t u r a l 
s i m i l a r i t y of v e r m i c u l i t e s and smect i tes , t h e i r surfaces have 
qu i te d i f f e r e n t adsorpt ive p r o p e r t i e s . For ins tance , hydrogen 
bonding between adsorbed water and surface oxygen atoms i s stronger 
for t e t r ahed r a l l y - cha r ged than for oc tahedra l l y - cha rged l ayer 
s i l i c a t e s Ç O , a r e s u l t of the greater negat ive charge imparted 
to surface oxygens by the t e t r ahed ra l l o c a t i o n of charge (F igure 
1). Thus, v e r m i c u l i t e s bond water at the surface more t enac ious l y 
than oc tahedra l l y - charged smectites such as montmor i l l on i te (2). 
This fact may exp l a in the s u p e r i o r i t y of montmor i l l on i te over 
v e r m i c u l i t e as an adsorbent for organocations (_3, 4 )̂. Compl icat ing 
t h i s d e s c r i p t i o n , however, i s the fact that a sample of any p a r t i 
cu l a r l ayer s i l i c a t e can have l ayer charge p rope r t i e s which vary 
wide ly from one p l a t e l e t to another (_5). By measuring the c - a x i s 
spac ings , c a t i o n exchange c apac i t y , water r e t e n t i o n , and other 
p rope r t i e s of l ayer s i l i c a t e s , one obta ins the "average" behavior 
of the minera l su r faces . 

Spectroscop ic techniques such as e l e c t r o n sp in resonance 
(ESR) o f f e r the p o s s i b i l i t y to "probe" the chemical environment 
of the i n t e r l a y e r r eg ions . With the ESR technique, an appropr iate 
paramagnetic ion or molecule i s allowed to penetrate the i n t e r 
l a y e r , and chemical in format ion i s deduced from the ESR spectrum. 
T r a n s i t i o n metal i ons , such as Cu2"*", and n i t r o x i d e r a d i c a l c a t i o n s , 
such as TEMPAMINE ( 4 - amino -2 ,2 ,6 , 6 - t e t r amethy lp i pe r i d ine N-oxide) 
have been used as probes i n t h i s manner (6-14) . Since ESR i s 
a s e n s i t i v e and non -de s t ruc t i v e method, i n v e s t i g a t i o n s of smal l 
q u a n t i t i e s of ca t ions on l ayer s i l i c a t e c l ays at var ious stages 
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of hydra t i on i s p o s s i b l e . Severa l other surface ana l y s i s methods 
have been l i m i t e d i n value by the need to dry the c l ay or conduct 
the ana l y s i s i n a vacuum. Th is paper o u t l i n e s the theory of 
ESR as i t app l i e s to n i t r o x i d e sp in probes and C u 2 + , and demon
s t r a t e s the in format ion that can be obtained by the ana l y s i s 
of ESR spect ra of paramagnetic probes on l ayer s i l i c a t e c l ays 
with a range of p r o p e r t i e s . 

Ma t e r i a l s and Methods 

The Na+- and C a 2 + - s a t u r a t e d montmor i l l on i t e , saponite and b e i d e l -
l i t e were obtained from Dr. J . L. McAtee, Chemistry Department, 
Bay lor U n i v e r s i t y . These minera ls had been p u r i f i e d and prepared 
by methods descr ibed by Callaway and McAtee ( 1 5 ) . Included i n 
t h i s paper for purposes of comparison are re levant data from 
previous s tud ies i n which h e c t o r i t e and v e r m i c u l i t e had been 
doped with paramagnetic probes (_7, 1 0 ) . The chemical formulae 
of the low-Fe smect i tes

Table I. Unit c e l l formulae and sources of the Na + - s a tu r a t ed 
l aye r s i l i c a t e c l a y s . 

Species Uni t c e l l formula Source 

Hec to r i t e Hector , CA 
N a 1 . 0 4 ( s i 8 . 0 0 ^ M g 4 . 7 0 L i 1 . 1 5 F e 0 . 0 6 ) ° 2 0 ( ° H U 

Saponite B a l l a r a t , CA 
N a 0 . 9 8 ( S i 6 . 8 5 A 1 1 . 1 5 ^ M g 5 . 7 9 A 1 0 . 1 2 F e 0 . 0 7 ) 0 2 0 ( O H ) 4 

Montmor i l l on i te Gonzales County, TX 
N a 0 . 7 3 ( S i 8 . 0 0 ) A 1 3 . 2 0 M 8 0 . 7 2 F e 0 . 0 6 ) 0 2 0 ( O H ) 4 

B e i d e l l i t e Black Jack Mine, ID 
N a 1 . 1 0 ( s i 6 . 9 5 A 1 1 . 0 5 ^ A 1 3 . 9 1 M g 0 . 0 2 F e 0 . 0 6 ) ° 2 0 ( O H ) 4 

Ve rmicu l i t e L l ano , TX 
N a 2 . 0 0 ( S i 5 . 7 2 A 1 2 . 2 8 > < M S 5 . 6 6 A 1 0 . 3 0 F e 0 . 0 2 > ° 2 0 ( 0 H ) 4 

A s u f f i c i e n t quant i ty of 1 0 " 3 M C u C l 2 or a c i d i f i e d TEMPAMINE 
s o l u t i o n was added to a 50 mg quant i ty of the c l ay powder to 
a t t a i n an approximate adsorpt ion l e v e l o f 207o or 1% of the CEC, 
r e s p e c t i v e l y , assuming complete adsorp t ion . Only the Na + - s a tu r a t ed 
c l ays were t rea ted with TEMPAMINE. The suspensions were then 
we l l mixed and al lowed to form s e l f - s u p p o r t i n g f i lms by a i r - d r y i n g . 
Washing of the c l ays was avoided s ince h y d r o l y s i s of Cu2"*" can 
r e s u l t from t h i s pretreatment. The C u 2 + and TEMPAMINE+-doped 
c l ays were then analyzed by ESR, us ing a Var ian E - 1 0 4 (X-band) 
spectrometer. The c l ay f i lms were o r i en ted i n the sample c a v i t y 
with the plane of the f i l m perpend icu la r ( 0 = 9 0 ° ) and p a r a l l e l 
( 0 = 0 ° ) to the magnetic f i e l d i n order to determine the d i r e c t i o n a l 
dependence of the ESR spectrum. Spectra of the f i lms were obtained 
i n the a i r - d r y s t a t e , a f t e r a week of exposure to free water 
(1007o R .H . ) , a f t e r immersion i n d i s t i l l e d water (TEMPAMINE-treated 
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c l a y s o n l y ) , a n d a f t e r o n e d a y o f e x p o s u r e o v e r c o n c e n t r a t e d NH4OH 
( C u 2 + - t r e a t e d c l a y s o n l y ) . 

P o w d e r x - r a y d i f f r a c t i o n p a t t e r n s o f o r i e n t e d c l a y f i l m s 
o n g l a s s s l i d e s w e r e o b t a i n e d f o r b o t h t h e a i r - d r y a n d f u l l y w e t 
Na"*"- a n d C a z _ r - s m e c t i t e s u s i n g a P h i l i p s N o r e l c o d i f f r a c t o m e t e r . 
T h e m e a s u r e d c - a x i s s p a c i n g s a r e r e p o r t e d i n T a b l e I I . 

T a b l e I I . C - a x i s s p a c i n g s o f l a y e r s i l i c a t e c l a y s 

C l a y E x c h a n g e c a t i o n S p a c i n g ( n m ) 

a i r - d r y w e t 
M o n t m o r i l l o n i t e C a 1 . 4 0 1 . 8 4 

N a 1 . 2 1 > 4 . 0 

S a p o n i t e 

B e i d e l l i t e C a 1 . 2 1 1 . 8 0 
N a 1 . 2 4 > 4 . 0 

H e c t o r i t e C a 1 . 5 4 2 . 1 0 

N a 1 . 2 6 > 4 . 0 

R e s u l t s a n d D i s c u s s i o n 

N i t r o x i d e S p i n P r o b e s A d s o r b e d o n L a y e r S i l i c a t e s . A b r i e f r e v i e w 
o f t h e p r i n c i p l e s o f E S R i s n e c e s s a r y b e f o r e t h e s p e c t r a o f n i t r -
o x i d e s a d s o r b e d o n c l a y s a r e a n a l y z e d . A n u n p a i r e d e l e c t r o n i n 
a m o l e c u l e , w h e n p l a c e d i n a m a g n e t i c f i e l d H , h a s i t s m a g n e t i c 
d i p o l e a l i g n e d p a r a l l e l o r a n t i p a r a l l e l t o H . I f t h e m a g n e t i c 
f i e l d d i r e c t i o n i s t a k e n t o b e t h e z - a x i s , t h i s a l i g n m e n t o f d i p o l e s 
c o r r e s p o n d s t o q u a n t i z a t i o n o f e l e c t r o n e n e r g y s t a t e s , w i t h t h e 
q u a n t u m n u m b e r ( m s = + 1/2 ) d e s c r i b i n g t h e t w o a l l o w e d z - a x i s 
c o m p o n e n t s o f t h e e l e c t r o n s p i n . T h e e n e r g y o f i n t e r a c t i o n b e t w e e n 
t h e m a g n e t i c f i e l d a n d t h e e l e c t r o n s p i n i s : 

Ε = g B H m s 

w h e r e g i s t h e e l e c t r o n g - f a c t o r a n d β i s t h e e l e c t r o n i c B o h r 
m a g n e t o n . T h e a l l o w e d e n e r g i e s o f t h e u n p a i r e d e l e c t r o n a r e t h e n : 

Ε = + 1/2 g B H 

w i t h t h e d i f f e r e n c e , ΔΕ = g B H , r e p r e s e n t i n g t h e q u a n t i t y o f e n e r g y 
r e q u i r e d t o " f l i p " t h e e l e c t r o n f r o m o n e a l l o w e d s p i n s t a t e t o 
t h e o t h e r . I f a n e l e c t r o m a g n e t i c f i e l d o f c o n s t a n t f r e q u e n c y , 
v , i s a p p l i e d p e r p e n d i c u l a r t o H , t r a n s i t i o n b e t w e e n t h e s e t w o 
e n e r g y l e v e l s w i l l o c c u r a t a p a r t i c u l a r m a g n e t i c f i e l d s t r e n g t h , 
H 0 , d e t e r m i n e d b y t h e r e s o n a n c e c o n d i t i o n : 
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hv = ΔΕ = g 3 H Q 

T h e a l l o w e d t r a n s i t i o n i n E S R i s d i a g r a m m e d i n F i g u r e 2. T h e 
E S R e x p e r i m e n t i s c o m m o n l y c o n d u c t e d a t a f i x e d f r e q u e n c y n e a r 
9.5 χ 10^ H z b y s c a n n i n g t h r o u g h a m a g n e t i c f i e l d r a n g e u n t i l 
a b s o r p t i o n o f e l e c t r o m a g n e t i c r a d i a t i o n i s d e t e c t e d a t H Q . T h e 
v a l u e o f H Q c a n t h e n b e u s e d t o c a l c u l a t e t h e e l e c t r o n g - f a c t o r . 
T h e e x a c t v a l u e o f g d e p e n d s o n t h e m a g n i t u d e o f l o c a l m a g n e t i c 
f i e l d s i n d u c e d i n t h e a t o m b y t h e a p p l i e d e x t e r n a l f i e l d , H . 
N i t r o x i d e s p i n p r o b e s p o s s e s s a n u n p a i r e d e l e c t r o n w h i c h i s l a r g e l y 
l o c a l i z e d o n t h e 2ρπ o r b i t a l o f t h e Ν a t o m (16) , a s i s s h o w n i n 
t h e m o l e c u l a r s t r u c t u r e o f T E M P A M I N E 4 " b e l o w : 

N H 3 + 

T h e m a i n s o u r c e o f l o c a l m a g n e t i c f i e l d s c a u s i n g g t o d e v i a t e 
f r o m t h e " f r e e e l e c t r o n " v a l u e o f 2.0023 i s o r b i t a l m a g n e t i c m o m e n t 
g e n e r a t e d f r o m s p i n c o u p l i n g t o e x c i t e d e l e c t r o n i c s t a t e s ( s p i n -
o r b i t c o u p l i n g ) . F o r t h e e l e c t r o n i n t h e p - o r b i t a l o f T E M P A M I N E , 
t h i s c o u p l i n g i s o r i e n t a t i o n - d e p e n d e n t (_ i .e . . a n i s o t r o p i c ) , a n d 
s l i g h t l y d i f f e r e n t v a l u e s o f g a r e o b s e r v e d f o r d i f f e r e n t o r i e n t a 
t i o n s o f t h e n i t r o x i d e r e l a t i v e t o t h e a p p l i e d f i e l d , H . I f t h e 
a x i s s y s t e m i s d e f i n e d a s s h o w n b e l o w : 

ζ 

Î ' 
R _ I 

R 

y 
t h e n t y p i c a l g - v a l u e s f o r t h e n i t r o x i d e w i t h i t s x , y a n d ζ a x e s 
a l i g n e d p a r a l l e l t o Η a r e g x x = 2.0089, g y y = 2.0061, a n d g z z = 
2.0027 U 6 ) . 

B e c a u s e t h e u n p a i r e d e l e c t r o n i n t e r a c t s w i t h t h e l o c a l m a g n e t i c 
f i e l d g e n e r a t e d b y t h e n u c l e a r s p i n ( s p i n q u a n t u m n u m b e r , 1 = 1 ) 
o f t h e Ν a t o m , e a c h o f t h e e l e c t r o n i c s p i n s t a t e s d e p i c t e d i n F i g u r e 
2 i s a c t u a l l y s p l i t i n t o t h r e e e n e r g y l e v e l s b y t h e a l l o w e d m j 
q u a n t u m n u m b e r s (1, 0, -1) o f t h e n u c l e u s , a n d t h r e e e l e c t r o n i c 
t r a n s i t i o n s a r e d e t e c t e d i n t h e E S R e x p e r i m e n t , a s s h o w n i n F i g u r e 
3. T h e o b s e r v e d f i r s t - d e r i v a t i v e s p e c t r u m o f a n i t r o x i d e i s , 
t h e r e f o r e , c o m p o s e d o f t h r e e p e a k s s e p a r a t e d b y t h e n u c l e a r h y p e r f i n e 
s p l i t t i n g , A . L i k e t h e g - v a l u e , t h e h y p e r f i n e s p l i t t i n g o f t h e 
n i t r o x i d e i s a n i s o t r o p i c , a r e s u l t o f t h e d i r e c t i o n - d e p e n d e n t 
d i p o l e - d i p o l e i n t e r a c t i o n b e t w e e n t h e p - o r b i t a l e l e c t r o n a n d t h e 
n i t r o g e n n u c l e u s . T y p i c a l p r i n c i p a l - a x i s A v a l u e s f o r t h e n i t r o x i d e 
w i t h i t s x , y a n d ζ a x e s o r i e n t e d p a r a l l e l t o Η a r e A x x = 6 .5 , 
A y y = 6 .7 , a n d A z z = 33 g a u s s . F i g u r e s 4 a , 4b a n d 4 c d e p i c t t h e 
e x p e c t e d f i r s t - d e r i v a t i v e s p e c t r u m o f a n i t r o x i d e r a d i c a l w i t h 
t h e m a g n e t i c f i e l d , H , a l o n g t h e x , y a n d ζ a x e s o f t h e m o l e c u l e , 
r e s p e c t i v e l y . F o r a r a n d o m l y o r i e n t e d c o l l e c t i o n o f t h e s e r a d i c a l s 
i n t h e s o l i d s t a t e , a r e l a t i v e l y b r o a d " g l a s s y " o r " p o w d e r " s p e c t r u m 
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Magnetic Field, H 

F i g u r e 2 . E l e c t r o n s p i
t h e r e s o n a n c e c o n d i t i o n s a t H = HQ. 

F i g u r e 3 . S p i n l e v e l s f o r a n e l e c t r o n i n t e r a c t i n g w i t h t h e 
Ν a t o m (1=1) i n t h e n i t r o x i d e r a d i c a l . T h e t h r e e a l l o w e d 
t r a n s i t i o n s g e n e r a t e a n E S R s p e c t r u m w i t h h y p e r f i n e s p l i t t i n g , 
A . 
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Figure 4. F i r s t - d e r i v a t i v e ESR spect ra of a n i t r o x i d e sp in 
probe with the x - a x i s (a ) , y - a x i s (b), and z - a x i s (c) a l i gned 
p a r a l l e l to H. The r i g i d - l i m i t "powder" spectrum (d) i s a l so 
shown. The dashed l i n e marks the free e l e c t r o n f i e l d p o s i t i o n 
(g = 2.0027). Reproduced from Ref. (8) with permiss ion of 
D. Re ide l Pub l i sh ing Co. 
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i s o b t a i n e d ( F i g u r e 4 d ) , t h e r e s u l t a n t o f t h e s p e c t r a g e n e r a t e d 
b y n i t r o x i d e s i n a l l o r i e n t a t i o n s . A l t h o u g h l e s s i n f o r m a t i o n 
c a n b e o b t a i n e d f r o m " p o w d e r " t h a n f r o m " s i n g l e c r y s t a l " s p e c t r a , 
F i g u r e 4 d d e m o n s t r a t e s t h a t t h e o u t e r p e a k s o f t h e " p o w d e r " s p e c t r u m 
a t l e a s t p r o v i d e a m e a s u r e o f t h e A z z h y p e r f i n e s p l i t t i n g . T E M P A M I N E 
i n a q u e o u s s o l u t i o n a t r o o m t e m p e r a t u r e h a s a n a l m o s t p e r f e c t l y 
s y m m e t r i c a l t h r e e l i n e E S R s p e c t r u m ( F i g u r e 3 ) b e c a u s e r a p i d r o t a 
t i o n a l m o t i o n o f t h e m o l e c u l e c o m p l e t e l y a v e r a g e s t h e a n i s o t r o p y 
o f t h e g - v a l u e a n d A v a l u e . T h e a v e r a g e v a l u e s , g Q a n d A Q , a r e 
c a l c u l a t e d f r o m t h e p r i n c i p a l v a l u e s : 

δ ο = ! / 3 δ χ χ + ! / 3 S y y + δ ζ ζ 

A 0 = 1/3 A x x + 1/3 A y y + 1/3 A z z 

H o w e v e r , w h e n p r o t o n a t e d T E M P A M I N E a d s o r b s b y c a t i o n e x c h a n g e 
o n f u l l y h y d r a t e d l a y e r s i l i c a t e c l a y s ( 1 0 , 1 1 ) , t h e s p e c t r u m 
b e c o m e s l e s s s y m m e t r i c a
a n d m o n t m o r i l l o n i t e s p e c t r
m o l e c u l e s w i t h r o t a t i o n a l f r e q u e n c i e s o n t h e o r d e r o f 1 0 ^ H z ( 1 7 ) . 
T h e r e c i p r o c a l o f t h e f r e q u e n c y c a n b e d e f i n e d a s t h e r o t a t i o n a l 
c o r r e l a t i o n t i m e , T c , w h i c h r e p r e s e n t s t h e a p p r o x i m a t e t i m e r e q u i r e d 
f o r r e o r i e n t a t i o n b y r a n d o m t h e r m a l t u m b l i n g . F o r v a l u e s o f T C 

< 5 χ 1 0 ~ 9 s , a n a p p r o x i m a t e t h e o r e t i c a l s o l u t i o n f o r t h e l i n e w i d t h s 
o f t h e t h r e e n i t r o x i d e E S R l i n e s i s g i v e n b y ( 1 7 ) : 

Δ Η ( Μ τ ) = 1 T C [ C i M j + C 2 M j 2 ] 

Into) [ / 3 π Δ ν ( 0 ) 1 

w h e r e Δ Η ( Μ χ ) i s t h e p e a k - t o - p e a k l i n e w i d t h ( i n g a u s s u n i t s ) o f 
t h e l o w (Μχ = + 1 ) , c e n t e r ( M j = 0 ) a n d h i g h ( M j = - 1 ) f i e l d r e s o n 
a n c e l i n e s , Δ ν ( 0 ) i s t h e l i n e w i d t h o f t h e c e n t e r r e s o n a n c e i n 
H z u n i t s , a n d C ^ a n d C 2 a r e c o n s t a n t s d e t e r m i n e d b y t h e p r i n c i p a l 
A a n d g v a l u e s . E s t i m a t e s o f T c f r o m t h e b e i d e l l i t e a n d m o n t m o r i l 
l o n i t e s p e c t r a b a s e d u p o n t h i s e q u a t i o n a r e 0 . 4 χ 1 0 " ^ a n d 1 . 2 
χ 1 0 ~ 9 s , r e s p e c t i v e l y , v a l u e s t h a t a r e 1 0 t o 2 5 t i m e s l o n g e r 
t h a n t h e 5 χ 1 0 " H s e s t i m a t e o f T c f o r t h e n i t r o x i d e i n a q u e o u s 
s o l u t i o n ( 1 0 ) . T h u s , a d s o r p t i o n r e d u c e d t h e m o b i l i t y o f t h e p r o b e , 
a n d t h e o r i e n t a t i o n - d e p e n d e n c e o f h y p e r f i n e s p l i t t i n g , m o s t n o t i c e 
a b l e f o r h e c t o r i t e a n d m o n t m o r i l l o n i t e c l a y f i l m s ( F i g u r e 5 ) , 
c a n b e a t t r i b u t e d t o s o m e d e g r e e o f p r e f e r r e d o r i e n t a t i o n o f t h e 
T E M P A M I N E m o l e c u l e o n t h e w e t c l a y s u r f a c e s . S i n c e t h e p r e p a r e d 
c l a y f i l m s h a v e t h e l a y e r s i l i c a t e s h e e t s a l i g n e d i n t h e p l a n e 
o f t h e f i l m , t h e e f f e c t o f t h e a n g l e b e t w e e n t h e p l a n e o f t h e 
c l a y f i l m a n d H o n t h e h y p e r f i n e s p l i t t i n g , a s s h o w n i n F i g u r e 
6 , i s a m e a s u r e o f o r d e r i n g o f t h e s p i n p r o b e o n t h e s i l i c a t e 
s u r f a c e s . F o r e x a m p l e , i f t h e n i t r o x i d e w e r e r i g i d l y a d s o r b e d 
o n t h e s i l i c a t e w i t h i t s z - a x i s a t e x a c t l y 9 0 ° t o t h e c l a y s u r f a c e s , 
t h e 9 0 ° c l a y f i l m o r i e n t a t i o n t o H w o u l d g e n e r a t e a n E S R s p e c t r u m 
w i t h h y p e r f i n e s p l i t t i n g e q u a l t o A z z ( s e e F i g u r e 4 ) , w h i l e t h e 
0 ° f i l m o r i e n t a t i o n t o H w o u l d p r o d u c e a s p e c t r u m w i t h s p l i t t i n g 
o f 1/2 A x x + 1/2 A y y . T h e n a t u r e o f s m e c t i t e f i l m s i s s u c h t h a t , 
w h i l e t h e c - a x e s o f t h e i n d i v i d u a l p l a t e l e t s a r e o r i e n t e d a t ^ 9 0 ° 
t o t h e p l a n e o f t h e f i l m , t h e a a n d b - a x e s o f t h e p l a t e l e t s a r e 
r a n d o m l y o r i e n t e d w i t h i n t h e p l a n e o f t h e f i l m . T h u s , o n l y t h e 
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F i g u r e 5 . E S R s p e c t r a o f T E M P A M I N E a d s o r b e d o n w e t N a + - s m e c t i t e 

f i l m s , o r i e n t e d a t 0 ° a n d 9 0 ° t o t h e a p p l i e d m a g n e t i c f i e l d . 

W e a k r i g i d - l i m i t s p e c t r a ( l a b e l l e d w i t h a r r o w s ) a n d s o l u t i o n 

s p e c t r a ( l a b e l l e d w i t h " s " ) a r e e v i d e n t i n b e i d e l l i t e a n d 

m o n t m o r i l l o n i t e , r e s p e c t i v e l y . 
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A z z va lue and the average of the A x x and Ayy values are t h e o r e t i c a l 
l y a c c e s s i b l e to measurement from o r i en ted smect ite f i l m s . Then, 
A z z - (1/2 Α χ χ +1/2 Ayy) i s the maximum anisot ropy i n hyper f ine 
s p l i t t i n g that i s p o s s i b l e . The an i sot ropy observed i n F igure 
6, and reported i n Table 3 below, i s much smal ler than the maximum. 
One can quant i fy the degree of surface o rder ing by d e f i n i n g an 
order parameters, s : 

s = Aj. - An 
A z z - (1/2 Α χ χ + 1/2 Ayy) 

A x and A„ are the exper imenta l ly determined hyper f ine s p l i t t i n g s 
for the c l ay f i lms at 90 ° (1 ) and 0°(II ) to the magnetic f i e l d . 

Table I I I . Hyperf ine s p l i t t i n g (A) va lues of TEMPAMINE"*" adsorbed 
on f u l l y wetted o r i en ted c l ay f i l m s . 

C lay AJJ (gauss) (gauss)  c o r r e l a t i o n time (ns) 

Na+-hector i te 15.1 19.2 .16 1.7 
Na + -montmor i l l on i t e 16.5 18.4 .08 1.2 
N a + - b e i d e l l i t e 16.7 17.2 .02 0.4 

Since s i n Table I I I i s p o s i t i v e , there i s a measurable tendency 
for the n i t r o x i d e s to o r i e n t with the molecular z - a x i s perpend icu la r 
to the plane of the c l ay f i l m . This can be deduced from the fact 
that A z z >> Αχχ^ Ayy and Aĵ  > Αμ. It i s concluded that thermal 
tumbling of the probe on the c l ay surfaces i s not i s o t r o p i c s ince 
there i s incomplete averaging of the an i sot ropy of hyper f ine s p l i t 
t i n g . However, the value of s very c lose to zero for N a + - b e i d e l l i t e 
i n d i c a t e s l i t t l e tendency for p re fe r red o r i e n t a t i o n of the probe 
on b e i d e l l i t e sur faces . I t i s t e n t a t i v e l y suggested that b e i d e l 
l i t e , wi th i t s t e t r ahed r a l charge and consequently stronger tendency 
to hydrogen-bond water, may not i n t e r a c t as s t rong ly with TEMPAMINE"1" 
as h e c t o r i t e or montmor i l l on i t e . Other s tud ies have l i nked the 
s t rength of organocat ion adsorpt ion to the ease of displacement 
of hydra t i on water from the l ayer s i l i c a t e surface (_3, 4 )̂. 

Saponite , as the spect ra of F igure 5 d e p i c t , r e t a in s TEMPAMINE"1" 
i n a more r i g i d environment, a fact which may be r e l a t e d to the 
i n a b i l i t y o f t h i s p a r t i c u l a r smectite i n the Na + - s a tu r a t ed form 
to f u l l y expand i n water (Table I I ) . The saponite spectra of 
F igure 5 cannot be analyzed by the approach o u t l i n e d above for 
n i t r o x i d e s undergoing r ap id motion, s ince these slow-motion s p e c t r a l 
l ineshapes are determined by an i so t rop i e s i n the A and g va lues 
which are not completely t ime-averaged. Only i f the r o t a t i o n a l 
frequency of the n i t r o x i d e i s much greater than the an isot ropy 
of the A and g -va lues ( i . e . | A Z Z - A x x | , | g x x - g z z | ) expressed 
i n frequency u n i t s , i s the an isot ropy averaged by molecular motion. 
The Α-value a n i s o t r o p y , | A z z - A x x | , corresponds to a frequency 
of 73 MHz or a r o t a t i o n a l c o r r e l a t i o n time of 1.4 χ 10"^s. The 
genera l l ineshape of the saponite spect ra i n d i c a t e a x c va lue 
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of ^10~**s and a f a i r l y h igh degree of o r i e n t a t i o n , with the n i t r o x i d e 
z - a x i s tending to be a l i gned at 90° to the plane of the saponite 
f i l m . The c - spac ing of wet Na" 1 --saponite (1.77 nm) provides an 
approximately 0.8 nm i n t e r l a y e r , probably imposing s t e r i c r e s t r i c t i 
ons on the r o t a t i o n a l motion of the TEMPAMINE molecule , which 
has a diameter o f ^0.8 nm. 

For the r e l a t i v e l y r ap id a n i s o t r o p i c motion ( T C < 3 Χ 10 "^S) 
of sp in probes observed on f u l l y hydrated smect i tes such as montmor i l 
l o n i t e , h e c t o r i t e , and b e i d e l l i t e , an ex te rna l f i xed ax i s system 
( χ 1 , y ' , z ' ) can be def ined i n a d d i t i o n to the mo lecu l e - f i xed 
axes (x, y , z ) . The angle , Θ, between the ζ and z ' axes i s g iven 
by: 

cos θ = ζ · ζ 

I f we s e l e c t the z ' ax i s to be normal to the plane of the c l ay 
f i l m , the angle θ can be imagined to f l u c tua t e r a p i d l y as the 
probe tumbles i n the i n t e r l a y e r
symmetric about the z ' ax i
of the a and b axes of the c l a y p l a t e l e t s i n the x ' y ' p lane . 
A l s o , the probe molecule i s u n l i k e l y to pre fe r any p a r t i c u l a r 
o r i e n t a t i o n r e l a t i v e to the a and b axes of each i n d i v i d u a l p l a t e l e t . 
This s i t u a t i o n i s diagrammed i n F igure 7. Equations for the hyper f ine 
s p l i t t i n g of the probe for o r i e n t a t i o n s of the magnetic f i e l d 
perpendicu la r (-L) and p a r a l l e l (||) to the x ' y ' plane (or ab plane) 
can then be der ived (8): 

Aj_ = <cos 2 9> (A z z - A x x ) + A x x 

A ( | = 1/2(1 - <cos 2 6>) (A z z - A x x ) + A x x 

where <cos 26> i s the time-averaged value of c o s 2 0 . When these 
equations are so lved for θ us ing the An and Αχ values from Table 
I I I , apparent average θ values of 45 ° , 52° , and 54° are est imated 
for h e c t o r i t e , montmor i l l on i te and b e i d e l l i t e , r e s p e c t i v e l y . 
Completely i s o t r o p i c motion of the probe i n the i n t e r l a y e r would 
produce A(|= Aj. and θ = 54 .7 ° , the "magic ang l e " . Thus, h e c t o r i t e 
has the greatest an i sot ropy of motion, w i th a tendency of the 
z - a x i s o f the n i t r o x i d e to t i l t toward the z ' a x i s . Th i s o r i e n t a 
t i o n may f a c i l i t a t e d i r e c t sur face -methyl group i n t e r a c t i o n as 
we l l as c lose approach of the -NH34" group to surface charge s i t e s . 

Factors found to in f luence the m o b i l i t y and average o r i e n t a t i o n 
of TEMPAMINE"1" on smect i tes are a l so f ac tors which modify the swel 
l i n g behavior . For example, h e c t o r i t e s saturated with 2+ exchange 
ions (Mg 2 4*, Ca 2 4 " , Ba 2 4*) r evea l s i g n i f i c a n t l y reduced r o t a t i o n a l 
m o b i l i t y o f TEMPAMINE"1" and l e ss an i so t ropy o f motion when compared 
with N a + - h e c t o r i t e s (10). The r e s t r i c t e d swe l l ing of smect ites 
saturated by d i v a l en t ca t ions probably accounts for t h i s d i f f e r ence 
i n m o b i l i t y . Organic so lvents a l so a l t e r the m o b i l i t y and average 
o r i e n t a t i o n of the adsorbed probes (10), e f f e c t s a t t r i b u t a b l e 
to reduced i n t e r l a y e r expansion i n these so l ven t s , and a tendency 
for l ess po lar so lvents to be a t t r a c t e d to the TEMPAMINE4* molecule . 
Severa l poss ib l e o r i e n t a t i o n s of TEMPAMINE4" are i l l u s t r a t e d i n 
F igure 8. 

Heterogeneity of c l ay surface charge, which may r e s u l t i n 
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F igure 6. P l o t of TEMPAMINE hyper f ine s p l i t t i n g as a f u n c t i o n 
of o r i e n t a t i o n of the c l a y f i l m (angle between plane of f i l m 
and the a p p l i e d magnetic f i e l d ) fo r h e c t o r i t e ( Ο ) , montmor i l lon i te 
( · ) and b e i d e l l i t e (• ). 

F igure 7. Average o r i e n t a t i o n of the xyz ax is system of TEMPAMINE 
i n the f i xed ( x ' y ' z 1 ) ax is system of c l a y . 
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F i g u r e 8 . S e v e r a l o r i e n t a t i o n s o f T E M P A M I N E a t t h e l a y e r s i l i c a t e 

s u r f a c e w i t h a . m a x i m u m C H ^ - s u r f a c e i n t e r a c t i o n (Θ ^ 4 5 ° ) , 
b . m i n i m u m C H ^ - s u r f a c e i n t e r a c t i o n ( θ > 4 5 ° ) , c . m i n i m u m m o b i l i t y 

( θ Θ i s d e f i n e d i n F i g u r e 7 . 
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d i f f e r e n t i a l swe l l i ng behav ior , i s r e f l e c t e d i n the m o b i l i t y o f 
the adsorbed probe on wet c l a y s . The b e i d e l l i t e spectra o f F igure 
5 possess weak resonances which a r i s e from r i g i d l y - b o u n d h i g h l y -
o r i en ted TEMPAMINE"*". The outer resonances of t h i s r i g i d - l i m i t 
spectrum (denoted by arrows) are observed for the 9 0 ° o r i e n t a t i o n 
on ly , a fact cons i s t en t wi th the " f l a t " alignment of the probe 
shown i n F igure 8c , wi th the N-0 bond ax i s i n the plane o f the 
c l ay f i l m . The h igh t e t r a h e d r a l charge of the b e i d e l l i t e may 
prevent some i n t e r l a y e r regions from swe l l i ng i n excess water, 
thereby t rapp ing TEMPAMINE"4" ca t ions between p l a t e l e t s . More dramatic 
evidence for heterogene i ty o f swe l l ing i s seen i n the b e i d e l l i t e 
spect ra a f t e r e q u i l i b r a t i o n at 1 0 0 7 o r e l a t i v e humidity (F igure 
9 ) . The spectrum of mobile probe (denoted by "m") remains, but 
the r i g i d - l i m i t spectrum (denoted by " r " ) i s much more intense 
than for the b e i d e l l i t e i n excess water. C l e a r l y , two d i s t i n c t 
i n t e r l a y e r environments are detected by the probe. To a l e s s e r 
extent , montmor i l l on i te a l so shows evidence of h i gh l y o r i e n t e d , 
r i g i d l y - b o u n d probes under cond i t i ons o f  humidity ( spect ra 
not shown). Saponite , becaus
1 . 7 7 nm, f a i l s to r evea l mobile TEMPAMINE"*" ca t ions at any degree 
of hyd r a t i on . 

Dehydrat ion of the smect ite i n t e r l a y e r s by a i r - d r y i n g reduces 
the c - a x i s spacing to the po int where s t e r i c r e s t r i c t i o n s force 
the TEMPAMINE molecules to a l i g n at the surfaces as shown i n F igure 
8c. The spectrum of a i r - d r y b e i d e l l i t e , dep ic ted i n F igure 1 0 , 
i s t y p i c a l o f the r i g i d - l i m i t spect ra observed for a l l the smec
t i t e s , and demonstrates the high degree of o rder ing i n the narrow 
( 0 . 2 - 0 . 3 nm) i n t e r l a y e r s . The r i g i d i t y i s def ined i n terms 
of the minimum r o t a t i o n a l c o r r e l a t i o n time of the n i t r o x i d e which 
produces a spectrum with c h a r a c t e r i s t i c r i g i d - l i m i t l ineshape . 
Th is value i s approximately 1 0 " ^ s ; that i s , the r i g i d - l i m i t spec
trum of F igure 1 0 i n d i c a t e s that T c for TEMPAMINE4" i s >_ 1 0 " 6 . 

Cu Adsorbed on Layer S i l i c a t e s . While the bas ic p r i n c i p l e s o f 
ESR used to i n t e r p r e t the n i t r o x i d e spect ra a l so apply to C u 2 4 " , 
s eve ra l s i g n i f i c a n t s p e c t r a l d i f f e r ences need to be exp la ined . 
The ESR spectrum of C u i ^ O ^ 2 4 " r e s u l t s from an unpaired e l e c t r o n 
i n the d x 2 _ y 2 o r b i t a l , as i l l u s t r a t e d i n F igure 1 1 . E l onga t i on 
of the a x i a l ( z - a x i s ) CU-H2O bonds r e l a t i v e to the e q u a t o r i a l 
(x, y - a x i s ) bonds lowers the symmetry o f the C u i ^ O ) ^ 2 4 " complex 
from octahedra l to t e t r a gona l . Termed the J a h n - T e l l e r e f f e c t , 
t h i s d i s t o r t i o n i s favored by the energy gained i n lowering the 
energy l e v e l o f the d z 2 o r b i t a l and r a i s i n g the l e v e l of the d x 2 _ y 2 

o r b i t a l (F igure 1 1 ) . There are four al lowed e l e c t r o n t r a n s i t i o n s 
for the unpaired d - e l e c t r o n , as F igure 1 2 r evea l s , because C u 2 4 " 
has a nuc lear sp in o f 3 / 2 . Thus, the Mj quantum numbers o f the 
nucleus can be - 3 / 2 , - 1 / 2 , 1 / 2 or 3 / 2 , s p l i t t i n g each e l e c t r o n 
sp in s ta te i n t o four energy l e v e l s . The h i g h l y or ientat ion -dependent 
s p i n - o r b i t coup l ing and e l e c t r o n sp in -nuc l e a r sp in i n t e r a c t i o n 
i n the d - o r b i t a l r e s u l t i n a high degree of an isot ropy i n both 
the g -va lue and the A va lue . As i s the case for n i t r o x i d e probes, 
C u 2 4 " ions tumble r a p i d l y enough i n aqueous s o l u t i o n at room tempera
ture to average the an i so t ropy , producing a symmetrical spectrum 
at g = 2 . 1 8 - 2 . 2 0 ( 1 8 ) . However, the expected four hyper f ine 
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F i g u r e 9 . E S R s p e c t r
T E M P A M I N E e q u i l i b r a t e d a t 1 0 0 % R . H . , o r i e n t e d a t 0 ° a n d 9 0 ° 
t o t h e a p p l i e d m a g n e t i c f i e l d . R e s o n a n c e s a t t r i b u t e d t o r i g i d 
a n d m o b i l e p r o b e s a r e d e n o t e d b y " r " a n d V , r e s p e c t i v e l y . 

F i g u r e 1 0 . E S R s p e c t r a o f a i r - d r y N a + - b e i d e l l i t e f i l m s w i t h 

a d s o r b e d T E M P A M I N E , o r i e n t e d a t 0 ° a n d 9 0 ° t o t h e a p p l i e d 

m a g n e t i c f i e l d . 
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F i g u r e 1 1 . S t e r e o c h e m i s t r

t h e t e t r a g o n a l C u ( H

F i g u r e 1 2 . E n e r g y l e v e l d i a g r a m f o r t h e s p i n s t a t e s o f C u 

( S = l / 2 , 1 = 3 / 2 ) . 
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l i n e s a r e n o t r e s o l v e d f o r a q u e o u s s o l u t i o n s , a p o s s i b l e c o n s e q u e n c e 
o f t h e r a p i d e x c h a n g e o f J a h n - T e l l e r d i s t o r t i o n a x e s w h i c h i s 
p o s s i b l e i n a s y m m e t r i c a l l y c o o r d i n a t e d c o m p l e x s u c h a s C u ( H 2 0 ) 6 2 + 

( 1 8 ) . 
F i g u r e 1 3 d e p i c t s ESR s p e c t r a o f C u 2 + i n h y d r a t e d o r i e n t e d 

b e i d e l l i t e f i l m s . T h e n e a r l y s y m m e t r i c a l a n d o r i e n t a t i o n - i n d e 
p e n d e n t n a t u r e o f t h e s p e c t r a s u g g e s t s t h a t C u ( H 2 Û ) ^ 2 + i o n s i n 
t h e i n t e r l a y e r h a v e m o b i l i t y n e a r t h a t o f C u d ^ O ) ^ 2 " ^ i o n s i n s o l u 
t i o n . I n f a c t , t h e a d d i t i o n o f e x c e s s w a t e r t o t h e s e c l a y s a l t e r s 
t h e C u 2 + s p e c t r a t o f u l l y s y m m e t r i c a l p e a k s a t g = 2 . 1 8 - 2 . 1 9 . 
ESR s t u d i e s o f o t h e r p a r a m a g n e t i c m e t a l i o n s ( M n 2 + , V 0 2 + ) a s s u r f a c e 
p r o b e s h a v e c o n f i r m e d t h a t c a t i o n r o t a t i o n a l m o b i l i t y o n f u l l y 
w e t t e d s m e c t i t e s w i t h i n t e r l a y e r s p a c i n g s o f 1 . 0 n m o r m o r e i s 
n o t m o r e t h a n 5 0 7 o r e d u c e d r e l a t i v e t o a q u e o u s s o l u t i o n ( 1 2 , 1 4 ) . 
A p p a r e n t l y , a b o u t f o u r m o l e c u l a r l a y e r s o f w a t e r i n t h e i n t e r l a y e r 
p r o v i d e s u f f i c i e n t s p a c e f o r s o l u t i o n - l i k e r o t a t i o n r a t e s o f h y d r a t 
e d m e t a l i o n s . 

A v e r y d i f f e r e n t r e s u l
t i t e s , w h i c h g e n e r a l l y h a v
t h e p l a t e l e t s . W h e t h e r s a t u r a t e d b y N a + o r C a 2 + e x c h a n g e i o n s , 
a l l o f t h e C u 2 + - d o p e d s m e c t i t e s p r o d u c e r i g i d l i m i t s p e c t r a , s h o w n 
i n F i g u r e s 1 4 , 15 a n d 1 6 . T h e d e p e n d e n c e o f t h e s p e c t r a o n c l a y 
f i l m o r i e n t a t i o n i n t h e a p p l i e d f i e l d c a n o n l y b e i n t e r p r e t e d 
a s a s t r o n g t e n d e n c y f o r t h e C u 2 + i o n s t o a l i g n o n t h e s i l i c a t e 
s u r f a c e s . F o r a n a x i a l l y s y m m e t r i c s p e c i e s s u c h a s C u ( H 2 0 ) 6 2 + , 
t h e s y m m e t r y ( z ) a x i s g e n e r a t e s a d i f f e r e n t g - v a l u e w h e n a l i g n e d 
w i t h t h e m a g n e t i c f i e l d t h a n d o t h e χ a n d y a x e s ; i . e . : 

S x x = S y y $ 8 z z 

T o s i m p l i f y t e r m i n o l o g y o f a x i a l s y s t e m s , g z z i s d e f i n e d t o b e 
gII ( t h e g - v a l u e o b s e r v e d w i t h t h e s y m m e t r y a x i s o f C u 2 + p a r a l l e l 
t o t h e a p p l i e d f i e l d ) , a n d g x x (= g y y ) i s d e f i n e d t o b e g ^ ( t h e 
g - v a l u e o b s e r v e d w i t h t h e s y m m e t r y a x i s p e r p e n d i c u l a r t o t h e a p p l i e d 
f i e l d ) . A n e l o n g a t e d z - a x i s ( d e p i c t e d i n F i g u r e 1 1 f o r C u ( H 2 0 ) 6 2 + ) 
r e s u l t s i n g j j > g ^ . F o r a x i a l l y s y m m e t r i c C u 2 + r i g i d l y b o u n d 
i n a c r y s t a l , t h e g - v a l u e c a n t h e n v a r y b e t w e e n t h e m i n i m u m (g j . ) 
a n d m a x i m u m (g|j)> d e p e n d i n g o n o r i e n t a t i o n o f t h e c r y s t a l w i t h i n 
t h e m a g n e t i c f i e l d . H o w e v e r , f o r a x i a l C u 2 + b o u n d i n a p o w d e r e d 
c l a y s a m p l e , a l l p o s s i b l e o r i e n t a t i o n s , a n d t h e r e f o r e a l l g - v a l u e s 
b e t w e e n g x a n d gjj a r e r e p r e s e n t e d i n t h e " p o w d e r " s p e c t r u m . T h e r e 
f o r e , e l e c t r o n s p i n r e s o n a n c e o c c u r s o n l y f o r f i e l d v a l u e s , H , 
b e t w e e n Hjj a n d H j^ , w h e r e : 

A s t h e s p e c t r u m i s r e c o r d e d , w i t h H a p p r o a c h i n g H„ f r o m l o w f i e l d , 
a b s o r p t i o n o f e n e r g y s u d d e n l y b e g i n s a t H = H J ( , c o n t i n u e s b e t w e e n 
H„ a n d Η χ , a n d s u d d e n l y e n d s a t Η = Η χ . T h e s h a p e o f t h e a b s o r p t i o n 
s p e c t r u m o f a n a x i a l l y s y m m e t r i c p a r a m a g n e t i c i s s h o w n i n F i g u r e 
1 4 a . T h e a b s o r p t i o n o f e n e r g y i s m u c h s t r o n g e r n e a r Η χ t h a n H,j 
b e c a u s e t h e p r o b a b i l i t y t h a t i o n s i n t h e p o w d e r h a v e t h e i r z - a x i s 
o r i e n t e d n e a r l y i n t h e p l a n e p e r p e n d i c u l a r t o Η i s m u c h h i g h e r 
t h a n t h e p r o b a b i l i t y t h a t t h e y h a v e t h e i r z - a x e s a l m o s t p a r a l l e l 
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F i g u r e 1 4 . A b s o r p t i o n ( a ) a n d f i r s t - d e r i v a t i v e ( b ) " p o w d e r " 

o r " g l a s s " E S R s p e c t r u m o f a n a x i a l l y s y m m e t r i c s p i n s y s t e m . 
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F i g u r e 1 5 . E S R s p e c t r a o f a i r - d r y C u 2 + - d o p e d m o n t m o r i l l o n i t e 

f i l m s o r i e n t e d a t 0 ° a n d 9 0 ° t o t h e a p p l i e d m a g n e t i c f i e l d . 

T h e v e r t i c a l l i n e i n t h i s a n d s u b s e q u e n t f i g u r e s m a r k s t h e 

g = 2 . 0 0 2 3 f i e l d p o s i t i o n . 
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F i g u r e 1 6 . E S R s p e c t r a o f a i r - d r y C u 2 + - d o p e d s a p o n i t e f i l m s 
o r i e n t e d a t 0 ° a n d 9 0 ° t o t h e a p p l i e d m a g n e t i c f i e l d . 
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to H. F igure 14b demonstrates that the f i r s t d e r i v a t i v e of t h i s 
absorpt ion curve (the usua l mode of r epo r t ing ESR spectra ) a l lows 
the va lues of gjj and gx to be determined i n the powder sample. 

ESR spect ra of C u 2 + i n dry smect ite powders are s i m i l a r to 
that shown i n F igure 14b, but the 3/2 nuc lear sp in of Cu s p l i t s 
each gjj and gj_ resonance i n to four peaks (6). The i n d i v i d u a l 
hyper f ine l i n e s of the gy resonance are e a s i l y reso lved because 
A|j i s l a rge , but the g A resonances are not always reso lved because 
AJL i s sma l l . Thus, A||, gjj, and g^ can be measured from the powder 
spectrum. 

F igures 15, 16, and 17 dep ict C u 2 + spect ra of a i r - d r y smect i tes 
i n o r i en ted f i lms at 0° and 90° to the app l i ed magnetic f i e l d . 
In a l l smectites examined, the four we l l - s epa ra ted resonances 
of g,| were observed i n the 90° o r i e n t a t i o n , whi le the l a r g e l y 
unresolved resonances of g^ were observed i n the 0° o r i e n t a t i o n . 
It i s concluded that the symmetry ax is of C u  i s o r i en ted perpen
d i c u l a r to the l aye r s i l i c a t
t i ons of hydrated C u 2 + revea led i n F igure 18A and 18C. Since 
the a i r - d r y c l ays have between one and two molecular l ayers of 
water between the p l a t e l e t s (Table I I ) , a l l three stereochemica l 
arrangements i n F igure 18 have to be cons idered , but the t i l t e d 
arrangement of C u d ^ O ) ^ 2 * i n F igure 18B i s ru l ed out by the ^45° 
angle of the symmetry ax i s r e l a t i v e to the s i l i c a t e sheets . Most 
a i r - d r y smectites saturated with 2+ ca t ions have c - a x i s spacings 
of 1.4 - 1.5 nm, suggest ing that the exchange ca t ions r e t a i n a 
complete inner - sphere hydra t ion s h e l l . I n t e r e s t i n g l y , C u 2 + - s a t u r a t -
ed h e c t o r i t e has an a i r - d r y spacing of 1.24 nm, l eav ing room for 
only a s ing l e monolayer of water ( 9 ) · Th i s unique behavior for 
a 2+ c a t i o n i s a t t r i b u t e d to the J a h n - T e l l e r d i s t o r t i o n , a l l ow ing 
the loss of a x i a l H 2 O l i gands to occur r e l a t i v e l y e a s i l y upon 
d r y i n g . The s tereochemistry of the r e s u l t i n g C u d i ^ C O ^ ^ - c l a y 
complex i s shown i n F igure 18A. S i m i l a r l y , the c - a x i s spacings 
of the a i r - d r y Na + - s a tu r a t ed smect ites (Table II ) r equ i re t h i s 
same stereochemistry for C u 2 + introduced i n t o the i n t e r l a y e r . 
An except ion may be N a + - s a p o n i t e , with a 1.37 nm spac ing , which 
i s probably i n t e r s t r a t i f i e d between the s i n g l e and double l aye r 
of water. 

It i s be l i eved that C u ( H 2 0 ) 5 2 + o r i e n t s i n v e r m i c u l i t e i n t e r 
l aye rs (2 water l aye rs t h i c k ) as shown i n F igure 18B (6). Yet , 
the smectites with more v e r m i c u l i t e - l i k e p rope r t i e s (high t e t r a 
hedra l charge, h igh t o t a l charge) showed no evidence of t h i s o r i e n 
t a t i o n , even i n cases where two layers of water were s i t ua t ed 
between the p l a t e s . It i s necessary to conclude that Cud^O)^"* " 
or C u ( H 2 0 ) 5 2 + ions are found i n the two- layer hydrates of the 
smect i t e s , with the o r i e n t a t i o n shown i n F igure 18C. 

Only i n the case of N a + - b e i d e l l i t e were at l eas t two d i f f e r e n t 
l i gand environments of C u 2 + evident from the ESR spect ra (F igure 
17). Th is may i n d i c a t e i n t e r s t r a t i f i c a t i o n and the ex i s tence 
of i n t e r l a y e r s w i th one and two l aye rs of water. The g -va lues 
and hyper f ine s p l i t t i n g s for the r i g i d - l i m i t spectra of F igures 
15-17, as we l l as for p r ev i ous l y s tud ied minera ls (7_), are g iven 
i n Table IV. 
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F i g u r e 1 7 . E S R s p e c t r a o f a i r - d r y C u 2 + - d o p e d b e i d e l l i t e f i l m s 
o r i e n t e d a t 0 ° a n d 9 0 ° t o t h e a p p l i e d m a g n e t i c f i e l d . 
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Figure 18. Diagrams of three poss i b l e s tereochemica l arrangements 
of Cu-aquo complexes i n the i n t e r l a y e r o f l ayer s i l i c a t e s : 
A. square p l anar ; B. octahedra l with symmetry axes ^45° to 
the s i l i c a t e l a y e r s ; C. octahedra l or square pyramidal w i th 
symmetry ax is at 90° to the s i l i c a t e l a y e r s . 

Table IV. ESR parameters of C u 2 + i n a i r - d r y o r i ented l ayer s i l i c a t e 
c l a y f i l m s . 

Exchange 
A ( | ( c m ' 1 x l 0 4 ) C lay c a t i o n A ( | ( c m ' 1 x l 0 4 ) 8 i 

B e i d e l l i t e Ca 155 2.37 2.08 
Na 155 2.37 2.08 

(163) (2.33) (2.08) 

Saponite Ca 159 2.36 2.08 
Na 159 2.35 2.08 

Montmor i l l on i t e Ca 165 2.35 2.08 
Na 167 2.35 2.07 

H e c t o r i t e Mg 156 2.34 2.07 

Ve rmicu l i t e Mg 123 2.40 2.09 
(Llano) Na 138 2.39 2.07 

Montmor i l l on i te Na 202 2.22 2.06 
+ NH 3 

B e i d e l l i t e Na 196 2.22 2.05 
+ NH 3 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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S e v e r a l g e n e r a l o b s e r v a t i o n s c a n b e m a d e f r o m t h e s p e c t r a 
a n d t h e c a l c u l a t e d E S R p a r a m e t e r s . F i r s t , t h e N a + - s m e c t i t e s 
p o s s e s s n a r r o w e r r e s o n a n c e l i n e w i d t h s t h a n t h e C a 2 + - s m e c t i t e s , 
w i t h t h e e x c e p t i o n o f t h e s a p o n i t e . S i n c e C a 2 + - s m e c t i t e s , u n l i k e 
N a + - s m e c t i t e s , d o n o t d i s p e r s e i n t o i n d i v i d u a l p l a t e l e t s i n a q u e o u s 
s u s p e n s i o n , t h e N a + - s m e c t i t e f i l m s f o r m e d b y d r y i n g s u s p e n s i o n s 
o n t o a s m o o t h f l a t s u r f a c e h a v e t h e s i l i c a t e s u r f a c e s m o r e p e r f e c t l y 
o r i e n t e d i n t h e p l a n e o f t h e f i l m . A s a r e s u l t , l e s s a n g u l a r 
v a r i a t i o n o f t h e z - a x i s o f C u 2 " * " r e l a t i v e t o t h e p l a n e o f t h e f i l m 
w o u l d n a r r o w t h e s p e c t r a . O n e c a n s e e e v i d e n c e o f h y p e r f i n e s p l i t 
t i n g i n t h e g A c o m p o n e n t o f t h e N a + - s m e c t i t e s p e c t r a , b u t n o t 
i n t h e C a 2 + - s m e c t i t e s p e c t r a . S a p o n i t e , u n l i k e t h e o t h e r s m e c t i t e s , 
h a s v e r y s i m i l a r s p e c t r a l l i n e w i d t h s f o r t h e N a + a n d C a 2 + f o r m 
( F i g u r e 1 6 ) . S i n c e t h i s N a + - s a p o n i t e s a m p l e d o e s n o t d i s p e r s e 
c o m p l e t e l y i n w a t e r ( T a b l e I I ) , t h e a l i g n m e n t o f N a + - s a p o n i t e 
p l a t e l e t s i n t h e c l a y f i l m m a y b e n o b e t t e r t h a n t h a t o f t h e C a 2 + -
s a p o n i t e . 

T h e g - v a l u e s a n d A
c u l a r l a y e r s i l i c a t e h a
C u 2 + t h a n s a t u r a t i o n o f e x c h a n g e s i t e s w i t h d i f f e r e n t c a t i o n s 
s u c h a s N a + a n d C a 2 " * " . A l s o , t h e s m e c t i t e s a s a g r o u p h a v e l o w e r 
g a n d h i g h e r A v a l u e s t h a n v e r m i c u l i t e . F r o m t h e p e r s p e c t i v e 
o f m o l e c u l a r o r b i t a l t h e o r y , l o w g a n d h i g h A v a l u e s c o r r e s p o n d 
t o m o r e c o v a l e n t b o n d s b e t w e e n C u 2 + a n d t h e l i g a n d ( 1 9 ) . T h u s , 
C u 2 + i n t h e i n t e r l a y e r o f s m e c t i t e s w o u l d s e e m t o h a v e a s t r o n g e r 
c o v a l e n t b o n d t o Η 2 0 t h a n C u 2 + i n v e r m i c u l i t e s o r a q u e o u s s o l u t i o n . 
T h e E S R p a r a m e t e r s f o r C u ( H 2 0 ) 6 2 + i n s o l u t i o n h a v e b e e n r e p o r t e d 
a s g „ = 2 . 3 9 , g x = 2 . 0 7 , a n d A„ = 1 4 2 χ 1 0 " 4 c m " 1 ( 1 8 ) . O n e i n t e r 
p r e t a t i o n o f t h i s r e s u l t i s b a s e d o n t h e d i f f e r e n t e x t e n t o f h y d r o 
g e n b o n d i n g b e t w e e n t h e s i l i c a t e s u r f a c e a n d t h e c o o r d i n a t i o n 
w a t e r o f C u 2 + . I n s m e c t i t e s , t h e h y d r o g e n b o n d i n g i s w e a k ( 2 ^ ) , 

a n d w o u l d b e u n l i k e l y t o p e r t u r b t h e p r e f e r r e d CU-OH2 b o n d i n g 
g e o m e t r y , w h i c h i s p y r a m i d a l ( j ^ . J i . t e t r a h e d r a l ) i n C u 2 + h y d r a t e s 
( 2 0 ) . S u c h g e o m e t r y p r e s u m a b l y m a x i m i z e s t h e c o v a l e n c y o f C U - O H 2 

b o n d s b y a l l o w i n g o p t i m a l o v e r l a p b e t w e e n C u o r b i t a l s a n d a n s p 3 

l o n e p a i r o f H 2 O . I n v e r m i c u l i t e , t h e s t r o n g e r h y d r o g e n b o n d i n g 
o f w a t e r t o t h e s u r f a c e m a y d i s t o r t t h e p y r a m i d a l h y d r a t e s t r u c t u r e . 
T h i s e x p l a n a t i o n c a n n o t b e v e r i f i e d w i t h o u t f u r t h e r i n v e s t i g a t i o n ; 
o t h e r m e c h a n i s m s c o u l d e x p l a i n t h e s e E S R p a r a m e t e r s . F o r e x a m p l e , 
m o n o m e r i c C u - h y d r o x y c o m p l e x e s h a v e l o w e r g a n d g r e a t e r A v a l u e s 
t h a n C u - w a t e r c o m p l e x e s ( 2 1 ) . I f C u 2 4 " w e r e h y d r o l y z e d t o a g r e a t e r 
e x t e n t i n s m e c t i t e s t h a n i n v e r m i c u l i t e , t h e d i f f e r e n c e i n E S R 
p a r a m e t e r s c o u l d b e e x p l a i n e d . T h e r e i s e v i d e n c e t h a t o c t a h e 
d r a l l y - c h a r g e d c l a y s e x c h a n g e d w i t h a c i d i c c a t i o n s s u c h a s C u 2 + 

o r C a 2 4 " a r e m o r e a c i d i c t h a n t h e i r t e t r a h e d r a l l y - c h a r g e d c o u n t e r 
p a r t s , b a s e d u p o n a c o m p a r i s o n o f t h e i r a b i l i t i e s t o p r o t o n a t e 
a d s o r b e d o r g a n i c m o l e c u l e s ( 2 2 , 2 3 ) . S i n c e t h i s B r o n s t e d a c i d i t y 
i n c l a y s a r i s e s f r o m h y d r o l y s i s o f t h e e x c h a n g e c a t i o n s , i t i s 
r e a s o n a b l e t o e x p e c t a s t r o n g e r t e n d e n c y f o r h y d r a t e d C u 2 " * - t o 
h y d r o l y z e o n s m e c t i t e t h a n o n v e r m i c u l i t e s u r f a c e s . T h e r e a s o n 
f o r t h i s i s u n c l e a r , b u t m a y b e r e l a t e d t o t h e r e l a t i v e a b i l i t y 
o f t h e t e t r a h e d r a l a n d o c t a h e d r a l s i t e s o f n e g a t i v e c h a r g e i n 
t h e s i l i c a t e s t r u c t u r e t o a c t a s p r o t o n a c c e p t o r s . 

A d s o r b e d C u 2 4 " o n l a y e r s i l i c a t e c l a y s r e a d i l y f o r m s c o m p l e x e s 
w i t h n e u t r a l l i g a n d s b y d i s p l a c e m e n t o f w a t e r , a s p r o v e n b y t h e 
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s h i f t s i n E S R p a r a m e t e r s f o l l o w i n g e x p o s u r e o f t h e c l a y f i l m s 
t o N H 3 v a p o r ( T a b l e I V ) . T h e l a r g e r h y p e r f i n e s p l i t t i n g i n c o m b i n a 
t i o n w i t h l o w e r g v a l u e s ( c o m p a r e d t o C u - w a t e r c o m p l e x e s ) i s e v i 
d e n c e f o r t h e s t r o n g e r l i g a n d f i e l d o f C u - a m m o n i a c o m p l e x e s . 
O r i e n t a t i o n - d e p e n d e n c e o f t h e E S R s p e c t r a ( n o t s h o w n ) r e v e a l e d 
t h e s y m m e t r y a x i s o f t h e C u 2 + - a m m o n i a c o m p l e x e s t o b e a l i g n e d 
i n t h e i n t e r l a y e r s o f t h e s m e c t i t e s i n t h e s a m e m a n n e r a s t h e 
C u 2 4 * - w a t e r c o m p l e x e s . T h e E S R p a r a m e t e r s a n d t h e o r i e n t a t i o n 
d a t a p o i n t t o t h e e x i s t e n c e o f C u i N ^ ) ^ " * - ( p l a n a r ) o r C u i N ^ ^ 2 4 " 
( s q u a r e p y r a m i d a l ) s p e c i e s i n t h e i n t e r l a y e r ; t h e g H v a l u e s w e r e 
s o m e w h a t l o w e r a n d t h e AJJ v a l u e s h i g h e r t h a n t h o s e r e p o r t e d f o r 
C u ( N H 3 ) 4 2 + i n s o l u t i o n ( 2 4 ) . O t h e r s i m i l a r l y o r i e n t e d C u - l i g a n d 
c o m p l e x e s h a v e b e e n r e p o r t e d f r o m E S R s t u d i e s o f d e h y d r a t e d s m e c 
t i t e s , i n c l u d i n g C u ( p y r i d i n e ) 4 2 + ( 2 5 ) , C u ( 1 , 1 0 - p h e n a n t h r o l i n e ) 2 ^ + 

( 2 6 ) , a n d C u 2 + - a m i n o a c i d c o m p l e x e s ( 2 7 ) . 

S u m m a r y 

T h e o r i e n t a t i o n a n d m o b i l i t
c a t i o n s a t e x c h a n g e s i t e s o f l a y e r s i l i c a t e c l a y s i s c o n t r o l l e d 
t o a l a r g e e x t e n t b y s t e r i c r e s t r a i n t s i m p o s e d b y t h e n a r r o w i n t e r 
l a y e r r e g i o n s o f l a y e r s i l i c a t e c l a y s . E x p a n s i o n o f t h e s e i n t e r 
l a y e r s b y t h e i n t r o d u c t i o n o f w a t e r o r o t h e r s o l v e n t s a l l o w s r o t a 
t i o n a l m o t i o n w h i c h a p p e a r s t o b e i s o t r o p i c f o r m e t a l i o n s s u c h 
a s C u 2 + , b u t i s s o m e w h a t a n i s o t r o p i c f o r t h e T E M P A M I N E o r g a n o c a t i o n . 
T h e l a t t e r e f f e c t c a n n o t b e a t t r i b u t e d t o s t e r i c r e s t r i c t i o n s , 
b u t r a t h e r t o p h y s i c a l b o n d i n g f o r c e s w h i c h t e n d t o f a v o r c e r t a i n 
o r i e n t a t i o n s o f t h e o r g a n o c a t i o n s a t t h e s i l i c a t e s u r f a c e . S m e c 
t i t e s w i t h h i g h t e t r a h e d r a l c h a r g e h a v e l e s s t e n d e n c y t o a d s o r b 
t h e o r g a n o c a t i o n i n a p r e f e r r e d o r i e n t a t i o n t h a n s m e c t i t e s w i t h 
l o w t e t r a h e d r a l c h a r g e , a p r o p e r t y a t t r i b u t e d t o t h e m o r e h y d r o -
p h i l i c n a t u r e o f t e t r a h e d r a l l y - c h a r g e d s m e c t i t e s . T h e r e w a s a l s o 
s o m e e v i d e n c e t h a t h y d r a t e d C u 2 + i n t h e i n t e r l a y e r s o f a i r - d r y 
s m e c t i t e s h a s c h e m i c a l p r o p e r t i e s d i f f e r e n t f r o m C u 2 + i n v e r m i c u 
l i t e s . 

T h e p a r a m a g n e t i c p r o b e s d e t e c t e d h e t e r o g e n e i t y o f s w e l l i n g 
b e h a v i o r i n s m e c t i t e s t h a t w a s n o t o b v i o u s f r o m X - r a y d i f f r a c t i o n 
d a t a , p r e s u m a b l y c a u s e d b y v a r i a t i o n o f c h a r g e d e n s i t y o n d i f f e r e n t 
c l a y l a y e r s w i t h i n t h e s a m e s m e c t i t e s a m p l e . 
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Applications of Surface Techniques to Chemical Bonding 
Studies of Minerals 

Dale L. Perry 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720 

In the last several years, a number of new instrumen
tal techniques have been developed that are quite ef
fective in detectin
minerals that hav
tions or natural geologic alterations. These tech
niques are able to yield a large amount of informa
tion concerning the chemical bonding of both the 
mineral itself and any surface species that are 
present. The present paper addresses x-ray pho
toelectron, Auger, and combined x-ray photoelectron/ 
Auger spectroscopy (including the Auger parameter 
concept), and discusses many of the important spec
tral parameters associated with them that are useful 
for determining the chemical states of elements found 
in mineral systems. Problems related to the vacuum-
oriented techniques - such as dehydration, charging, 
and metal ion reduction - are discussed, along with 
methods of studying samples as a function of depth. 
Examples of applications of these concepts to studies 
of bonding in minerals and related surface species 
are discussed. 

D u r i n g t h e l a s t s e v e r a l y e a r s , a number o f new i n s t r u m e n t a l s u r f a c e 
t e c h n i q u e s h a v e b e e n d e v e l o p e d t h a t a r e q u i t e e f f e c t i v e i n d e t e c t i n g 
c h a n g e s i n t h e s u r f a c e s o f m i n e r a l s t h a t h a v e u n d e r g o n e c h e m i c a l l y 
i n d u c e d o r n a t u r a l g e o l o g i c a l t e r a t i o n . T h e s e t e c h n i q u e s a r e q u i t e 
s e n s i t i v e ( a p p r o x i m a t e l y 0 . 1 - 0 . 5 % a t o m i c c o n c e n t r a t i o n f o r x - r a y p h o 
t o e l e c t r o n a n d A u g e r s p e c t r o s c o p y , f o r e x a m p l e ) , a n d t h e y make i t 
p o s s i b l e t o m o n i t o r v e r y s m a l l amounts o f e l e m e n t s t h a t may b e 
p r e s e n t i n t h e n e a r s u r f a c e m a t e r i a l . A n y c h a n g e i n t h e s u r f a c e w i t h 
r e s p e c t t o c h e m i c a l c o m p o s i t i o n may r e a d i l y b e m e a s u r e d q u a l i t a t i v e l y 
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a n d , i n some c a s e s , q u a n t i t a t i v e l y . A s a r e s u l t , t h i s t y p e o f 
r e s e a r c h i n s u r f a c e s c i e n c e i s m e r e l y a n o t h e r a p p l i c a t i o n t o r e a c t i o n 
s y s t e m s i n v o l v i n g a q u e o u s s o l u t i o n / s o l i d i n t e r f a c e s : many o t h e r a r e a s 
o f r e s e a r c h , s u c h a s a q u e o u s c o r r o s i o n (1 ) a n d e l e c t r o c h e m i s t r y ( 2 ) , 
h a v e u s e d s u r f a c e s c i e n c e a l m o s t s i n c e i t s i n c e p t i o n . 

S u r f a c e m e a s u r e m e n t s a s p a r t o f a g e o c h e m i c a l s t u d y h a v e s e v e r a l 
a d v a n t a g e s . F i r s t , t h e t e c h n i q u e s c o l l e c t i v e l y a r e s e n s i t i v e t o a l l 
e l e m e n t s i n t h e p e r i o d i c t a b l e , a l t h o u g h h y d r o g e n a n d h e l i u m c a n n o t 
be d e t e c t e d b y x - r a y p h o t o e l e c t r o n a n d A u g e r s p e c t r o s c o p y ( two o f t h e 
m o s t w i d e l y u s e d t e c h n i q u e s ) . S e c o n d , s e v e r a l o f t h e t e c h n i q u e s , 
s u c h a s x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y , g i v e i m p o r t a n t i n f o r m a t i o n 
a b o u t t h e c h e m i c a l b o n d i n g e n v i r o n m e n t o f t h e e l e m e n t b e i n g s t u d i e d . 
T h i r d , s u r f a c e s t u d i e s i n v o l v e o n l y t h e f i r s t s e v e r a l l a y e r s o f t h e 
s u b s t r a t e , whe re m i n e r a l - s o l u t i o n i n t e r a c t i o n s h a v e t h e i r g r e a t e s t 
e f f e c t . F i n a l l y , many s u r f a c e me thods c a n b e c o u p l e d w i t h d e p t h p r o 
f i l i n g t o a c t u a l l y m e a s u r e c h a n g e s i n e l e m e n t a l c o n c e n t r a t i o n a s a 
f u n c t i o n o f d e p t h b e l o w t h e s u r f a c e l a y e r o f m i n e r a l s . 

E v e n t h o u g h t h e v a c u u m - o r i e n t e
u s e f u l i n f o r m a t i o n a b o u
t o t a l l y w i t h o u t p r o b l e m s . H y d r a t e d s u r f a c e s , f o r e x a m p l e , a r e s u s 
c e p t i b l e t o d e h y d r a t i o n due t o t h e v a c u u m a n d l o c a l i z e d s a m p l e h e a t 
i n g i n d u c e d b y x - r a y a n d e l e c t r o n b eams . S t i l l , s u c c e s s f u l s t u d i e s 
h a v e b e e n c o n d u c t e d o n a q u a t e d i n o r g a n i c s a l t s ( 3 ) , w a t e r o n m e t a l s 
( 3 ) , a n d h y d r a t e d i r o n o x i d e m i n e r a l s ( 4 ) . E v e n a q u e o u s s o l u t i o n s 
t h e m s e l v e s h a v e b e e n s t u d i e d b y x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y ( 5 ) . 
T h e r e a d e r s h o u l d a l s o remember t h a t e v e n d r y s a m p l e s c a n s o m e t i m e s 
u n d e r g o d e t e r i o r a t i o n u n d e r t h e p r o p e r c i r c u m s t a n c e s . I n m o s t c a s e s , 
h o w e v e r , a l t e r a t i o n s i n t h e s a m p l e s u r f a c e c a n be d e t e c t e d b y m o n i 
t o r i n g t h e s p e c t r a a s a f u n c t i o n o f t i m e o f x - r a y o r e l e c t r o n beam 
e x p o s u r e a n d b y a c a r e f u l , v i s u a l i n s p e c t i o n o f t h e s a m p l e . 

A n o t h e r p r o b l e m t h a t c a n b e e n c o u n t e r e d i n x - r a y p h o t o e l e c t r o n 
( a n d A u g e r ) s p e c t r o s c o p y i s t h a t o f c h a r g i n g . T h i s p r o b l e m a r i s e s 
f r o m t h e f a c t t h a t many s a m p l e s u n d e r s t u d y a r e n o t i n e l e c t r i c a l 
e q u i l i b r i u m . T h i s e q u i l i b r i u m c a n b e a t t a i n e d o n l y i f a n e l e c t r o n 
f l o w f r o m g r o u n d c a n be a c h i e v e d t o n e u t r a l i z e t h e r e s i d u a l p o s i t i v e 
c h a r g e o n t h e s a m p l e s u r f a c e c r e a t e d b y t h e p h o t o e m i s s i o n p r o c e s s . 
F o r t h o s e m i n e r a l s t h a t a r e i n s u l a t o r s , t h e c o n d u c t i v i t y may n o t be 
s u f f i c i e n t t a p r e v e n t a p o s i t i v e c h a r g e f r o m b u i l d i n g o n t h e s u r f a c e ; 
t h i s r e s u l t s i n a f a l s e i n c r e a s e i n t h e b i n d i n g e n e r g y . T h e r e a r e 
s e v e r a l ways o f a d d r e s s i n g c h a r g i n g , i n c l u d i n g t h e u s e o f l o w e n e r g y 
e l e c t r o n s t o n e u t r a l i z e t h e p o s i t i v e c h a r g e ( 6 ) , g o l d d e c o r a t i o n o f 
t h e s a m p l e ( 7 ) , a n d t h e c o n t a m i n a n t c a r b o n I s l i n e ( 8 ) . T h i s p r o b l e m 
h a s b e e n r e v i e w e d b y s e v e r a l a u t h o r s ( 9 , 1 0 ) , as h a s b e e n t h e A u g e r 
p a r a m e t e r c o n c e p t d i s c u s s e d b e l o w , w h i c h c i r c u m v e n t s t h i s p r o b l e m . 

M e t a l i o n r e d u c t i o n c a n a l s o o c c u r d u r i n g s u r f a c e s t u d i e s . One 
o f t h e b e s t d o c u m e n t e d e x a m p l e s i s t h a t o f t h e r e d u c t i o n o f 
c o p p e r ( I I ) t o c o p p e r ( I ) , a p r o c e s s t h a t h a s b e e n r e v i e w e d e x t e n s i v e l y 
i n t h e r e s e a r c h l i t e r a t u r e ( 1 1 ) . C e r t a i n c o p p e r ( I I ) m i n e r a l s , s u c h 
a s CuO ( t e n o r i t e ) , a r e q u i t e s u s c e p t i b l e t o p h o t o r e d u c t i o n ( 1 1 ) , a n d 
c a r e m u s t be t a k e n i n c o n d u c t i n g s u r f a c e s t u d i e s o n t h e m . 
U r a n i u m ( V I ) s a l t s c h e m i s o r b e d o n z e o l i t e s h a v e a l s o b e e n o b s e r v e d 
(12 ) t o u n d e r g o p h o t o r e d u c t i o n t o u r a n i u m ( I V ) c o m p o u n d s . M e c h a n i s m s 
f o r p h o t o r e d u c t i o n o f CuO, f o r e x a m p l e , h a v e b e e n w i d e l y r e p o r t e d i n 
t h e c h e m i c a l r e s e a r c h l i t e r a t u r e ( 1 3 - 1 7 ) . 
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K e e p i n g t h e s e p r o b l e m s i n m i n d , s e v e r a l o f t h e more w i d e l y u s e d 
t e c h n i q u e s a r e d i s c u s s e d b e l o w , w i t h a n e m p h a s i s p l a c e d o n t h e i r 
a p p l i c a t i o n t o b o n d i n g s t u d i e s o f m i n e r a l s a n d s p e c i e s a d s o r b e d o n 
them d u r i n g m i n e r a l / w a t e r i n t e r f a c e r e a c t i o n s . A s w i t h a n y e x p e r i 
m e n t a l t e c h n i q u e s , many o f t h e s e p r o b l e m s c a n b e m i n i m i z e d o r e v e n 
e l i m i n a t e d i f due c a u t i o n i s t a k e n i n p e r f o r m i n g t h e s t u d i e s . 

X - R a y P h o t o e l e c t r o n S p e c t r o s c o p y (XPS) 

X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y ( a l s o c a l l e d e l e c t r o n s p e c t r o s c o p y 
f o r c h e m i c a l a n a l y s i s , o r ESCA) i s a s u r f a c e t e c h n i q u e t h a t c a n be 
u s e d t o d e t e c t e l e m e n t s q u a l i t a t i v e l y ( a n d q u a n t i t a t i v e l y , i n some 
c a s e s ) i n t h e s u r f a c e l a y e r s o f s o l i d s , a s w e l l a s t h e c h e m i c a l 
s t a t e s ( s p e c i e s ) o f t h e e l e m e n t s . The b a s i c e x p e r i m e n t a l a p p a r a t u s 
f o r p e r f o r m i n g XPS s t u d i e s i n c l u d e s a n x - r a y s o u r c e (mos t common ly , 
Mg Κα o r A l Κα r a d i a t i o n ) , a n e l e c t r o n e n e r g y a n a l y z e r , a s p e c i m e n 
h o l d e r , a n d a v a c u u m c h a m b e r . A s t h e x - r a y s i m p i n g e o n t h e s o l i d 
s a m p l e s , e l e c t r o n s a r e e m i t t e
a n a l y z e r t h e n m e a s u r e s t h
w h i c h c a n b e r e l a t e d d i r e c t l y t o t h e b i n d i n g e n e r g y o f t h e e l e c t r o n 
i n t h a t p a r t i c u l a r a t o m . The b i n d i n g e n e r g i e s o f t h e i n d i v i d u a l 
a toms y i e l d much i n f o r m a t i o n a b o u t t h e i r c h e m i c a l s t a t e s . 

X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y c a n b e p e r f o r m e d o n a n y s a m p l e 
t h a t i s v a c u u m c o m p a t i b l e , i . e . , d o e s n o t decompose u n d e r v a c u u m i n 
t h e r a n g e 10~"7 _ 10~10 t o r r . I n m o s t c a s e s , t h e t e c h n i q u e d o e s l i t 
t l e o r no damage t o t h e s a m p l e s u r f a c e , a l t h o u g h x - r a y - i n d u c e d c h e m i 
c a l r e a c t i o n s s u c h a s t h o s e d i s c u s s e d a b o v e may o c c u r . A s a s u r f a c e 
t e c h n i q u e , i t g i v e s a s i g n a l t h a t m i r r o r s a p p r o x i m a t e l y t h e t o p 15 t o 
40Â o f t h e s u r f a c e ( 1 8 ) . 

T h e f o l l o w i n g a s p e c t s o f x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y a r e 
i m p o r t a n t i n t e r m s o f d e t e r m i n i n g b o n d i n g b o t h i n c h e m i c a l s p e c i e s on 
m i n e r a l s a n d i n t h e m i n e r a l s t h e m s e l v e s . D a t a o b t a i n e d f r o m t h e s e 
s p e c t r a l p a r a m e t e r s a r e b o t h s t r u c t u r a l a n d e l e c t r o n i c , a n d , when 
c o n s i d e r e d w i t h c r y s t a l l ο g r a p h i c s t r u c t u r a l d a t a w h e r e p o s s i b l e , g i v e 
a c o m p r e h e n s i v e b o n d i n g p i c t u r e . O f c o u r s e , f o r g e n e r a l s u r v e y 
t r e a t i s e s o f t h i s t e c h n i q u e , p r i o r w o r k s ( 1 9 - 2 1 ) s h o u l d be c o n s u l t e d . 

B i n d i n g E n e r g y . The m o s t o f t e n c i t e d s p e c t r a l p a r a m e t e r i n x - r a y 
p h o t o e l e c t r o n s p e c t r o s c o p y i s t h e b i n d i n g e n e r g y . N o t o n l y do p h o 
t o e l e c t r o n l i n e s i n d i c a t e a p a r t i c u l a r e l e m e n t , b u t t h e y a l s o 
r e p r e s e n t a c h e m i c a l s t a t e ( o r s p e c i e s ) o f t h a t e l e m e n t . The c o r e 
p h o t o e l e c t r o n l i n e s o f many e l e m e n t s a r e q u i t e s e n s i t i v e t o t h e e l e c 
t r o n i c s t a t e o f t h a t e l e m e n t f r o m two s t a n d p o i n t s : o x i d a t i o n s t a t e 
a n d t h e f u n c t i o n a l g r o u p o f w h i c h t h e e l e m e n t i s a c o m p o n e n t . I n 
some c a s e s , t h e d i f f e r e n c e s i n b i n d i n g e n e r g i e s f o r v a r i o u s o x i d a t i o n 
s t a t e s a r e q u i t e l a r g e , e . g . , C r ( I I I ) v s . C r ( V I ) , F e ( I I ) v s . F e ( I I I ) . 
I n o t h e r c a s e s , t h e b i n d i n g e n e r g y s e p a r a t i o n b e t w e e n o x i d a t i o n 
s t a t e s i s n o t s o l a r g e a s t o d i f f e r e n t i a t e u n e q u i v o c a l l y b e t w e e n 
t h e m , e . g . , C u ( I ) v s . C u ( 0 ) , C o ( I I ) v s . C o ( I I I ) . T h e d i s t i n c t i o n 
b e t w e e n t h e members o f t h e l a t t e r s e t s o f i o n s m u s t b e made o n t h e 
b a s i s o f o t h e r s p e c t r o s c o p i c p a r a m e t e r s , s u c h a s m u l t i p l e t s p l i t t i n g , 
s a t e l l i t e s t r u c t u r e , a n d s p i n - o r b i t s p l i t t i n g ( d i s c u s s e d b e l o w ) . The 
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same i s a l s o t r u e when one i s t r y i n g t o d i f f e r e n t i a t e among members 
o f a s e r i e s o f s i m i l a r compounds ( e . g . , d i f f e r e n t o x i d e s o f a m e t a l 
i n t h e same o x i d a t i o n s t a t e ) . 

F i g u r e 1, f o r e x a m p l e , shows a s u r v e y s c a n o f n a t u r a l g a l e n a , 
P b S . B e s i d e s l e a d a n d s u l f u r , one a l s o s e e s t h e o x y g e n i n h e r e n t i n 
n a t u r a l s a m p l e s a n d t h e c h l o r i n e r e s u l t i n g f r o m g r o u n d w a t e r f l u i d 
i n c l u s i o n s ; a l l a r e n i c e l y s e p a r a t e d i n t e r m s o f t h e i r b i n d i n g e n e r 
g i e s . B u t i f one l o o k s a t a h i g h r e s o l u t i o n s p e c t r u m o f t h e f u s e d 
s u l f u r 2 p 3 / 2 , l / 2 l i n e ( F i g u r e 2 ) , i t i s s e e n t h a t t h e r e a r e s e v e r a l 
s u l f u r s p e c i e s p r e s e n t . The s u l f i d e f o r m , p a r t o f t h e g a l e n a i t s e l f , 
i s o b s e r v e d a t 1 6 0 . 4 eV , w h i l e t h e e l e m e n t a l s u l f u r a n d s u l f a t e f o r m s 
a r e f o u n d a t 1 6 3 . 8 a n d 1 6 8 . 3 e V , r e s p e c t i v e l y 2 . 1 2 2 . ) · * η s o m e w e a t h 
e r e d g a l e n a s a m p l e s , t h e t h i o s u l f a t e i o n (S2O3 ) c a n a l s o b e d e t e c t e d 
( 2 3 ) ; t h i s i o n h a s a d d i t i o n a l l i n e c o m p o n e n t s i n b o t h t h e s u l f i d e a n d 
s u l f a t e r e g i o n due t o t h e p r e s e n c e o f two s t a t e s o f s u l f u r i n t h a t 
i o n . I n t h i s c a s e , t h e d i f f e r e n t f o r m s o f t h e s u l f u r c a n b e q u i t e 
e a s i l y d i f f e r e n t i a t e d o n t h e b a s i s o f t h e m a r k e d d i f f e r e n c e s i n t h e 
b i n d i n g e n e r g i e s a n d l i n e s h a p e s . F i g u r e 3 shows a s i m i l a r s i t u a t i o n 
f o r t h e s u l f u r 2p s p e c t r
o c c u r r i n g c o p p e r ( I ) m i n e r a l s ( 2 4 ) . T h e s u l f i d e r e g i o n o f t h e s p e c 
t r u m o f c o v e l l i t e i s more c o m p l e x , s i n c e i t c o n t a i n s b o t h S 2 ~ ( s u l 
f i d e ) a n d S^ ( d i s u l f i d e ) i o n s ; c h a l c o c i t e c o n t a i n s o n l y t h e s i m p l e 
s u l f i d e i o n . I n t h e s e c a s e s , t h e l i n e s h a p e s ( t h e c o n t o u r o f t h e 
p h o t o e l e c t r o n p e a k o f a n e l e m e n t ) a r e a l s o q u i t e d i f f e r e n t . 

S a t e l l i t e S t r u c t u r e . A n o t h e r e x p e r i m e n t a l p a r a m e t e r o b t a i n e d f r o m 
x - r a y p h o t o e l e c t r o n s p e c t r a i s t h a t o f s a t e l l i t e s . T h e s e l i n e s , 
w h i c h c a n b e e i t h e r weak o r s t r o n g r e l a t i v e t o t h e m a i n p h o t o e l e c t r o n 
l i n e w i t h w h i c h t h e y a r e a s s o c i a t e d , a p p e a r t o t h e h i g h b i n d i n g 
e n e r g y s i d e o f t h a t p h o t o e l e c t r o n l i n e . T h e y r e s u l t f r o m c o u p l e d 
e l e c t r o n i c p r o c e s s e s b r o u g h t a b o u t b y t h e i n i t i a l i o n i z a t i o n o f a n 
a t o m i n t h e e m i s s i o n o f t h e p h o t o e l e c t r o n . T h e s e s a t e l l i t e s c a n 
a r i s e f r o m s e v e r a l d i f f e r e n t t y p e s o f t h e s e p r o c e s s e s . When t h e 
k i n e t i c e n e r g y o f t h e p r i m a r y e j e c t e d e l e c t r o n i s " s h a r e d " w i t h 
v a l e n c e e l e c t r o n s t o p r o m o t e a n o t h e r e l e c t r o n t o a n e x c i t e d s t a t e , 
t h e r e s u l t i n g s a t e l l i t e i s r e f e r r e d t o a s a " s h a k e - u p " s a t e l l i t e ; 
when t h i s " s h a r i n g " r e s u l t s i n a n o t h e r e l e c t r o n b e i n g p r o m o t e d t o a 
c o n t i n u u m s t a t e , t h e r e s u l t i s a " s h a k e - o f f " s a t e l l i t e . T h e s e s a t e l 
l i t e s v a r y i n t h e i r p o s i t i o n r e l a t i v e t o t h e m a i n p e a k a s a f u n c t i o n 
o f t h e c h e m i c a l s t a t e o f t h e e l e m e n t b e i n g s t u d i e d . F o r e x t e n s i v e 
t r e a t i s e s o n t h e s e s a t e l l i t e s , t h e r e a d e r s h o u l d c o n s u l t more 
c o m p r e h e n s i v e r e v i e w a r t i c l e s ( 2 5 - 2 7 ) . 

F i g u r e 4 i s a g o o d e x a m p l e o f s a t e l l i t e s t r u c t u r e a s s o c i a t e d 
w i t h a s u r f a c e s p e c i e s . The c h r o m i u m 2 p ^ / 2 , l / 2 s p e c t r u m r e s u l t s f r o m 
t h e r e a c t i o n o f t h e d i c h r o m a t e i o n , C ^ O ^ , w i t h g a l e n a t o y i e l d b o t h 
c h r o m i u m ( V T ) ( i n d i c a t e d b y a n a s y m m e t r i c , b r o a d e n e d s h o u l d e r o n t h e 
h i g h b i n d i n g e n e r g y s i d e o f t h e m a i n c h r o m i u m ( I I I ) p e a k ) a n d a 
r e d u c e d c h r o m i u m ( I I I ) s p e c i e s . T h e s a t e l l i t e l o c a t e d 1 0 . 3 eV t o t h e 
h i g h b i n d i n g e n e r g y s i d e o f t h e c h r o m i u m ( I I I ) l i n e ( t h e m a i n 2pw2 
l i n e a t 5 8 6 . 4 eV ) h a s b e e n shown (28 ) t o b e a m i x e d c h r o m i u m ( I I I ) 
o x i d e - c a r b o n a t e c o m p l e x . The c h r o m i u m ( V I ) s p e c i e s , w h i c h i s d i a m a g -
n e t i c a n d t h u s y i e l d s no s i g n i f i c a n t s a t e l l i t e s t r u c t u r e , was i d e n t i 
f i e d a s P b C r 0 4 . 
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F i g u r e 4 . T h e c h r o m i u m ^ϊ>2/2 1/2 p h ° t o e l e c t r o n s p e c t r u m o f g a l e n a 

t h a t h a s b e e n r e a c t e d w i t h a n a q u e o u s s o l u t i o n o f N a 2 C r 2 0 7 . T h e 

b r o k e n v e r t i c a l l i n e s t h r o u g h t h e m a i n p e a k s i n d i c a t e t h e 
p h o t o e l e c t r o n p e a k s a s s o c i a t e d w i t h t h e c h r o m i u m ( V I ) s p e c i e s , 
a n d t h e s o l i d v e r t i c a l l i n e s i n d i c a t e t h e p h o t o e l e c t r o n l i n e s 
a s s o c i a t e d w i t h t h e c h r o m i u m ( I I I ) s p e c i e s . ( R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 2 8 . C o p y r i g h t 1 9 8 4 E l s e v i e r S e q u o i a . ) 
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S p i n - O r b i t S p l i t t i n g . When i o n i z a t i o n o f a p , d , o r f o r b i t a l o c c u r s 
t o p r o d u c e a p h o t o e l e c t r o n , one o f t h e r e s u l t s i s a phenomenon 
r e f e r r e d t o a s s p i n - o r b i t s p l i t t i n g . T h i s i o n i z a t i o n ( 1 9 - 2 1 ) y i e l d s 
two i o n i c s t a t e s a n d t h u s two m a j o r p e a k s . I f one a g a i n l o o k s a t 
F i g u r e 3 , he c a n s e e t h e c o p p e r 2p p h o t o e l e c t r o n l i n e s p l i t i n t o t h e 
2p3/2 a n c * 2 p ] y 2 c o m p o n e n t s ; t h e same d o u b l e t a l s o i s o b s e r v e d f o r t h e 
c h r o m i u m 2p l i n e i n F i g u r e 4 , whe re t h e s p l i t t i n g i s 9 . 6 eV f o r t h e 
c h r o m i u m ( V I ) s p e c i e s a n d 9 . 4 eV f o r t h e c h r o m i u m ( I I I ) s p e c i e s . The 
m a g n i t u d e o f t h e s p l i t t i n g i s many t i m e s a f u n c t i o n o f t h e o x i d a t i o n 
s t a t e o f t h e e l e m e n t b e i n g s t u d i e d , s u c h a s i n t h e c a s e o f c h r o m i u m . 
I t i s s o m e t i m e s a s s o c i a t e d w i t h t h e d i f f e r e n c e s i n l i g a n d s o r t h e 
c o o r d i n a t i o n s p h e r e o f t h e c e n t r a l e l e m e n t , a l t h o u g h t h e d i f f e r e n c e 
i n s p l i t t i n g i s r a t h e r m i n i m a l f o r t h e s e two l a t t e r c a s e s . I t i s 
u s u a l l y g r e a t e s t f o r e l e m e n t s t h a t e x h i b i t d i f f e r e n c e s i n o x i d a t i o n 
s t a t e a l o n g w i t h d i f f e r e n c e s i n e l e c t r o n i c s p i n s t a t e ; f o r e x a m p l e , 
d i a m a g n e t i c c o b a l t ( I I I ) e x h i b i t s a s p i n - o r b i t s p l i t t i n g much d i f 
f e r e n t f r o m t h a t o f p a r a m a g n e t i c , " h i g h - s p i n " c o b a l t ( I I ) ( 1 5 ) . 

M u l t i p l e t S p l i t t i n g . P h o t o i o n i z a t i o
one o r more v a l e n c e s h e l l e l e c t r o n s r e s u l t s i n m u l t i p l e t s p l i t t i n g , a 
phenomenon (25 ) t h a t c a n be u t i l i z e d t o s t u d y p a r a m a g n e t i c s y s t e m s . 
T h e e f f e c t s o f m u l t i p l e t s p l i t t i n g may m a n i f e s t t h e m s e l v e s i n a 
v a r i e t y o f w a y s . I n t h e c a s e o f 3d i o n s , s u c h a s t h o s e f o u n d i n t h e 
f i r s t row t r a n s i t i o n e l e m e n t s , t h e 2p p h o t o e l e c t r o n l i n e s u n d e r g o 
b r o a d e n i n g . T h e c o p p e r 2 p 3 / 2 , l / 2 U n e s shown i n F i g u r e 3 w o u l d be 
c o n s i d e r a b l y b r o a d e r i f t h e c o p p e r s p e c i e s b e i n g o b s e r v e d we re t h e 
p a r a m a g n e t i c , c o p p e r ( I I ) s y s t e m . A l s o , t h e 3s p h o t o e l e c t r o n 
l i n e s o f t h e 3d b l o c k o f t r a n s i t i o n e l e m e n t s a c t u a l l y u n d e r g o a 
s p l i t t i n g i n t o a d o u b l e t f o r p a r a m a g n e t i c i o n s . By c a r e f u l s t u d y o f 
t h e 3s p h o t o e l e c t r o n l e v e l , i n c o n j u n c t i o n w i t h g o o d c h e m i c a l s t a n 
d a r d s , one c a n l e a r n much a b o u t t h e b o n d i n g o f s p e c i e s o n a r e a c t e d 
m i n e r a l s u r f a c e o r a b o u t t h e s u b s t r a t e i t s e l f . 

T a k e n a s a w h o l e , t h e n , t h e a bove s p e c t r o s c o p i c p a r a m e t e r s -
b i n d i n g e n e r g y , s a t e l l i t e s t r u c t u r e , s p i n - o r b i t a n d m u l t i p l e t s p l i t 
t i n g , a n d l i n e s h a p e s - g i v e a more c o m p r e h e n s i v e p i c t u r e o f t h e 
c h e m i s t r y o f a s u r f a c e . I f one l o o k s a t t h e e n t i r e s e t o f d a t a 
( T a b l e I ) p e r t a i n i n g t o t h e s p e c t r u m shown i n F i g u r e 4 , h e c a n s e e 
t h a t t h e c h r o m i u m ( I I I ) s p e c i e s o n t h e g a l e n a s u r f a c e i s h y d r a t e d 
c h r o m i u m ( I I I ) o x i d e w i t h a r e a c t i o n l a y e r f i l m o f C O 2 t h a t h a s f o r m e d 
a m i x e d h y d r a t e d o x i d e / c a r b o n a t e c o m p l e x ( 2 8 ) . B o t h " C r ( 0 H ) 3 " a n d 
" C r 2 ( C 0 3 ) 3 » n H 2 0 " a r e r e a c t i o n p r o d u c t s o f t h e r e a c t i o n o f h y d r a t e d 
c h r o m i u m ( I I I ) o x i d e a n d C O 2 ; t h e c h i e f d i f f e r e n c e i s t h a t t h e 
" C r ( 0 H ) 3 " w i l l c o n t a i n l e s s c a r b o n a t e m a t e r i a l , r e s u l t i n g i n a 
s m a l l e r s p i n - o r b i t s p l i t t i n g t h a n " C r 2 ( C 0 3 ) 3 T 1 H 2 O " (28 ) . 

A u g e r E l e c t r o n S p e c t r o s c o p y (AES ) 

A u g e r e l e c t r o n s p e c t r o s c o p y (29) i s a t y p e o f e l e c t r o n s p e c t r o s c o p y 
t h a t i s u s e d f o r d e t e r m i n i n g s o l i d s u r f a c e e l e m e n t a l a n d e l e c t r o n i c 
c o m p o s i t i o n . A n e x p e r i m e n t i s c o n d u c t e d b y b o m b a r d i n g a s o l i d s u r 
f a c e w i t h a n e l e c t r o n beam o f e n e r g y r a n g i n g f r o m 1 k e V t o 10 k e V . 
A l t e r n a t i v e l y , a n x - r a y s o u r c e c a n be u s e d . The A u g e r e l e c t r o n s , 
e m i t t e d f r o m a n a tom b y means o f a r a d i a t i o n l e s s t r a n s i t i o n , a r e 
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T a b l e I . X - R a y P h o t o e l e c t r o n D a t a f o r t h e G a l e n a / C ^ O l 
R e a c t i o n a n d R e l a t e d C r ( I I I ) C o m p o u n d s a > D 

Samp l e C r 2 p 3 / 2 C r 2 P 1 / 2 0 I s C l£ .c 

2 -
G a l e n a / C r 2 0 7 5 7 7 . 0 - C r ( I I I ) 5 8 6 . 4 - C r ( I I I ) 5 3 0 . 9 2 8 8 . 0 

5 7 8 . 8 - C r ( V I ) 5 8 8 . 4 - C r ( V I ) 

C * 2 ° 3 5 7 6 . 3 5 8 6 . 1 5 2 9 . 9 

C r ( O H ) 3
e 5 7 6 . 6 5 8 6 . 4 5 3 0 . 8 288 . ,0 

C r 2 ( C 0 3 ) 3 » n H 2 O f 5 7 7 . 0 5 8 7 . 1 5 3 1 . 2 288 . ,0 

S amp le C r C r 3s C r 2 p 1 / 2 

( 2 p 1 / 2 - 2 p 3 / 2 ) S p l i t t i n g S a t e l l i t e d 

2 -
G a l e n a / C r 2 0 7 

9 . 4 - C r ( I I I ) 4 . 1 - 4 . 3 1 0 . 3 

9 . 6 - C r ( V I

C r 2 0 3 9 . 8 4 . 3 1 0 . 3 

C r ( O H ) 3
e 9 . 8 4 . 1 1 0 . 3 

C r 2 ( C 0 3 > 3 T i H 2 O f 1 0 . 1 4 . 1 1 0 . 3 

a A l l v a l u e s i n e l e c t r o n v o l t s , e V . 
k A d v e n t i t i o u s ( c o n t a m i n a n t ) c a r b o n I s - 2 8 4 . 6 e V . 
c C a r b o n l i n e a t t r i b u t a b l e t o t h e c a r b o n a t e s p e c i e s . 
^ D i s t a n c e ( t o t h e h i g h b i n d i n g e n e r g y s i d e ) f r o m t h e m a i n 2 p ] y 2 
l i n e . 
e A l s o f o r m u l a t e d a s C r 2 0 3 « n H 2 0 » x C 0 2 ; p l e a s e s e e t e x t . 
^ A l s o f o r m u l a t e d a s C r 2 0 3 » n H 2 0 » x C 0 2 ; p l e a s e s e e t e x t . 

d e t e c t e d b y a n e n e r g y a n a l y z e r . The s e n s i t i v i t y o f t h i s t e c h n i q u e i s 
a f u n c t i o n o f t h e p r o b a b i l i t y o f t h e A u g e r t r a n s i t i o n p e c u l i a r t o a 
p a r t i c u l a r e l e m e n t , t h e c u r r e n t a n d e n e r g y o f t h e i m p i n g i n g e l e c t r o n 
o r x - r a y beam, a n d t h e e f f i c i e n c y o f t h e e l e c t r o n a n a l y z e r . 

The A u g e r e f f e c t i s b a s e d o n t h e f o l l o w i n g p r o c e s s e s . U p o n i o n 
i z a t i o n o f a c o r e a t o m i c l e v e l i n a s o l i d s a m p l e , t h e a t o m may 
u n d e r g o a d e c a y t o a l o w e r e n e r g y l e v e l . T h i s l e a v e s t h e a t o m i n a 
d o u b l y i o n i z e d s t a t e , a n d t h e e n e r g y d i f f e r e n c e b e t w e e n t h e two 
s t a t e s i s t r a n s m i t t e d t o t h e e j e c t e d A u g e r e l e c t r o n . T h o s e A u g e r 
t r a n s i t i o n s t h a t o c c u r n e a r t h e s u r f a c e o f t h e s o l i d r e s u l t i n 
e j e c t e d A u g e r e l e c t r o n s t h a t do n o t u n d e r g o e l e c t r o n e n e r g y l o s s . 
The s h a p e a n d e n e r g y o f t h e r e s u l t i n g A u g e r p e a k s a r e t h u s u s e f u l i n 
i d e n t i f y i n g t h e e l e m e n t a l c o m p o s i t i o n o f t h e s a m p l e s u r f a c e a s w e l l 
a s o b t a i n i n g u s e f u l c h e m i c a l i n f o r m a t i o n . 

W h i l e h i s t o r i c a l l y many A u g e r d a t a h a v e b e e n o b t a i n e d u s i n g a n 
e l e c t r o n beam t o g e n e r a t e t h e A u g e r s p e c t r a i n t h e f o r m o f d e r i v a t i v e 
( o r dN/dE v s . e l e c t r o n b i n d i n g e n e r g y ) s p e c t r a , t h e s p e c t r a c a n b e 
r e c o r d e d a l s o i n t h e c o u n t i n g mode ( o r N ( E ) / E v s . e l e c t r o n b i n d i n g 
e n e r g y , t h e f o r m a t u s e d i n F i g u r e 1 ) . T h i s s p e c t r a l r e p r e s e n t a t i o n 
a l l o w s t h e r e s e a r c h e r t o s t u d y s p e c t r a l l i n e s h a p e s f o r e l e m e n t s t h a t 
many t i m e s h a v e much more d e t a i l e d f e a t u r e s t h a n t h e y w o u l d e x h i b i t 
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i n t h e d e r i v a t i v e mode. Two a d d i t i o n a l a d v a n t a g e s o f x - r a y - i n d u c e d 
A u g e r e l e c t r o n s p e c t r o s c o p y a r e t h a t s u r f a c e c h a r g i n g i s much l e s s o f 
a p r o b l e m f o r g e o l o g i c m a t e r i a l s (most o f w h i c h a r e i n s u l a t o r s ) , a n d 
s u r f a c e damage i s g e n e r a l l y l e s s f o r s a m p l e s i r r a d i a t e d u n d e r x - r a y 
beams t h a n f o r t h e same s a m p l e s i r r a d i a t e d b y a n e l e c t r o n beam. 
A u g e r s p e c t r o s c o p y c a n a l s o be u s e d i n a s c a n n i n g mode ( s c a n n i n g 
A u g e r m i c r o s c o p y , o r SAM) t o y i e l d s u r f a c e t o p o g r a p h i c a l a n d e l e m e n 
t a l d i s t r i b u t i o n d a t a ( 3 Ό ) . 

F i g u r e 5 g i v e s a g o o d i l l u s t r a t i o n o f h i g h r e s o l u t i o n x - r a y -
i n d u c e d A u g e r e l e c t r o n s p e c t r a f o r l e a d o x i d e m i n e r a l s a n d r e l a t e d 
i n t e r m e d i a t e s a n d p r o d u c t s a r i s i n g f r o m t h e i r o x i d a t i o n a n d t h e r m a l 
d e c o m p o s i t i o n r e a c t i o n s ( 3 1 ) . One c a n r e a d i l y s e e , f o r e x a m p l e , t h a t 
t h e o x y g e n K W s p e c t r u m o f t h e y e l l o w f o r m o f PbO ( t h e m i n e r a l mas 
s i c o t ) , shown i n F i g u r e 5 a , i s q u i t e d i f f e r e n t f r o m t h a t o f Pb02 
( p l a t t n e r i t e ) , shown i n F i g u r e 5 d ; t h e k i n e t i c e n e r g i e s o f t h e o x y g e n 
K W A u g e r l i n e s a r e a l s o q u i t e d i f f e r e n t . 

C o m b i n e d X - R a y P h o t o e l e c t r o n / X - R a y - I n d u c e
(XPS/XAES ) 

A s m e n t i o n e d a b o v e , a n A u g e r s p e c t r u m a l s o c a n b e g e n e r a t e d b y a n 
a p p r o p r i a t e x - r a y s o u r c e s u c h a s A l Κα o r Mg Κα, w h i c h a r e u s e d t o 
g e n e r a t e x - r a y p h o t o e l e c t r o n s p e c t r a ; one r e s u l t i s shown i n F i g u r e 
1. N o t o n l y a r e p h o t o e l e c t r o n l i n e s s u c h a s t h e l e a d 4 f , 4 d , a n d 5d 
l i n e s p r e s e n t , b u t one a l s o s e e s o x y g e n a n d c a r b o n A u g e r l i n e s . H i g h 
r e s o l u t i o n s t u d i e s o f t h e s e A u g e r l i n e s , c o u p l e d w i t h t h e x - r a y p h o 
t o e l e c t r o n l i n e s i n t h e same s p e c t r u m , a l l o w a more c o m p l e t e a n d 
d e t a i l e d s t u d y o f t h e c h e m i c a l a n d e l e c t r o n i c s t a t e s o f t h e e l e m e n t s 
p r e s e n t . 

One c h i e f a d v a n t a g e o f h a v i n g b o t h t h e x - r a y p h o t o e l e c t r o n a n d 
A u g e r s p e c t r a c o m b i n e d i s t h a t a r e s e a r c h e r c a n make u s e o f A u g e r 
p a r a m e t e r s . A u g e r p a r a m e t e r s ( 3 2 - 3 4 ) a r e a c o n c e p t b y w h i c h u s e i s 
made o f b o t h x - r a y p h o t o e l e c t r o n l i n e s a n d t h e x - r a y - i n d u c e d A u g e r 
l i n e s t o c h a r a c t e r i z e a c h e m i c a l s p e c i e s . T h e a p p r o a c h h a s two m a j o r 
a d v a n t a g e s . F i r s t , c h e m i c a l s h i f t s i n x - r a y - e x c i t e d A u g e r l i n e s a r e 
u s u a l l y l a r g e r a n d v e r y d i f f e r e n t f r o m t h o s e o b s e r v e d f o r t h e p h o 
t o e l e c t r o n l i n e s ; t h i s i s q u i t e i m p o r t a n t i n t e r m s o f b e i n g b e t t e r 
a b l e t o i d e n t i f y a p a r t i c u l a r compound . S e c o n d l y , s i n c e t h e p o s i 
t i o n s o f t h e A u g e r l i n e a n d p h o t o e l e c t r o n l i n e a r e r e l a t i v e t o one 
a n o t h e r i n t h e same s p e c t r u m , t h e u n c e r t a i n t y i n s p e c t r a l l i n e p o s i 
t i o n due t o c h a r g i n g no l o n g e r e x i s t s . I n e f f e c t , t h e A u g e r p a r a m e 
t e r p r o v i d e s a n i n t e r n a l r e f e r e n c e v a l u e f o r e a c h compound o f a p a r 
t i c u l a r e l e m e n t . I n t h e i d e a l c a s e , t h i s v a l u e w i l l b e a u n i q u e one 
a n d w i l l b e s u f f i c i e n t l y d i f f e r e n t f r o m t h o s e o f o t h e r compounds t o 
d i f f e r e n t i a t e i t u n e q u i v o c a l l y . U n f o r t u n a t e l y , A u g e r p a r a m e t e r s o f 
s e v e r a l compounds o r t e c h n i q u e s may be v e r y c l o s e t o one a n o t h e r , a n d 
t h e u s e o f o t h e r p a r a m e t e r s may b e n e c e s s a r y t o i d e n t i f y them s p e c -
t r o s c o p i c a l l y . 

W h i l e t h e A u g e r p a r a m e t e r c a n be e x p r e s s e d i n s e v e r a l w a y s , one 
o f t h e m o s t commonly u s e d d e f i n i t i o n s i s t h a t shown i n E q u a t i o n 1 

a ' - BE 
p h o t o 

+ K E 
' A u g e r (1) 
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753 741 729 * 5 4 0 53? 524 

Binding energy (eV) 

F i g u r e 5 . T h e 0 K V V A u g e r a n d 0 I s p h o t o e l e c t r o n l i n e s f o r 
( a ) p o w d e r e d y e l l o w P b O ( m a s s i c o t ) a s r e c e i v e d , ( b ) s a m e s a m p l e 
h e a t e d i n s i t u i n O 2 , ( c ) c l e a n m e t a l l i c l e a d e x p o s e d t o 5 0 0 L 

o f O 2 a t 1 5 0 ° C , ( d ) p o w d e r e d P b 0 2 ( p l a t t n e r i t e ) a s r e c e i v e d , 

( e ) s a m e s a m p l e h e a t e d t o 3 2 0 °C i n v a c u o , ( f ) p o w d e r e d P b ^ O ^ 

( m i n i u m ) , a n d ( g ) p o w d e r e d 2 P b C 0 ^ · P b ( 0 H ) 2 ( h y d r o c e r u s s i t e ) . 

( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 3 1 . C o p y r i g h t 1 9 8 4 
A m e r i c a n I n s t i t u t e o f P h y s i c s . ) 

w h e r e a' i s t h e m o d i f i e d A u g e r p a r a m e t e r , B E p ^ o t o i s t h e c h a r g e -
c o r r e c t e d b i n d i n g e n e r g y o f t h e p h o t o e l e c t r o n l i n e f o r t h e e l e m e n t 
s t u d i e d , a n d K E ^ U g e r i s t h e c h a r g e - c o r r e c t e d k i n e t i c e n e r g y o f a n 
a p p r o p r i a t e A u g e r l i n e f o r t h e s a m e e l e m e n t . I n c h o o s i n g w h i c h p h o 
t o e l e c t r o n a n d A u g e r l i n e s a r e u s e d t o c o m p u t e t h e A u g e r p a r a m e t e r , 
t h e d e c i d i n g f a c t o r s a r e t h e s h a r p n e s s a n d i n t e n s i t y o f t h e l i n e s a s 
w e l l a s t h e i r s e n s i t i v i t i e s t o c h a n g e s i n t h e d i f f e r e n c e s i n t h e 
b o n d i n g e n v i r o n m e n t o f t h e e l e m e n t s t u d i e d . 

T a b l e I I s h o w s r e p r e s e n t a t i v e A u g e r p a r a m e t e r s f o r s e v e r a l s i l i 
c o n a n d a l u m i n u m s p e c i e s . B o t h m i n e r a l a n d n o n - m i n e r a l s p e c i e s a r e 
s h o w n t o g i v e s o m e i d e a o f t h e r a n g e o f v a l u e s . F o r t h e s e c a l c u l a 
t i o n s , t h e f u s e d s i l i c o n a n d a l u m i n u m 2 p 3 / 2 1/2 p h o t o e l e c t r o n l i n e s 
a r e u s e d i n c o n j u n c t i o n w i t h t h e K L L A u g e r l i n e s . 

A f t e r o n e c o n s i d e r s t h e e x p e r i m e n t a l a s p e c t s o f c o m b i n e d x - r a y 
p h o t o e l e c t r o n / A u g e r s p e c t r o s c o p y d i s c u s s e d a b o v e , h e c a n t h e n u s e t h e 
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d a t a i n T a b l e I I I t o d i f f e r e n t i a t e b e t w e e n t h e m i n e r a l s c h a l c o c i t e 
(C112S) a n d c o v e l l i t e (CuS) ( F i g . 3 ) . D i f f e r e n c e s a r e i n t h e s u l f u r 
2p3/2 1/2 b i n d i n g e n e r g i e s a n d t h e k i n e t i c e n e r g i e s o f t h e c o p p e r L W 
o b s e r v e d A u g e r l i n e s . A d d i t i o n a l l y , t h e l i n e s h a p e a n d p e a k w i d t h 
d i f f e r e n c e s o f t h e s u l f u r 2 p 3 / 2 t l / 2 s p e c t r a , c o u p l e d w i t h t h e d i f f e r 
e n c e s b e t w e e n t h e c o p p e r 2p3/2 a n d s u l f u r 2p3/2 b i n d i n g e n e r g i e s ( a 
f u l l e l e c t r o n v o l t ) , a l l o w t h e i n v e s t i g a t o r t o d i f f e r e n t i a t e b e t w e e n 
t h e two m i n e r a l s s p e c t r o s c o p i c a l l y . A g a i n , a l l o f t h e s p e c t r a l 
p a r a m e t e r s a s a w h o l e m u s t b e t a k e n t o g e t h e r t o o b t a i n t h e b e s t 
r e s u l t s i n d i s t i n g u i s h i n g b e t w e e n t h e two s u l f i d e s . 

I n a d d i t i o n t o s t u d y i n g a n " a s r e c e i v e d " m i n e r a l s a m p l e s u r f a c e , 
t h e r e s e a r c h e r c a n a l s o s t u d y s a m p l e s a s a f u n c t i o n o f t h e d e p t h i n t o 
t h e b u l k b y means o f d e p t h p r o f i l i n g s t u d i e s . T h i s c a n b e p e r f o r m e d 
i n two w a y s : i o n s p u t t e r i n g a n d e l e c t r o n g r a z i n g a n g l e a n a l y s i s . I n 
i o n s p u t t e r i n g , r a r e gas ( u s u a l l y a r g o n ) i o n s a r e u s e d t o r emove 
l a y e r s o f t h e s a m p l e s u r f a c e . T h i s a p p r o a c h i s a d e s t r u c t i v e t e c h 
n i q u e a n d c a n t o t a l l y a l t e r t h e c h e m i s t r y o f t h e s u r f a c e t h a t e x i s t e d 
b e f o r e s p u t t e r i n g ; f u n c t i o n a
a n d n i t r a t e s a r e u s u a l l
a f f e c t s t h e c o n t a m i n a n t c a r b o n I s p e a k , t h u s c a u s i n g some u n c e r t a i n t y 
i n u s i n g t h i s l i n e f o r c h a r g e c o m p e n s a t i o n . A n o t h e r p r o b l e m o b s e r v e d 
f o r t h i s t e c h n i q u e i s t h a t o f d i f f e r e n t i a l e l e m e n t a l s p u t t e r i n g : 
d i f f e r e n t e l e m e n t s s p u t t e r a t d i f f e r e n t r a t e s . A l l o f t h e s e p r o b l e m s 
h a v e b e e n d i s c u s s e d e x t e n s i v e l y i n r e v i e w a r t i c l e s ( 3 5 , 3 6 ) . 

E l e c t r o n g r a z i n g a n g l e a n a l y s i s t a k e s a d v a n t a g e o f t h e i n c r e a s e 
o f s u r f a c e s e n s i t i v i t y i n x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y b y u s i n g 
v a r i a t i o n s i n g r a z i n g a n g l e o f e l e c t r o n e m i s s i o n f r o m t h e s u r f a c e 
s a m p l e . F o r o p t i m u m r e s u l t s , t h e s a m p l e s u r f a c e s h o u l d b e w i t h o u t 
i r r e g u l a r i t y o r r o u g h n e s s , s i n c e c h a n g e s i n t h e s u r f a c e c o n t o u r c a n 
s e v e r e l y a f f e c t t h e s u r f a c e s e n s i t i v i t y a s a f u n c t i o n o f t h e e l e c t r o n 
e m i s s i o n a n g l e . S t i l l , t h i s t e c h n i q u e h a s t h e c h i e f a d v a n t a g e o f 
b e i n g n o n - d e s t r u c t i v e ; t h i s a l l o w s d e p t h p r o f i l i n g w i t h o u t d i s t u r b i n g 
t h e i n i t i a l s u r f a c e c h e m i s t r y o f t h e s a m p l e s u r f a c e . T h i s a p p r o a c h 
h a s b e e n r e v i e w e d b y s e v e r a l i n v e s t i g a t o r s (_37) . 

T h e a b o v e t e c h n i q u e s h a v e a w i d e a r r a y o f a p p l i c a t i o n s , i n c l u d 
i n g t h o s e t h a t a r e b o t h a n a l y t i c a l a n d p h y s i c o c h e m i c a l ( s u c h a s b o n d 
i n g ) i n n a t u r e . T y p i c a l e x a m p l e s o f r e s e a r c h i n c l u d e t h e s u r f a c e 
c h e m i s t r y o f f e r r i t e m i n e r a l s (38 ) a n d t h e v a l e n c e s t a t e s o f c o p p e r 
i n a w i d e a r r a y o f c o p p e r (39 ) m i n e r a l s . O t h e r a r e a s o f b o n d i n g t h a t 
h a v e b e e n s t u d i e d i n c l u d e t h e o x i d a t i o n s t a t e o f v a n a d i u m (40) i n 
v a n a d i u m - b e a r i n g a e g i r i n e s ( a l s o u s i n g x - r a y p h o t o e l e c t r o n s p e c t r o s 
c o p y ) a n d t h e s u r f a c e f e a t u r e s o f t i t a n i u m p e r o v s k i t e s ( 4 1 ) . 

O t h e r a r e a s o f g e o l o g i c r e s e a r c h t h a t c a n b e e x p l o r e d u s i n g a 
c o m b i n e d i n s t r u m e n t a t i o n a p p r o a c h a r e many . S u r f a c e r e a c t i o n s o f 
s o l i d s t h a t h a v e b e e n s u s p e n d e d i n a q u e o u s s o l u t i o n s c a n be s t u d i e d ; 
t h i s t y p e o f w o r k h a s i m p o r t a n t a p p l i c a t i o n s i n m i n e r a l p r o c e s s i n g 
r e s e a r c h . The a n a l y s i s o f p r e c i o u s a n d s t r a t e g i c m e t a l o r e s c a n be 
s t u d i e d i n o r d e r t o m o n i t o r t h e i r i n h e r e n t m a t e r i a l a n d c h e m i c a l p r o 
p e r t i e s a n d 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 b e f o r e a n d a f t e r r e a c t i o n . 

I n summary , a n y m i n e r a l s o l i d s u r f a c e t h a t i s i n v o l v e d i n a g e o 
l o g i c p r o c e s s ( e i t h e r n a t u r a l o r l a b o r a t o r y i n d u c e d ) o r r e a c t i o n c a n 
b e s t u d i e d f r o m a s t a n d p o i n t o f t h e b o n d i n g a n d c h e m i s t r y o f t h e s u r 
f a c e a s w e l l a s f r o m a n a n a l y t i c a l s t a n d p o i n t . A s a r e s u l t o f t h i s 
a p p r o a c h , more v a l u a b l e i n f o r m a t i o n c a n be o b t a i n e d a b o u t t h e m i n e r a l 
s u r f a c e t h a n i f t h e mere a n a l y t i c a l a p p r o a c h i s u s e d e x c l u s i v e l y . 
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T a b l e I I . R e p r e s e n t a t i v e A u g e r P a r a m e t e r s 
f o r S i l i c o n a n d A l u m i n u m a > D 

S i l i c o n 2 P 3 / 2 , l / 2 K L 2 3 L 2 3 a' 

α - c r i s t o b a l i t e , S 1 O 2 1 0 3 . 2 1 6 0 8 . 6 1 7 1 1 . 8 

α ' - q u a r t z , S K > 2 1 0 3 . 6 1 6 0 8 . 6 1 7 1 2 . 2 

V y c o r , S 1 O 2 1 0 3 . 5 1 6 0 8 . 5 1 7 1 2 . 0 

S 1 3 N 4 1 0 1 . 9 1 6 1 2 . 2 1 7 1 4 . 1 

S i 9 9 . 6 1 6 1 6 . 3 1 7 1 5 . 9 

A l u m i n u m 2 B K L 2 3 L 2 3 a' 

B o e h m i t e , A IO (OH) 7 4 . 2 1 3 8 7 . 6 1 4 6 1 . 8 

B a y e r i t e , A 1 ( 0 H ) 3 

G i b b s i t e , A 1 ( 0 H ) 3 7 4 . 0 1 3 8 7 . 4 

A l A s 7 3 . 6 1 3 9 1 . 2 1 4 6 4 . 8 

A1N 7 4 . 0 1 3 8 8 . 9 1 4 6 2 . 9 

A l 7 2 . 9 1 3 9 3 . 2 1 4 6 6 . 1 

a A b s t r a c t e d f r o m Wagner , C D . , I n " P r a c t i c a l S u r f a c e A n a l y s i s b y 
A u g e r a n d X - R a y P h o t o e l e c t r o n S p e c t r o s c o p y " ; B r i g g s , D . 
a n d S e a h , M . P . , E d s . ; J o h n W i l e y a n d S o n s , L t d . : New Y o r k , 1 9 8 3 ; 
A p p e n d i x 4 , p . 4 7 7 . 
k i n e l e c t r o n v o l t s , eV . 

T a b l e I I I . X - R a y P h o t o e l e c t r o n a n d A u g e r D a t a f o r 
C h a l c o c i t e a n d C o v e l l i t e a » D 

S 2 P 3 / 2 C u 2 P 3 / 2 Cu 2 P l / 2 C u L 3 W C a * d A e 

C U 2 S 161 . 7 ( 2 . 2 ) 932 . . 6 ( 1 . 9 ) 952 . . 3 ( 2 . 3 ) 9 1 7 . 3 1 8 4 9 . 9 7 7 0 . 9 

CuS 162 . 5 ( 2 . 8 ) 932, . 4 ( 1 . 9 ) 952, . 2 ( 2 . 3 ) 9 1 7 . 9 1 8 5 0 . 3 7 6 9 . 9 

a A l l s p e c t r a r e f e r e n c e d t o C I s a t 2 8 5 . 0 e V . 
^Numbers i n p a r e n t h e s e s n e x t t o t h e c o p p e r a n d s u l f u r 2p b i n d i n g 
e n e r g i e s r e p r e s e n t t h e f u l l w i d t h a t h a l f maximum (FWHM) o f t h o s e 
p h o t o e l e c t r o n l i n e s . 
c K i n e t i c e n e r g i e s f o r t h e A u g e r l i n e s w e r e d e t e r m i n e d f r o m t h e i r 
a p p a r e n t b i n d i n g e n e r g i e s (KE - h i/ -BE ) . 
^ M o d i f i e d A u g e r p a r a m e t e r f o r c o p p e r . 
e T h e d i f f e r e n c e s i n b i n d i n g e n e r g i e s b e t w e e n t h e C u 2 P 3 / 2 A N D 

S 2p3/2 p h o t o e l e c t r o n l i n e s . 
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The a d d i t i o n a l i n f o r m a t i o n r e g a r d i n g t h e s u r f a c e i s u s e f u l f o r 
p r e d i c t i n g r e a c t i o n s t o i c h i o m e t r i e s , m e c h a n i s m s , a n d r a t e s t h a t a r e 
p e r t i n e n t t o a q u e o u s g e o c h e m i c a l p r o c e s s e s . 

A c k n o w l e d g m e n t s 

T h i s r e s e a r c h was p a r t i a l l y s u p p o r t e d b y t h e U . S . D e p a r t m e n t o f 
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In Situ Mössbauer Studies of Metal Oxide-Aqueous 
Solution Interfaces with Adsorbed Cobalt-57 and 
Antimony-119 Ions 

F. Ambe, S. Ambe, T. Okada, and H. Sekizawa 
Institute of Physical and Chemical Research (Riken), Wako-shi, Saitama 351-01, Japan 

In situ emission Mossbauer spectroscopy provides 
valuable informatio
dilute metal ion
interface. The principles of the method are des
cribed with some experimental results on divalent 
Co-57 and pentavalent Sb-119 adsorbed on hematite. 
The chemical structure of the adsorbed ions was found 
to be dependent on pH of the aqueous phase. Most of 
the divalent Co-57 and pentavalent Sb-119 ions form 
strongly bonded surface complexes under alkaline and 
acidic conditions, respectively. 

In sp i t e o f the development o f phys icochemica l techniques fo r 
surface a n a l y s i s , spec t roscop ic methods a p p l i c a b l e to the study o f 
bonding between adsorbed metal i on spec ies and subst ra te are l i m 
i t e d , e s p e c i a l l y those a p p l i c a b l e to i n s i t u measurement a t i n t e r 
faces between s o l i d and aqueous phases (1 ,2 ) . In prev ious papers , 
we showed that emiss ion Mossbauer measurement i s u s e fu l i n 
c l a r i f y i n g the chemical bonding environment o f d i l u t e metal ions 
adsorbed on magnetic metal oxide sur faces ( 3>^ ) · 

We now extend the work to i n s i t u measurements on metal ions 
adsorbed at the metal oxide/aqueous s o l u t i o n i n t e r f a c e . In t h i s 
r e p o r t , our prev ious r e s u l t s are combined with new measurements to 
y i e l d s p e c i f i c in format ion on the chemical s t r uc tu r e o f adsorbed 
spec ies at the sol id/aqueous s o l u t i o n i n t e r f a c e . Here, we 
descr ibe the p r i n c i p l e s o f emission Mossbauer spectroscopy , e x p e r i 
mental techniques , and some r e s u l t s on d i v a l e n t Co-57 and pentava
l en t Sb-119 ions adsorbed a t the i n t e r f a c e between hematite 
(a-Fe2C>3) and aqueous s o l u t i o n s . 

P r i n c i p l e s 

Although r a d i o a c t i v e i sotopes have been wide ly u t i l i z e d as t r a ce r s 
i n the study o f adsorpt ion e q u i l i b r i u m and k i n e t i c s , i n these types 
o f s tud ies they provide no d i r e c t in format ion on chemical s t r uc tu r e 
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o f the adsorbed spec i e s . However, when a Mossbauer source nuc l i de 
i s adsorbed on a magnetic ox ide , s t r u c t u r a l in format ion about 
adsorbed ions can be obtained from t h e i r emission Mossbauer 
s p e c t r a . The p r i n c i p l e s o f the method are descr ibed below with the 
examples Co-57 and Sb-119 (Figure 1), which are the sources o f the 
most popular Mossbauer n u c l i d e s , Fe-57 and Sn-119. The two source 
nuc l i d e s may be regarded as r ep re sen ta t i ve s o f a t r a n s i t i o n and 
n o n - t r a n s i t i o n element, r e s p e c t i v e l y . 

The r a d i o a c t i v e nuc l i d e Co-57 decays through the 136 keV second 
nuc lea r exc i t ed l e v e l to the f i r s t e x c i t e d l e v e l o f Fe -57 , which 
then emits the 14.4 keV Mossbauer gamma-ray with a h a l f - l i f e o f 98 
ns . I f Co-57 ions are adsorbed on a c e r t a i n sur face f i r m l y enough 
to provide an apprec iab le r e c o i l l e s s f r a c t i o n on the emission o f the 
gamma-rays, the chemical environment o f the Fe-57 i n the f i r s t 
exc i t ed l e v e l can be determined by ana l yz ing the resonant gamma-rays 
with a standard absorber (emission Mossbauer spect roscopy ) . S i m i 
l a r l y , the chemical s t ruc tu r e o f Sn-119 a r i s i n g from adsorbed 
pentavalent Sb-119 can b
s p e c t r a . 

Since the observat ion o f Mossbauer spect ra on Fe-57 and Sn-119 
i s made immediately a f t e r the EC ( e l e c t ron capture) decays o f Co-57 
and Sb-119 (a f ter 141 ns and 25.7 ns on average ) , the chemical 
s t ruc tu re o f Co-57 and Sb-119 can be regarded as e s s e n t i a l l y that 
r e s u l t i n g from Fe-57 and Sn-119 emission Mossbauer s p e c t r a . The 
Auger cascade fo l l ow ing the EC decay r e s u l t s i n m u l t i p l e i o n i z a t i o n 
o f the decaying atom. In the case o f Co-57, charge s t a te s up to 7+ 
are t h e o r e t i c a l l y p red i c ted for the daughter n u c l i d e Fe-57 (5) . 
Such h i gh l y i on i z ed spec ies have been detected for C l - 3 7 produced 
by the EC decay o f Ar-37 i n gaseous phase (6) . In s o l i d s , however, 
such anomalous s t a te s are not r e a l i z e d or t h e i r l i f e time i s much 
shor te r than the h a l f - l i f e o f the Mossbauer l e v e l (Fe -57: 98 ns and 
Sn-119: 17.8 ns) because o f f a s t e l e c t r o n t r a n s f e r , and u s u a l l y 
spec ies i n o rd inary valence s t a te s (2+, 3+ for Fe-57 and 2+, 4+ for 
Sn-119) are observed i n emiss ion Mossbauer spect ra (7 ,8 ) . The 
d i s t r i b u t i o n o f Fe-57 and Sn-119 between the two valence s t a t e s 
depends on the p h y s i c a l and chemical environments o f the decaying 
atom i n a very compl icated way, and de t ec t i on o f the counterparts o f 
the redox r e a c t i o n i s g ene ra l l y very d i f f i c u l t . The r e c o i l energy 
a s soc i a ted with the EC decays o f Co-57 and Sb-119 i s estimated to be 
i n s u f f i c i e n t to induce displacement o f the atom i n s o l i d s . 

In absorpt ion Mossbauer spectroscopy , a source nuc l i de i n a 
standard form (usua l ly i n a m e t a l l i c matr ix ) i s coupled with a 
sample to be i n v e s t i g a t e d . This method r equ i r e s a t l e a s t 100 pg o f 
Fe or Sn i n the usua l exper imenta l setup even i f a Mossbauer s e n s i 
t i v e enr iched s t ab l e i sotope Fe-57 or Sn-119 i s employed. In 
emiss ion Mossbauer spectroscopy , however, 1 mCi o f Co-57 or Sb-119, 
which corresponds nominal ly to 120 ng o f Co-57 or 1.4 ng o f Sb-119, 
i s s u f f i c i e n t to permit measurement. Th is technique enables study 
o f very d i l u t e systems, e s p e c i a l l y those with ions d i r e c t l y bound to 
the subs t ra te . 

Mossbauer isomer s h i f t and quadrupole s p l i t t i n g are commonly 
used to obta in in format ion about the bonding environment around 
source n u c l i d e s . The isomer s h i f t a r i s e s from the e l e c t r i c monopole 
i n t e r a c t i o n o f the nucleus with the e l e c t rons and depends on the 
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s - e l e c t r o n d e n s i t y a t t h e n u c l e u s . I t i s o b s e r v e d a s t h e s h i f t o f 
t h e l i n e i n t h e M o s s b a u e r s p e c t r u m . I f t h e e l e c t r o n i c e n v i r o n m e n t 
o f F e - 5 7 o r S n - 1 1 9 n u c l e u s i s n o t s p h e r i c a l l y s y m m e t r i c , i t s f i r s t 
e x c i t e d l e v e l ( I - 3/2) s p l i t s i n t o two s u b l e v e l s (m = ±1/2 a n d 
± 3 / 2 ) a s a r e s u l t o f t h e e l e c t r i c q u a d r u p o l e i n t e r a c t i o n w i t h t h e 
e l e c t r o n s . T h i s i s o b s e r v e d a s t h e q u a d r u p o l e s p l i t t i n g o f t h e 
M o s s b a u e r l i n e i n t o a d o u b l e t i n t h e a b s e n c e o f m a g n e t i c f i e l d . 
T h e s e p a r a m e t e r s v a r y w i t h c o o r d i n a t i o n number o f m e t a l by o x y g e n 
and w i t h d i s t o r t i o n o f o x y g e n e n v i r o n m e n t , r e s p e c t i v e l y . H o w e v e r , 
t h e y a r e n o t i n f o r m a t i v e e n o u g h i n d e t e r m i n i n g w h e t h e r o r n o t 
c h e m i c a l bonds a r e f o r m e d be tween t h e h y d r o l y t i c a l l y a d s o r b e d m e t a l 
i o n s and an o x i d e s u b s t r a t e . I n t h i s s t u d y a n o t h e r M o s s b a u e r 
p a r a m e t e r , m a g n e t i c s p l i t t i n g , was u s e d t o i n v e s t i g a t e t h e c h e m i c a l 
s t r u c t u r e o f t h e a d s o r b e d m e t a l i o n s . When F e - 5 7 o r S n - 1 1 9 n u c l e u s 
i s i n a m a g n e t i c f i e l d , t h e i r g r o u n d and f i r s t e x c i t e d l e v e l s ( I = 
1/2 a n d 3/2) s p l i t i n t o two a n d f o u r s u b l e v e l s w i t h m = - 1 / 2 , 1/2 
and m = - 3 / 2 , - 1 / 2 , 1/2, 3/2 , r e s p e c t i v e l y . The t r a n s i t i o n s w i t h Am 
= 0 , ±1 a r e a l l o w e d a n
a b s e n c e o f e l e c t r i c q u a d r u p o l
f i e l d o v e r l a p s a l a r g e m a g n e t i c f i e l d , t h e M o s s b a u e r s p e c t r u m 
becomes an a s y m m e t r i c s e x t e t . When t h e m a g n e t i c f i e l d h a s a d i s t r i 
b u t i o n w i t h r e l a t i v e l y l a r g e f r a c t i o n i n t h e r e g i o n o f low v a l u e s , 
t h e s e x t e t i s n o t r e s o l v e d a n d a b r o a d band i s o b s e r v e d . 

When F e - 5 7 o r S n - 1 1 9 i o n s a r i s i n g f r o m C o - 5 7 o r S b - 1 1 9 a r e 
bonded t h r o u g h o x i d e i o n s t o t h e s u r f a c e m e t a l i o n s o f a m a g n e t i c 
o x i d e , t h e F e - 5 7 o r S n - 1 1 9 n u c l e i f e e l t h e h y p e r f i n e m a g n e t i c f i e l d s 
i n d u c e d by i n t e r a c t i o n w i t h t h e o r d e r e d m a g n e t i c m e t a l i o n s o f t h e 
s u b s t r a t e . The h y p e r f i n e m a g n e t i c f i e l d s a r e o b s e r v e d a s b r o a d e n i n g 
o r s p l i t t i n g i n t h e M o s s b a u e r s p e c t r a . S u b s t a n t i a l m a g n e t i c i n t 
e r a c t i o n o c c u r s o n l y on a d s o r b e d i o n s t h a t a r e bonded t h r o u g h o x i d e 
i o n s t o t h e o r d e r e d m a g n e t i c i o n s o f t h e s u b s t r a t e . F o r t h o s e i o n s 
bonded t o t h e s u r f a c e m a g n e t i c i o n s t h r o u g h two o r more i o n s i n 
s e q u e n c e ( f o r e x a m p l e , s p e c i e s h y d r o g e n - b o n d e d t o o x i d e s u r f a c e s ) , 
t h e i n t e r a c t i o n i s much w e a k e r . T h e r e f o r e , t h e c h e m i c a l s t r u c t u r e 
o f C o - 5 7 o r S b - 1 1 9 i o n s a d s o r b e d on t h e s u r f a c e s o f t h e m a g n e t i c 
o x i d e c a n be e s t i m a t e d by a n a l y z i n g t h e b r o a d e n i n g o r s p l i t t i n g o f 
t h e e m i s s i o n l i n e s . 

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

E x p e r i m e n t a l S e c t i o n 

The f e r r i c o x i d e , h e m a t i t e , u s e d i n t h e p r e s e n t work was a h i g h 
p u r i t y powder r e a g e n t w i t h a BET s u r f a c e a r e a o f 27 m2/g ; 30 mg was 
e m p l o y e d i n e a c h r u n . Some m e a s u r e m e n t s were made o n h e m a t i t e 
c a l c i n e d i n a i r t o s e e t h e e f f e c t s o f s i n t e r i n g t h e s u r f a c e on t h e 
c h e m i c a l s t r u c t u r e o f t h e a d s o r b e d m e t a l i o n s . The h e m a t i t e s a m p l e s 
were c h e c k e d by M o s s b a u e r a b s o r p t i o n a n d powder X - r a y d i f f r a c t i o n 
m e a s u r e m e n t s . The M o s s b a u e r a b s o r p t i o n s p e c t r a c o n s i s t e d o f a 
m a g n e t i c s e x t e t w i t h no s u p e r p a r a m a g n e t i c componen t due t o f i n e 
p a r t i c l e s (9). 

The M o s s b a u e r s o u r c e n u c l i d e C o - 5 7 was o b t a i n e d c o m m e r c i a l l y ; 
S b - 1 1 9 was p r o d u c e d by t h e 160 cm RIKEN c y c l o t r o n a t o u r i n s t i t u t e . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



406 GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

The p r o c e d u r e f o r s e p a r a t i n g S b - 1 1 9 f r o m a n a l p h a - i r r a d i a t e d t i n 
t a r g e t h a s been d e s c r i b e d e l s e w h e r e ( 1 0 , 1 1 ) . The amount s o f c o b a l t 
and a n t i m o n y c o e x i s t i n g w i t h t h e n u c l i d e s a r e e s t i m a t e d t o h a v e been 
a b o u t 400 n g / m C i a n d 300 n g / m C i , r e s p e c t i v e l y , i . e . , t o h a v e been 
much s m a l l e r t h a n t h a t r e q u i r e d f o r m o n o l a y e r c o v e r a g e o f 30 mg o f 
t h e h e m a t i t e s a m p l e . A b o u t 10 cm3 o f a n a q u e o u s s o l u t i o n c o n t a i n i n g 
1 - 2 m C i o f d i v a l e n t C o - 5 7 o r 0.1 - 1 m C i o f p e n t a v a l e n t S b - 1 1 9 was 
a d j u s t e d t o a n a p p r o p r i a t e pH v a l u e i n a T e f l o n v e s s e l w i t h a 0 . 5 

m m - t h i c k T e f l o n window a t t h e b o t t o m , a n d a b o u t 30 mg o f h e m a t i t e 
powder was a d d e d t o t h e s o l u t i o n . The s u s p e n s i o n was s h a k e n f o r 30 

m i n a t room t e m p e r a t u r e . A f t e r s e t t l i n g o f t h e powder a t t h e b o t t o m 
o f t h e v e s s e l , t h e pH was r e m e a s u r e d . 

The h e m a t i t e w i t h a d s o r b e d C o - 5 7 o r S b - 1 1 9 a l o n g w i t h t h e 
s o l u t i o n was s u b j e c t e d t o e m i s s i o n M o s s b a u e r measu r ement a t 2 4 ± 1 ° C 
w i t h t h e e x p e r i m e n t a l s e t u p shown i n F i g u r e 2. The a b s o r b e r , 
F e - 5 7 - e n r i c h e d p o t a s s i u m f e r r o c y a n i d e ( 0 . 5 mg F e - 5 7 / c m 2 ) o r b a r i u m 
s t a n n a t e ( 0 . 9 mg S n - 1 1 9 / c m 2 ) , was d r i v e n by a R a n g e r 7 0 0 - s e r i e s 
M o s s b a u e r s p e c t r o m e t e r c o n n e c t e
m u l t i - c h a n n e l a n a l y z e r . Th
S b - 1 1 9 were d e t e c t e d r e s p e c t i v e l y w i t h a K r ( + 3 Î c a r b o n d i o x i d e ) -
f i l l e d p r o p o r t i o n a l c o u n t e r a n d w i t h a 2 m m - t h i c k N a l ( T l ) s c i n t i l l a 
t i o n c o u n t e r t h r o u g h 65 y m - t h i c k Pd c r i t i c a l a b s o r b e r f o r Sn Κ 
X - r a y s . The i n t e g r a l e r r o r s i n t h e r e l a t i v e v e l o c i t y were e s t i m a t e d 
t o be o f t h e o r d e r o f 0 . 0 5 mm/s by r e p e a t e d c a l i b r a t i o n m e a s u r e m e n t s 
u s i n g s t a n d a r d a b s o r b e r s . 

I n p a r a l l e l w i t h t h e e m i s s i o n m e a s u r e m e n t s , i n s i t u M o s s b a u e r 
a b s o r p t i o n m e a s u r e m e n t s on h e m a t i t e s u s p e n s i o n s t r e a t e d i n a s i m i l a r 
manner a s i n t h e e m i s s i o n m e a s u r e m e n t s were p e r f o r m e d t o c h e c k t h e 
e f f e c t s o f a q u e o u s p h a s e pH o n t h e s u b s t r a t e . The a b s o r p t i o n 
s p e c t r a o b t a i n e d i n t h e pH r e g i o n 5 - 1 2 c o n s i s t e d o f t h e same 
w e l l - d e f i n e d s e x t e t a s d r y h e m a t i t e p o w d e r , i n d i c a t i n g t h a t no 
a p p r e c i a b l e c h a n g e o c c u r r e d i n t h e s t a t e o f d i s p e r s i o n a n d p a r t i c l e 
s i z e o f h e m a t i t e i n t h e s t u d i e d pH r a n g e . 

S i n c e t h e s u b s t r a t e h e m a t i t e c o n t a i n s F e - 5 7 , a c e r t a i n M o s s 
b a u e r s e l f - a b s o r p t i o n i s i n e v i t a b l e i n t h e c a s e o f m e a s u r e m e n t s on 
C o - 5 7 . B u t , t h e e f f e c t o f t h e a b s o r p t i o n i s c o n s i d e r e d t o be n o t 
i m p o r t a n t a s f a r a s t h e pH d e p e n d e n c e o f t h e s p e c t r a i s c o n c e r n e d , 
s i n c e t h e amount o f h e m a t i t e was k e p t c o n s t a n t a n d t h e a d s o r b e d 
d i v a l e n t C o - 5 7 was d i s p e r s e d u n i f o r m l y i n i t . 

The d a t a o b t a i n e d we re a n a l y z e d w i t h a FACOM M380 c o m p u t e r . 

E x p e r i m e n t a l R e s u l t s 

I n S i t u M o s s b a u e r M e a s u r e m e n t o n H e m a t i t e / D i v a l e n t C o - 5 7 . The 
a d s o r p t i o n b e h a v i o r o f c o b a l t o u s i o n s on h e m a t i t e s u r f a c e s was 
e s s e n t i a l l y t h e same a s t h a t o n s i l i c a r e p o r t e d by James a n d H e a l y 
(22). A p p r e c i a b l e a d s o r p t i o n b e g i n s a t a b o u t pH 4 f o l l o w e d by a n 
a b r u p t i n c r e a s e i n a d s o r p t i o n b e tween pH 6 a n d 8. B e y o n d pH 9 , 

a d s o r p t i o n i s p r a c t i c a l l y c o m p l e t e . E m i s s i o n M o s s b a u e r s p e c t r a o f 
F e - 5 7 a r i s i n g f r o m t h e d i v a l e n t C o - 5 7 i o n s a t t h e i n t e r f a c e be tween 
h e m a t i t e p a r t i c l e s a n d t h e 0.1 mol / dm3 N a C l s o l u t i o n s o f d i f f e r e n t 
pH a t room t e m p e r a t u r e a r e shown i n F i g u r e 3 · The e m i s s i o n s p e c t r a 
show a marked d e p e n d e n c e on t h e pH o f t h e a q u e o u s p h a s e . No e m i s 
s i o n l i n e s a s c r i b a b l e t o p a r a m a g n e t i c i r o n s p e c i e s a r e r e c o g n i z e d i n 
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F i g u r e 2. E x p e r i m e n t a l s e t u p f o r i n s i t u e m i s s i o n M o s s b a u e r 
m e a s u r e m e n t . S e t u p f o r Co -57 i s s h o w n . 
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lOOh * 

99h C F 3 
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RELATIVE VELOCITY 
CMM/S VS METALLIC IRON] 

F i g u r e 3· In s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f F e - 5 7 a r i s i n g 
f r o m d i v a l e n t Co -57 a t t h e h e m a t i t e / 0 . 1 m o l dm~3 N a C l s o l u t i o n 
i n t e r f a c e f o r v a r i o u s pH v a l u e s o f t h e a q u e o u s p h a s e 
(measu rement a t r oom t e m p e r a t u r e ) : (A) pH 5.7, (B) pH 7.4 , (C ) 
pH 9 .6 , (D) pH 11.0, ( E ) pH 12.7, ( F ) pH 3.0. ( F ) was m e a s u r e d 
a f t e r r e a d j u s t m e n t o f pH f r o m 12.7 t o 3-0. The i s o m e r s h i f t i s 
g i v e n r e l a t i v e t o m e t a l l i c i r o n and t h e s i g n o f r e l a t i v e v e l o 
c i t y i s d e f i n e d a s i n o r d i n a r y a b s o r p t i o n s p e c t r a . The c u r v e s 
a r e composed f r o m t h e r e s u l t s o f H e s s e - R u b a r t s c h a n a l y s i s g i v e n 
i n F i g u r e 10. 
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t h e s p e c t r a w i t h i n t h e e x p e r i m e n t a l u n c e r t a i n t i e s . The i s o m e r s h i f t 
i n d i c a t e s t h a t F e - 5 7 i o n s a r i s i n g f r o m d i v a l e n t C o - 5 7 a t t h e i n t e r 
f a c e a r e p r e d o m i n a n t l y i n t h e t r i v a l e n t s t a t e . As d e s c r i b e d a b o v e , 
i t i s e x t r e m e l y d i f f i c u l t t o i d e n t i f y t h e o x i d a n t s o f d i v a l e n t C o - 5 7 
i o n s t o t r i v a l e n t F e - 5 7 . I t i s b e c a u s e t h e t r i v a l e n t F e - 5 7 i o n s a r e 
d e t e c t e d w i t h h i g h s e n s i t i v i t y by t h e i r g a m m a - r a y s , w h i l e t h e 
s p e c i e s r e d u c e d a r e n o t r a d i o a c t i v e . A t pH 5 . 7 , t h e s p e c t r u m 
c o n s i s t s o f a p a r t l y r e s o l v e d s e x t e t s u g g e s t i n g a h y p e r f i n e m a g n e t i c 
f i e l d d i s t r i b u t i o n e x t e n d i n g down t o low v a l u e s o f m a g n e t i c f i e l d 
( F i g u r e 3 ( A ) ) . W i t h i n c r e a s e i n pH o f t h e a q u e o u s p h a s e t h e s p l i t 
t i n g o f t h e s e x t e t i n c r e a s e s a n d s i m u l t a n e o u s l y t h e w i d t h o f e a c h 
l i n e d i m i n i s h e s ( F i g u r e 3 ( B ) - ( E ) ) . 

When t h e pH i s r e a d j u s t e d t o a h i g h e r v a l u e , t h e s p l i t t i n g 
i n c r e a s e s and a s p e c t r u m w h i c h i s e s s e n t i a l l y t h e same a s t h e one 
o b t a i n e d o r i g i n a l l y a t t h e h i g h e r pH i s o b s e r v e d . H o w e v e r , when t h e 
pH o f a s a m p l e s o l u t i o n i s l o w e r e d f r o m 1 2 . 7 down t o 3 . 0 , s l o w 
d e s o r p t i o n o f C o - 5 7 i o n s was o b s e r v e d , a n d t h e M o s s b a u e r s p e c t r u m 
v i r t u a l l y r e m a i n e d u n c h a n g e d ( F i g u r e ( F ) ) . T h e s e o b s e r v a t i o n s 
s u g g e s t t h a t t h e c h e m i c a
a l k a l i n e s o l u t i o n i s r e t a i n e d when t h e pH o f t h e s o l u t i o n i s l o w e r e d 
down t o an a c i d i c pH v a l u e . 

A d s o r p t i o n o f P e n t a v a l e n t Sb I o n s on H e m a t i t e . So f a r a s we know, 
t h e r e a r e no e x p e r i m e n t a l d a t a on t h e a d s o r p t i o n e q u i l i b r i u m o f 
d i l u t e p e n t a v a l e n t Sb i o n s on m e t a l o x i d e s . T h e r e f o r e , t h e pH 
d e p e n d e n c e o f t h e a d s o r p t i o n o f p e n t a v a l e n t Sb i o n s on h e m a t i t e was 
m e a s u r e d . C a r r i e r - f r e e p e n t a v a l e n t S b - 1 1 9 i o n s were a d s o r b e d on 30 
mg o f h e m a t i t e ( p r e f i r e d a t 900°C f o r 2 h o u r s ) f r o m 10 cm3 o f 0 . 2 5 
mo l / d m 3 L i C l s o l u t i o n s a t 2 4 ± 1 ° C . The amount o f a n t i m o n y e m p l o y e d 
i n e a c h r u n i s e s t i m a t e d t o be a b o u t 50 n g . The a d s o r p t i o n p r o c e e d s 
w i t h a m e a s u r a b l e r a t e a n d a t t a i n s an a p p a r e n t e q u i l i b r i u m a f t e r 
s h a k i n g f o r s e v e r a l h o u r s . The r e a c t i o n i s s e c o n d o r d e r w i t h 
r e s p e c t t o t h e c o n c e n t r a t i o n o f p e n t a v a l e n t Sb i o n s i n t h e s o l u t i o n 
( J j3 ) . The v a l u e s g i v e n i n F i g u r e 4 a r e t h o s e o b t a i n e d a f t e r 22 
h o u r s e q u i l i b r a t i o n . As s e e n i n F i g u r e 4 , s t r o n g a d s o r p t i o n o f 
p e n t a v a l e n t Sb i o n s i s o b s e r v e d b e l o w pH 7 , w h i l e t h e p e r c e n t 
a d s o r b e d d i m i n i s h e s a b r u p t l y a b o v e t h a t . M o s t o f t h e Sb i o n s 
a d s o r b e d on h e m a t i t e f r o m s o l u t i o n s o f pH 2 - 5 a r e n o t d e s o r b e d by 
s u b s e q u e n t a d j u s t m e n t t o a l k a l i n e c o n d i t i o n s . R e s u l t s o n d e s o r p t i o n 
o f Sb i o n s p r e - a d s o r b e d a t pH 4 a r e shown i n F i g u r e 4 . 

I n d i l u t e c o n c e n t r a t i o n o f p e n t a v a l e n t Sb i o n s , t h e [ S b ( 0 H ) o ] ~ 
f o r m o f t h e c o m p l e x i s r e p o r t e d t o p r e d o m i n a t e o v e r t h e pH r a n g e 
s t u d i e d i n t h e p r e s e n t work (J_4) . The z e r o p o i n t o f c h a r g e ( ZPC ) o f 
h e m a t i t e i s r e p o r t e d t o be pH 6 . 5 - 8 . 6 (J_5) . The s u r f a c e o f h e m a t i t e 
p a r t i c l e s a r e p o s i t i v e l y c h a r g e d due t o e x c e s s s u r f a c e p r o t o n s b e l o w 
t h e Z P C , w h i l e t h e y a r e c h a r g e d n e g a t i v e l y a b o v e t h e Z P C . T h e r e 
f o r e , t h e o b s e r v e d pH d e p e n d e n c e i n a d s o r p t i o n o f p e n t a v a l e n t S b - 1 1 9 
on h e m a t i t e i s a p p a r e n t l y i n t e r p r e t e d i n t e r m s o f e l e c t r o s t a t i c 
a t t r a c t i o n and r e p u l s i o n b e tween t h e n e g a t i v e l y c h a r g e d Sb c o m p l e x 
a n d t h e p o s i t i v e l y o r n e g a t i v e l y c h a r g e d s u r f a c e . 

I n S i t u M o s s b a u e r M e a s u r e m e n t on H e m a t i t e / P e n t a v a l e n t S b - 1 1 9 . The 
M o s s b a u e r measu rement on S b - 1 1 9 was c o n t i n u e d f o r 1 - 3 d a y s a f t e r 
s h a k i n g t h e s u s p e n s i o n f o r 30 m i n a n d w a i t i n g f o r s e t t l i n g o f t h e 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



4 1 0 GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

F i g u r e 4 . pH d e p e n d e n c e o f t h e a d s o r p t i o n a n d d e s o r p t i o n o f 
c a r r i e r - f r e e p e n t a v a l e n t S b - 1 1 9 on h e m a t i t e a t room t e m p e r a t u r e 
(30 mg o f h e m a t i t e p r e f i r e d a t 900°C i n 10 cm3 o f 0 . 2 5 mo l / d m 3 

L i C l s o l u t i o n s ) . D e s o r p t i o n was m e a s u r e d on p e n t a v a l e n t S b - 1 1 9 
p r e - a d s o r b e d a t pH 4 . S h a k i n g t i m e was 22 h o u r s f o r t h e a d s o r p 
t i o n and was 5 d a y s f o r t h e d e s o r p t i o n . 
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h e m a t i t e powder a t t h e b o t t o m . W i t h i n t h e e x p e r i m e n t a l u n c e r t a i n 
t i e s , n o c h a n g e i n t h e s p e c t r u m was o b s e r v e d d u r i n g e a c h r u n . 

The i n s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f S n - 1 1 9 a r i s i n g f r o m 
p e n t a v a l e n t S b - 1 1 9 i o n s a d s o r b e d on n o n - p r e t r e a t e d h e m a t i t e p a r t i 
c l e s i n 0 . 2 5 mol/dm3 L i C l s o l u t i o n s o f d i f f e r e n t pH v a l u e s a t r oom 
t e m p e r a t u r e a r e shown i n F i g u r e 5 . B e c a u s e o f t h e a b s e n c e o f t h e 
M o s s b a u e r e f f e c t f o r c h e m i c a l s p e c i e s i n t h e s o l u t i o n , t h e s p e c t r a 
r e p r e s e n t o n l y i n f o r m a t i o n on S n - 1 1 9 a r i s i n g f r o m p e n t a v a l e n t S b - 1 1 9 
a t t h e i n t e r f a c e . As s e e n i n F i g u r e 5 , t h e e m i s s i o n s p e c t r a a r e 
e s s e n t i a l l y s y m m e t r i c l i n e s c e n t e r e d a t t h e z e r o r e l a t i v e v e l o c i t y 
a g a i n s t t h e b a r i u m s t a n n a t e a b s o r b e r . T h i s d e m o n s t r a t e s t h a t S n - 1 1 9 
a t t h e i n t e r f a c e i s e x c l u s i v e l y i n t h e t e t r a v a l e n t s t a t e . The 
e x p e c t e d m a g n e t i c s e x t e t a p p e a r s a s a s i n g l e b r o a d band due t o 
o v e r l a p p i n g o f c o m p o n e n t s d i s t r i b u t e d i n l ow m a g n e t i c f i e l d r e g i o n . 
The l i n e w i d t h shows a s t r o n g pH d e p e n d e n c e , s u g g e s t i n g t h a t t h e 
c h e m i c a l s t r u c t u r e o f a d s o r b e d p e n t a v a l e n t S b - 1 1 9 i s c o n s i d e r a b l y 
d e p e n d e n t on pH o f t h e s o l u t i o n . A t pH 8 . 5 , where a p o o r q u a l i t y 
s p e c t r u m i s o b t a i n e d b e c a u s
w i d t h a t t h e h a l f maximu
v a l u e i s a b o u t t w i c e a s l a r g e a s t h a t f o r S n - 1 1 9 a r i s i n g f r o m 
p e n t a v a l e n t S b - 1 1 9 on c o r u n d u m - t y p e o x i d e s u r f a c e w i t h o u t m a g n e t i c 
i n t e r a c t i o n s . (The p e n t a v a l e n t S b - 1 1 9 i o n s on c h r o m i c o x i d e g i v e a 
s i n g l e l i n e w i t h a f u l l w i d t h a t t h e h a l f maximum o f 1.3 mm/s a b o v e 
t h e N e e l t e m p e r a t u r e (303 K) a g a i n s t t h e same a b s o r b e r a s e m p l o y e d 
i n t h e p r e s e n t wo rk ( 3 ) ) · T h e r e f o r e , we c o n c l u d e t h a t mos t o f t h e 
a d s o r b e d p e n t a v a l e n t S b - 1 1 9 i o n s on h e m a t i t e p a r t i c l e s h a v e a 
c e r t a i n m a g n e t i c i n t e r a c t i o n w i t h t h e o r d e r e d f e r r i c i o n s o f t h e 
s u b s t r a t e a t t h e pH v a l u e . W i t h t h e d e c r e a s e i n pH o f t h e a q u e o u s 
p h a s e ( F i g u r e 5 ( B ) - ( E ) ) , t h e l i n e w i d t h i n c r e a s e s r e m a r k a b l y a n d t h e 
f u l l w i d t h a t t h e h a l f maximum a t t a i n s a v a l u e o f a b o u t 7 mm/s a t pH 
2 . 5 , w h i c h s u g g e s t s s t r o n g e r m a g n e t i c i n t e r a c t i o n s o f S n - 1 1 9 w i t h 
f e r r i c i o n s o f t h e s u b s t r a t e i n t h e w e a k l y a c i d i c r e g i o n . 

In c o n t r a s t t o t h e c a s e o f d i v a l e n t C o - 5 7 i o n s d e s c r i b e d a b o v e , 
t h e s p e c t r a show no h y s t e r e s i s a g a i n s t t h e l o w e r i n g o f p H . C o n v e r 
s e l y , t h e s p e c t r u m o f a s a m p l e p r e v i o u s l y a d j u s t e d t o a pH o f 2 . 5 
was f o u n d t o r e m a i n b r o a d e n e d a f t e r t h e pH h a d b e e n r a i s e d t o 8 . 6 
( F i g u r e 5 ( F ) ) . T h u s , t h e c h e m i c a l s t r u c t u r e o f p e n t a v a l e n t S b - 1 1 9 
a d s o r b e d f r o m a n a c i d i c s o l u t i o n i s c o n s i d e r e d t o be r e t a i n e d when 
t h e pH o f t h e s o l u t i o n i s r a i s e d a b o v e 7 . 

In F i g u r e 6 a r e shown t h e e m i s s i o n M o s s b a u e r s p e c t r a o f t h e 
h e m a t i t e / p e n t a v a l e n t S b - 1 1 9 / 0 . 2 5 m o l d m - 3 L i C l s o l u t i o n s y s t e m s o f 
t h r e e d i f f e r e n t pH v a l u e s b e f o r e h e a t i n g ( ( A 1 ) - ( C 1 ) ) a n d a f t e r 
h e a t i n g a t 98°C f o r 30 m i n ( ( A 2 ) - ( C 2 ) ) . The e x p e r i m e n t was p e r 
f o r m e d on t h e h e m a t i t e s a m p l e p r e f i r e d a t 9 0 0 ° C , w h i c h g i v e s s p e c t r a 
w i t h l a r g e r l i n e w i d t h t h a n t h e n o n - p r e t r e a t e d s a m p l e o v e r t h e w h o l e 
pH r e g i o n s t u d i e d . A c o n s i d e r a b l e c h a n g e i n pH was o b s e r v e d a f t e r 
h e a t i n g t h e s y s t e m o f pH 6 . 6 . A t e a c h pH v a l u e s t u d i e d , t h e e m i s 
s i o n s p e c t r a show b r o a d e n i n g o r e v e n i m m a t u r e s p l i t t i n g t o a s e x t e t 
a f t e r t h e h e a t i n g , s u g g e s t i n g i n c o r p o r a t i o n o f more S b - 1 1 9 i o n s i n 
t h e s u r f a c e m e t a l i o n s i t e s . F u r t h e r h e a t i n g up t o 100 m i n b r o u g h t 
a b o u t no f u r t h e r a p p r e c i a b l e c h a n g e i n t h e s p e c t r a . 

In o r d e r t o s t u d y t h e e f f e c t o f t h e amount o f p e n t a v a l e n t Sb 
i o n s on a d s o r p t i o n s t a t e , i n s i t u e m i s s i o n M o s s b a u e r m e a s u r e m e n t was 
made on S b - 1 1 9 a d s o r b e d on h e m a t i t e w i t h n o n - r a d i o a c t i v e p e n t a v a l e n t 
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F i g u r e 5 . In s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f S n - 1 1 9 a r i s i n g 
f r o m p e n t a v a l e n t S b - 1 1 9 a t t h e h e m a t i t e / 0 . 2 5 m o l dm-3 L i C l 
s o l u t i o n i n t e r f a c e f o r v a r i o u s pH v a l u e s o f t h e a q u e o u s p h a s e 
(measurement a t room t e m p e r a t u r e ) : (A) pH 8 . 5 , (B ) pH 6 . 6 , (C ) 
pH 4 . 6 , (D) pH 3 . 4 , (E ) pH 2 . 5 , ( F ) pH 8 . 6 . ( F ) was m e a s u r e d 
a f t e r r e a d j u s t m e n t o f pH f r o m 2 . 5 t o 8 . 6 . The i s o m e r s h i f t i s 
g i v e n r e l a t i v e t o b a r i u m s t a n n a t e a n d t h e s i g n o f r e l a t i v e 
v e l o c i t y i s d e f i n e d a s i n o r d i n a r y a b s o r p t i o n s p e c t r a . The 
c u r v e s a r e composed f r o m t h e r e s u l t s o f H e s s e - R u b a r t s c h a n a l y s i s 
g i v e n i n F i g u r e 11 . 
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F i g u r e 6. E f f e c t s o f p r e h e a t i n g o f s a m p l e s u s p e n s i o n s a t 98°C 
f o r 30 m i n on t h e i n s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f S n - 1 1 9 
a r i s i n g f r o m p e n t a v a l e n t S b - 1 1 9 a t t h e h e m a t i t e / 0 . 2 5 m o l d m - 3 

L i C l s o l u t i o n i n t e r f a c e (measu rement a t room t e m p e r a t u r e ) : (A1 ) 
B e f o r e h e a t i n g , pH 6 .6 a n d (A2) a f t e r h e a t i n g , pH 7 . 9 ; (B1 ) 
B e f o r e h e a t i n g , pH 4 . 4 and (B2) a f t e r h e a t i n g , pH 4 . 3 ; (C1 ) 
B e f o r e h e a t i n g , pH 2 . 6 a n d (C2 ) a f t e r h e a t i n g , pH 2 . 6 . The 
c u r v e s a r e composed f r o m t h e r e s u l t s o f H e s s e - R u b a r t s c h a n a l y s i s 
g i v e n i n F i g u r e 12 . 
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Sb c a r r i e r i on s . The Sb-119 ions were adsorbed on 30 mg o f hematite 
from 10 cm3 o f a 0.25 mol/dm3 KC1 s o l u t i o n con ta in ing about 1 mg o f 
pentavalent Sb i o n s . About 0.3 mg o f Sb was adsorbed a t pH 2.5 and 
4 .0 . The amounts o f Sb adsorbed are l e s s than that r equ i red to 
cover a l l the hematite sur faces as a monolayer. The emission 
Mossbauer spect ra obtained are shown i n F igure 7. I t i s seen from 
Figure 7 that the width o f the emiss ion Mossbauer spectrum at pH 2.5 
i s much smal ler than that o f the c a r r i e r - f r e e one, whi le e s s e n t i a l l y 
no e f f e c t o f c a r r i e r Sb ions i s observed a t pH 4 .0 . 

E f f e c t s o f Pentavalent Sb Ions on the Adsorpt ion o f D iva l ent Co-57 
on Hematite. Benjamin and Bloom reported that arsenate ions enhance 
the adsorpt ion o f coba l tous ions on amorphous i r o n oxyhydroxide 
(j_6). S i m i l a r l y , when d i v a l e n t Co-57 ions were adsorbed on hematite 
together with pentavalent Sb i o n s , an increase o f adsorpt ion i n the 
weakly a c i d i c reg ion was observed. For example, when 30 mg o f 
hematite was shaken with 10 cm3 o f 0.1 mol/dm3 KC1 s o l u t i o n at pH 
5.5 con t a in ing c a r r i e r - f r e
i o n s , 95 % o f Co-57 and
emiss ion spect ra o f the d i v a l e n t Co-57. ions adsorbed under these 
cond i t i ons are shown i n F igure 8 together with the r e s u l t s obtained 
under d i f f e r e n t c o n d i t i o n s . As seen i n F igure 8, the spect ra o f 
d i v a l e n t Co-57 co-adsorbed with pentavalent Sb ions are much d i f f e 
rent from those o f Co-57 adsorbed alone (Figure 3 ) . These obse rva 
t i on s show a marked e f f e c t o f the .co -adsorbed pentavalent Sb ions on 
the chemical s t r uc tu r e o f adsorbed Co-57. 

Ana lys i s o f the Mossbauer Data 

Magnetic In te r ac t i ons on Hematite Sur faces . In magnetic metal 
ox ides , the l o c a l i z e d sp in d e n s i t i e s on the metal ions i n t e r a c t with 
each other through the superexchange i n t e r a c t i o n (17-19) . The main 
component o f the hyper f ine magnetic f i e l d on t r i v a l e n t Fe-57 a r i s i n g 
from adsorbed Co-57 ions o r i g i n a t e s i n t h e i r own d - e l e c t r ons ordered 
by the superexchange i n t e r a c t i o n with the ne ighbor ing f e r r i c i o n s . 
In the s implest case i n which the t r i v a l e n t Fe-57 ions are com
p l e t e l y incorporated i n t o the cooperat ive ant i f e r romagnet ic system 
o f the bulk sub s t r a t e , the Fe-57 ions are expected to a l i g n p a r a l l e l 
or a n t i p a r a l l e l to the magnetic ions o f the subst ra te i n a s i m i l a r 
manner as the f e r r i c ions o f the sub s t r a t e . When the t r i v a l e n t 
Fe-57 ions are on the su r f ace , however, t h e i r magnet izat ion i s 
considered to be reduced to some extent due to r educ t i on i n the 
number o f ne ighbor ing magnetic metal ions i n t e r a c t i n g with them. 

In the fo l l ow ing d i s c u s s i o n , we t r e a t the sur face e f f e c t on the 
bas i s o f the Weiss f i e l d (molecular f i e l d ) approximation (17-19)> 
assuming no r e l a x a t i o n ( f l u c t u a t i o n o f the e l e c t r o n s p i n s ) . In the 
treatment , the reduced magnet izat ion m (magnetizat ion a t a c e r t a i n 
temperature d i v ided by that a t O K ) o f the sur face f e r r i c ions a t 
temperature Τ Κ i s descr ibed by 

m(surface F e 3 + ) = B s ( g3S f r H w /kT ) 

Here, Bs i s the B r i l l o u i n funct ion for a paramagnetic i on with sp in 
quantum number S (= 5/2 for f e r r i c i o n ) , whi le g , 3, and k are the 
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F i g u r e 7 . In s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f p e n t a v a l e n t 
S b - 1 1 9 a d s o r b e d on h e m a t i t e w i t h Sb c a r r i e r f r o m 0 . 2 5 mol/dm3 
KC1 s o l u t i o n : (A) pH 4 . 0 and (B) 2 . 5 . 
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F i g u r e 8. In s i t u e m i s s i o n M o s s b a u e r s p e c t r a o f d i v a l e n t C o - 5 7 
a d s o r b e d on h e m a t i t e w i t h p e n t a v a l e n t Sb i o n s f r o m 0 .1 mol/dm3 
KC1 s o l u t i o n : (A ) pH 5 . 5 , (B ) pH 9 . 2 . (C ) F rom 0 . 3 M KOH. 
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g - f a c t o r ( ~ 2 f o r f e r r i e i o n ) , t h e B o h r m a g n e t o n , a n d t h e B o l t z m a n n 
c o n s t a n t , r e s p e c t i v e l y . The r e d u c t i o n f a c t o r f r f o r t h e W e i s s f i e l d 
Hw due t o t h e s u r f a c e e f f e c t i s g i v e n by 

f = Γ n . G . / V n . O . 
r L % ι ι L j j 

s u r f a c e b u l k 

where G i i s a m i c r o s c o p i c W e i s s f i e l d c o n s t a n t f o r e a c h o r d e r e d 
f e r r i c i o n a c t i n g on t h e s u r f a c e f e r r i c i o n i n q u e s t i o n , η b e i n g t h e 
number o f i o n s w i t h t h e same G . 

The n a t u r e o f m a g n e t i c h y p e r f i n e i n t e r a c t i o n o n t e t r a v a l e n t 
S n - 1 1 9 i o n s i s d i f f e r e n t f r o m t h a t on p a r a m a g n e t i c F e - 5 7 . A l t h o u g h 
t e t r a v a l e n t S n - 1 1 9 i o n s a r e d i a m a g n e t i c , i . e . , t h e y d o n ' t h a v e t h e i r 
own u n p a i r e d e l e c t r o n s p i n s , s p i n d e n s i t i e s f r o m t h e o r d e r e d m a g 
n e t i c i o n s c a n be " s u p e r t r a n s f e r r e d " t o t h e S n - 1 1 9 i o n s t h r o u g h 
c h e m i c a l b o n d s . S u b s t a n t i a l s p i n t r a n s f e r o c c u r s o n l y t o s u c h 
d i a m a g n e t i c c a t i o n s t h a
m a g n e t i c m e t a l i o n s . W
(STHF ) m a g n e t i c f i e l d H h f a c t i n g on t h e s u r f a c e S n - 1 1 9 i o n s i s 
p r o p o r t i o n a l t o t h e a l g e b r a i c sum o f t h e m a g n e t i z a t i o n m i o f t h e 
f e r r i c i o n s i n t e r a c t i n g w i t h t h e m . N a m e l y , 

H h f ( s u r f a c e 1 1 9 S n 4 + ) 

= [ Σ n . m . t F e 3 * ) / £ n . m . ( F e 3 + ) ] . H h f ( b u l k 1 1 9 S n 4 + ) 

s u r f a c e b u l k 

C o r u n d u m - t y p e M a g n e t i c O x i d e S u r f a c e s . The s u b s t r a t e h e m a t i t e w i t h 
t h e c o r u n d u m - t y p e c r y s t a l s t r u c t u r e i s a n a n t i f e r r o m a g n e t b e l o w 963 

K. I n t h e c o r u n d u m - t y p e s t r u c t u r e o f h e m a t i t e , p a i r s o f f e r r i c i o n s 
a r e i n a row s p a c e d by s i n g l e v a c a n t s i t e s a l o n g t h e <111> 

d i r e c t i o n . The p o s i t i o n s o f f e r r i c i o n s i n e a c h p a i r a r e s h i f t e d 
s l i g h t l y upward o r downward i n t h e <111> d i r e c t i o n . We d e n o t e t h e s e 
l a t t i c e p o s i t i o n s a s up a n d down s i t e s ( A U and A D ) , r e s p e c t i v e l y . 
I n o u r s i m p l i f i e d m o d e l f o r t h e d o m i n a n t ( 1 1 1 ) s u r f a c e s o f h e m a t i t e , 
f o u r k i n d s o f m e t a l i o n s i t e s a r e d i s t i n g u i s h e d , t h a t i s , up a n d 
down s i t e s i n t h e z e r o t h and f i r s t m e t a l i o n l a y e r s (AQ, A ^ , AQ a n d 
A ^ i n F i g u r e 9. I n t h e m o d e l , t h e s e c o n d m e t a l i o n l a y e r i s n o t 
d i s t i n g u i s h a b l e f r o m t h e b u l k . 

The r e s u l t s o f W e i s s f i e l d c a l c u l a t i o n o n f e r r i c i o n s a t t h e 
s u r f a c e m e t a l i o n s i t e s a r e g i v e n i n F i g u r e 6 o f r e f 4 , and t h e 
v a l u e s f o r room t e m p e r a t u r e a r e shown i n F i g u r e 10 . S i n c e b o t h 
f e r r i c and p e n t a v a l e n t Sb i o n s c a n o c c u p y o c t a h e d r a l o r d i s t o r t e d 
o c t a h e d r a l s i t e s w i t h s i x l i g a n d o x i d e i o n s a n d b u l k h e m a t i t e i s 
c o n s i d e r e d t o accommodate p e n t a v a l e n t S b - 1 1 9 i o n s i n t h e m e t a l i o n 
s i t e s (3), we c a n e s t i m a t e STHF i n t e r a c t i o n s on t e t r a v a l e n t S n - 1 1 9 

i o n s a t t h e s u r f a c e m e t a l i o n s i t e s o f h e m a t i t e . U s i n g t h e m a g n e t i 
z a t i o n o f s u r f a c e f e r r i c i o n s a t room t e m p e r a t u r e , t h e STHF m a g n e t i c 
f i e l d s on t e t r a v a l e n t S n - 1 1 9 i o n s a t t h e s u r f a c e s i t e s a r e c a l c u 
l a t e d t o be 

H H F ( A Q ) = ( 3 x 0 . 7 6 / 9 ) H h f ( b u l k ) 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
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F i g u r e 9 . S i m p l i f i e d m o d e l o f t h e (111 ) s u r f a c e o f t h e 
c o r u n d u m - t y p e s t r u c t u r e , ( a ) A v i e w o f t h e s u r f a c e f r o m a 
d i r e c t i o n s l i g h t l y s h i f t e d f r o m <111>. O n l y m e t a l i o n s o f t h e 
z e r o t h , f i r s t , and s e c o n d l a y e r s a r e shown , (b ) A s e c t i o n o f 
t h e s u r f a c e a l o n g t h e a r r o w s d e p i c t e d i n p a r t a . H e x a g o n a l l y 
c l o s e - p a c k e d o x i d e i o n l a y e r s a r e shown w i t h l i n e s . S u r f a c e 
p r o t o n s a r e n o t shown , ( c ) A d i v a l e n t C o - 5 7 o r p e n t a v a l e n t 
S b - 1 1 9 i o n on t h e z e r o t h m e t a l i o n l a y e r , (d ) Aquo o r h y d r o x y l 
c o m p l e x o f d i v a l e n t C o - 5 7 o r p e n t a v a l e n t S b - 1 1 9 h y d r o g e n - b o n d e d 
t o t h e s u r f a c e o x i d e i o n l a y e r s o f h e m a t i t e . 
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F i g u r e 10 . D i s t r i b u t i o n o f t h e h y p e r f i n e m a g n e t i c f i e l d s on 
t r i v a l e n t F e - 5 7 o b t a i n e d by t h e H e s s e - R u b a r t s c h a n a l y s i s o f t h e 
s p e c t r a shown i n F i g u r e 3 . 
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H ^ C A Q ) = ( ( 3 x 0 . 9 5 + 3 x 0 . 7 6 ) / 9 ) H h f ( b u l k ) 

\ f ( A U ) = ( 3 / 9 ) H h f ( b u l k ) 

\ Γ ( Α ι ) = ( 6 / 9 ) H h f ( b u l k ) 

A b u l k h e m a t i t e / p e n t a v a l e n t S b - 1 1 9 s a m p l e p r e p a r e d by c o p r e c i p 
i t a t i o n o f f e r r i c a n d p e n t a v a l e n t S b - 1 1 9 i o n s and by c a l c i n a t i o n 
g ave a STHF f i e l d o f 122 kOe on S n - 1 1 9 i o n s a r i s i n g f r o m S b - 1 1 9 a t 
room t e m p e r a t u r e . U s i n g t h i s v a l u e f o r H h f ( b u l k ) , we o b t a i n t h e 
STHF f i e l d s on t h e s u r f a c e S n - 1 1 9 i o n s shown a t t h e b o t t o m o f F i g u r e 
11 . In o u r e a r l i e r work o n ex s i t u m e a s u r e m e n t s o f p e n t a v a l e n t 
S b - 1 1 9 ( 3 ) , we d i d n o t a p p l y t h i s t r e a t m e n t . B u t , t h e f i e l d s f o r 
A u ' s , A d ' s and t h e b u l k (B) c o r r e s p o n d r o u g h l y t o t h e u p p e r l i m i t s 
o f t h e R e g i o n s I , I I , I I I o f r e f 3, r e s p e c t i v e l y . F o r t e t r a v a l e n t 
S n - 1 1 9 a r i s i n g f r o m S b - 1 1 9 s p e c i e s a d s o r b e d o n t h e s u r f a c e s by 
h y d r o g e n b o n d i n g , t h e h y p e r f i n
s m a l l e r t h a n t h e a b o v e v a l u e
m a g n e t i c f i e l d i s e x p e c t e d t o a p p e a r . The S n - 1 1 9 i o n s h a v i n g no 
STHF i n t e r a c t i o n s w i t h t h e s u b s t r a t e g i v e r i s e t o a d e l t a - f u n c t i o n 
l i k e s h a r p peak a t z e r o f i e l d . 

B e c a u s e o f t h e s i m p l i f i c a t i o n s d e s c r i b e d a b o v e a s w e l l a s t h e 
l i m i t o f f i t t i n g , t h e e r r o r a s s o c i a t e d w i t h t h e r e s u l t s o f t h e 
a n a l y s i s i s e s t i m a t e d t o be by one o r d e r l a r g e r t h a n t h e e x p e r i m e n 
t a l e r r o r , n a m e l y a b o u t 15 kOe f o r F e - 5 7 a n d 3 kOe f o r S n - 1 1 9 . 

D i s c u s s i o n 

D i v a l e n t C o - 5 7 I o n s on H e m a t i t e . F i g u r e 10 shows t h e d i s t r i b u t i o n 
o f h y p e r f i n e m a g n e t i c f i e l d s a c t i n g on t h e F e - 5 7 n u c l e i c a l c u l a t e d 
f r o m t h e e m i s s i o n M o s s b a u e r s p e c t r a g i v e n i n F i g u r e 3 by t h e me thod 
o f H e s s e and R u b a r t s c h (20 ) a s s u m i n g no r e l a x a t i o n . I t c a n be s e e n 
f r o m F i g u r e 10 t h a t t h e a d s o r b e d d i v a l e n t C o - 5 7 i o n s a r e a t l e a s t i n 
two c h e m i c a l f o r m s : one g i v i n g a p e a k i n t h e r e g i o n c o r r e s p o n d i n g t o 
t h e c a l c u l a t e d v a l u e s f o r t h e s u r f a c e s i t e s A ' s ( F i g u r e 9) a n d 
a n o t h e r g i v i n g t h e b r o a d d i s t r i b u t i o n i n t h e l o w e r f i e l d s . The 
f o r m e r , whose f r a c t i o n i n c r e a s e s w i t h i n c r e a s e i n p H , i s a t t r i b u t e d 
t o t h e d i v a l e n t C o - 5 7 i o n s i n s u r f a c e s i t e s A ' s . One o f t h e p r o b a 
b l e f o r m s f o r t h e l a t t e r i s [ C o ( H 2 0 ) 6 ] 2 + o r some h y d r o l y z e d f o r m 
[ C o ( H 2 0 ) n ( 0 H ) 6 - n ] ^ n " ^ ^ + h y d r o g e n - b o n d e d t o t h e h e m a t i t e s u r f a c e a s 
shown i n F i g u r e 9 ( d ) . O t h e r c h e m i c a l f o r m s w i t h one o r two C o - 0 -
F e ( s u b s t r a t e ) bonds a r e a l s o p o s s i b l e . A t pH 5 . 7 ( F i g u r e 1 0 ( A ) ) , 
a b o u t h a l f o f t h e a d s o r b e d C o - 5 7 i o n s a r e i n t h e s e w e a k l y bound 
s t a t e s . W i t h i n c r e a s e i n p H , t h e f r a c t i o n o f C o - 5 7 i o n s i n t h e 
s u r f a c e s i t e s A ' s i n c r e a s e s a n d becomes d o m i n a n t i n t h e s t r o n g l y 
a l k a l i n e r e g i o n . When t h e pH o f t h e s o l u t i o n was r e a j u s t e d b e l o w 5 
a f t e r a d s o r p t i o n i n t h e a l k a l i n e r e g i o n , s l o w b u t s t e a d y d e s o r p t i o n 
o f d i v a l e n t C o - 5 7 i o n s was o b s e r v e d by m e a s u r i n g t h e r a d i o a c t i v i t y 
o f t h e a q u e o u s p h a s e . F o r t h e s p e c t r u m on w h i c h F i g u r e 1 0 ( F ) i s 
b a s e d , d e s o r p t i o n was c o n t i n u i n g d u r i n g t h e M o s s b a u e r m e a s u r e m e n t 
due t o t h e pH l o w e r e d f r o m 1 2 . 7 t o 3 . 0 . F i g u r e 1 0 ( F ) s h o w s , t h e r e 
f o r e , t h a t d e s o r p t i o n o f t h e d i v a l e n t C o - 5 7 i o n s f r o m t h e s u r f a c e 
s i t e s A ' s o c c u r s f r o m s t r o n g l y bound s u r f a c e c o m p l e x e s . 
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Our d i s c u s s i o n h a s s o f a r i g n o r e d t h e e f f e c t o f r e l a x a t i o n , 
n a m e l y s p i n f l i p o f e l e c t r o n s i n a t i m e c o m p a r a b l e t o t h e L a r m o r 
p r e c e s s i o n p e r i o d (2J_). The a p p a r e n t l ow f i e l d (weak b o n d i n g ) 
component i n t h e a n a l y s i s a b o v e m i g h t be t h e r e s u l t o f r e l a x a t i o n . 
Howeve r , t h e d e c r e a s e i n r e l a x a t i o n t i m e i s a l s o c o n s i d e r e d t o 
r e f l e c t t h e d e c r e a s e i n t h e s t r e n g t h o f c h e m i c a l bonds be tween t h e 
a d s o r b e d m e t a l s p e c i e s a n d t h e s u b s t r a t e . T h e r e f o r e , t h e c o n c l u s i o n 
d e s c r i b e d above i s c o n s i d e r e d t o r e m a i n v a l i d . 

P e n t a v a l e n t Sb-119 I o n s on H e m a t i t e . I n F i g u r e 11 a r e shown t h e 
r e s u l t s o f H e s s e - R u b a r t s c h a n a l y s i s o f t h e e m i s s i o n M o s s b a u e r 
s p e c t r a g i v e n i n F i g u r e 5 o n t h e d i s t r i b u t i o n o f STHF m a g n e t i c 
f i e l d s a c t i n g on t h e n u c l e i o f Sn-119 a r i s i n g f r o m p e n t a v a l e n t 
Sb-119 i o n s a d s o r b e d on h e m a t i t e s u r f a c e . In c o n t r a s t t o t r i v a l e n t 
Fe-57 d e s c r i b e d a bove t h e m a g n e t i c i n t e r a c t i o n b e tween t h e s u b s t r a t e 
and t h e t e t r a v a l e n t Sn-119 i o n s i n c r e a s e s g r a d u a l l y w i t h d e c r e a s i n g 
pH o f t h e a q u e o u s p h a s e . A t n e u t r a l a n d s l i g h t l y a c i d i c pH v a l u e s , 
t h e STHF f i e l d s show d o m i n a n t l
m a g n e t i c f i e l d . The o b s e r v a t i o
Sn-119 s p e c i e s n o t i n t h e s u r f a c e m e t a l s i t e s b u t h a v i n g a c e r t a i n 
STHF i n t e r a c t i o n w i t h t h e s u b s t r a t e a r e o v e r w h e l m i n g a t t h e 
i n t e r f a c e . As t h e most p r o b a b l e d o m i n a n t c h e m i c a l f o r m o f t h e 
a d s o r b e d Sb-119 i o n s i n t h i s pH r e g i o n ( a b o v e pH 4), we p r o p o s e t h e 
[Sb(0H)6]~ c o m p l e x a t t a c h e d t o t h e o x i d e s u r f a c e s by h y d r o g e n 
b o n d i n g l i k e t h e s t r u c t u r e shown i n F i g u r e 9 ( d ) . I n t h e n e u t r a l a n d 
s l i g h t l y a c i d i c r e g i o n , t h e s u r f a c e s a r e n o t n e g a t i v e l y c h a r g e d a n d 
few e x c e s s p r o t o n s e x i s t o n t h e m . T h i s s i t u a t i o n i s c o n s i d e r e d 
f a v o r a b l e f o r t h e a d s o r p t i o n o f t h e h y d r o x y l c o m p l e x by h y d r o g e n -
b o n d i n g . 

W i t h t h e d e c r e a s e i n p H , t h e b r o a d p e a k n e a r t h e z e r o m a g n e t i c 
f i e l d d i m i n i s h e s a n d t h e d i s t r i b u t i o n e x t e n d s t o h i g h e r f i e l d s 
( F i g u r e 11). T h i s i s i n t e r p r e t e d t o show t h a t f o r m a t i o n o f S b - O - F e 
bonds o c c u r s on t h e s u r f a c e . The d i s t r i b u t i o n h a s a r e l a t i v e l y 
l a r g e f r a c t i o n i n t h e r e g i o n c o r r e s p o n d i n g t o t h e m a g n e t i c f i e l d s 
f o r s u r f a c e s i t e s . T h e r e f o r e , mos t o f t h e a d s o r b e d p e n t a v a l e n t 
Sb-119 i o n s a r e c o n s i d e r e d t o be i n t h e z e r o t h o r i n t h e f i r s t m e t a l 
i o n l a y e r o f t h e h e m a t i t e s u r f a c e ( A ' s i n F i g u r e 9 ) , when t h e 
a q u e o u s p h a s e i s a c i d i c . 

A f t e r h e a t i n g t h e h e m a t i t e / p e n t a v a l e n t Sb-119 s u s p e n s i o n a t pH 
4.3 (B2) a n d 2.6 (C2), a c o n s i d e r a b l e amount o f Sb-119 i o n s a r e i n 
t h e b u l k ( t h e s e c o n d o r d e e p e r l a y e r s i n F i g u r e 9), b a s e d on t h e 
r e s u l t s o f c a l c u l a t i o n shown i n F i g u r e 12. I n t h e d r i e d 
h e m a t i t e / p e n t a v a l e n t Sb-119 s a m p l e r e p o r t e d p r e v i o u s l y , no a p p r e c i a 
b l e d i f f u s i o n o f t h e s u r f a c e Sb-119 i o n s i n t o t h e s e c o n d o r d e e p e r 
l a y e r s was o b s e r v e d on h e a t i n g t h e s a m p l e a t 200 C f o r 2 h o u r s 
( F i g u r e 3 o f r e f 3). T h e r e f o r e , t h e c h a n g e o f t h e f i e l d d i s t r i b u 
t i o n o b s e r v e d a f t e r h e a t i n g t h e s u s p e n s i o n o f h e m a t i t e w i t h a d s o r b e d 
Sb-119 i o n s a t 98°C i s n o t l i k e l y t o be t h e r e s u l t o f s i m p l e d i f f u 
s i o n o f s u r f a c e Sb-119 i o n s i n t o t h e s e c o n d o r d e e p e r l a y e r s . 
M o r e o v e r , t h e f a c t t h a t no f u r t h e r c h a n g e i s o b s e r v e d a f t e r 30 m i n ' s 
h e a t i n g s u g g e s t s a d i f f e r e n t m e c h a n i s m . A p l a u s i b l e e x p l a n a t i o n i s 
t h a t a c h e m i c a l r e a r r a n g e m e n t o f t h e s u r f a c e o c c u r s when t h e h e m a 
t i t e p a r t i c l e s a r e e x p o s e d t o a q u e o u s s o l u t i o n s a t 98 C . F o r 
e x a m p l e , some f e r r i c i o n s a r e r e l e a s e d f r o m t h e s u r f a c e s o f h e m a t i t e 
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F i g u r e 11. D i s t r i b u t i o n o f t h e STHF m a g n e t i c f i e l d s on t e t r ava> 
l e n t Sn-119 n u c l e i o b t a i n e d by t h e H e s s e - R u b a r t s c h a n a l y s i s o f 
t h e s p e c t r a shown i n F i g u r e 5. 
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F i g u r e 12 . D i s t r i b u t i o n o f t h e STHF m a g n e t i c f i e l d s on t e t r a v a 
l e n t S n - 1 1 9 n u c l e i o b t a i n e d by t h e H e s s e - R u b a r t s c h a n a l y s i s o f 
t h e s p e c t r a shown i n F i g u r e 6 . 

p a r t i c l e s and a r e a g a i n a t t a c h e d t o them s o a s t o i n c o r p o r a t e a p a r t 
o f t h e p e n t a v a l e n t S b - 1 1 9 i o n s i n t o t h e m e t a l i o n s i t e s o f t h e 
s e c o n d o r d e e p e r l a y e r s . S i n c e t h e c h a n g e d o e s n o t p r o c e e d f u r t h e r 
a f t e r 30 m i n , i t i s c o n c l u d e d t h a t t h e r e a r r a n g e m e n t i s l i m i t e d o n l y 
t o a few l a y e r s o f t h e s u r f a c e s a n d t h e S b - 1 1 9 i o n s a r e d i s t r i b u t e d 
among t h e m . 

The o b s e r v a t i o n t h a t t h e l i n e w i d t h o f t h e e m i s s i o n s p e c t r u m o f 
p e n t a v a l e n t S b - 1 1 9 i o n s a d s o r b e d w i t h Sb c a r r i e r a t pH 2 . 5 i s much 
s m a l l e r t h a n t h a t o f c a r r i e r - f r e e S b - 1 1 9 i s i n d i c a t i v e o f h i g h e r 
e n e r g y b o n d i n g a t l o w e r c o v e r a g e s , i . e . , i n t h e a b s e n c e o f c a r r i e r 
S b , t h e s i t e s f o r m i n g s t r o n g e r c h e m i c a l b onds a r e o c c u p i e d p r e f e r e n 
t i a l l y by S b - 1 1 9 . T h e s e i n t e r a c t i o n s o f S b - 1 1 9 w i t h s t r o n g b o n d i n g 
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s i t e are d i l u t e d out i n the presence o f c a r r i e r Sb l e ad ing to the 
smal le r l i n e w idth , weaker average bonding. 

E f f e c t s o f Pentavalent Sb on the Adsorpt ion o f D iva l ent Co-57. The 
emiss ion Mossbauer spec t ra o f d i v a l e n t Co-57 adsorbed on hematite 
with pentavalent Sb ions (F igure 8) are complex and we have not yet 
succeeded i n t h e i r a n a l y s i s . I t i s c e r t a i n , however, from the 
spect ra that t r i v a l e n t Fe-57 ions produced by the EC decay o f Co-57 
are i n t e r a c t i n g magnet i ca l l y with the f e r r i c ions o f the sub s t r a t e . 
This means that the d i v a l e n t Co-57 are not adsorbed on the pentava 
l en t Sb i o n s , but on hematite d i r e c t l y . The [Sb(0H)6]~ anions are 
considered to f a c i l i t a t e d i r e c t adsorpt ion o f d i v a l e n t Co-57 ions on 
the p o s i t i v e l y charged sur faces o f hematite i n the a c i d i c r e g i o n . 

Conclus ion 

In s i t u emission Mossbauer spec t ro scop i c measurement o f the hyper 
f i ne magnetic f i e l d s o
a r i s i n g from d i v a l e n t Co-5
y i e l d s va luab le in format ion on the chemica l s t r u c t u r e o f adsorbed 
metal ions at the i n t e r f a c e between hematite and an aqueous 
s o l u t i o n . 

In the s l i g h t l y a c i d i c r e g i o n , adsorbed Co-57 ions are d i s t r i 
buted between at l e a s t two chemical forms: one a t t r i b u t a b l e to the 
Co-57 ions c o o r d i n a t i v e l y bound to sur face s i t e s and the other to 
Co-57 weakly bound to the hematite su r f aces . In the a l k a l i n e 
r e g i o n , most o f the adsorbed Co-57 ions are i n the zeroth or f i r s t 
me ta l - i on l aye r s o f the subst ra te forming Co-O-Fe bonds. Desorpt ion 
o f d i v a l en t Co-57 from s t r ong l y coord inated sur face complexes occurs 
when the pH i s lowered from a l k a l i n e to a c i d i c va lues . 

In c o n t r a s t , the pentavalent Sb -119 ions a t the i n t e r f a c e s are 
weakly bonded to the oxide ion l aye r o f the hematite sur faces i n 
n e u t r a l and s l i g h t l y a c i d i c r e g i o n , whi le i n the a c i d i c r eg ion most 
o f the adsorbed Sb -119 ions are i n the zeroth or f i r s t metal i on 
l aye r s o f the subst rate forming Sb-O-Fe bonds. The pentavalent 
Sb -119 ions having once been incorpora ted i n t o the sur face metal ion 
s i t e s r e t a i n t h e i r chemical form, even when the pH o f the aqueous 
phase i s r a i s ed above 7. Heating o f suspensions a t 98 C r e s u l t s i n 
chemical rearrangement o f the hematite sur faces to y i e l d pentavalent 
Sb-119 ions i n the second or deeper metal ion l a y e r s . 

Future Prospect 

The present method i s s t i l l i n i t s e a r l y stage o f a p p l i c a t i o n . Both 
ex s i t u and i n s i t u type measurements are a p p l i c a b l e to a v a r i e t y o f 
mineral/aqueous s o l u t i o n i n t e r f a c e s . For example, the mechanism o f 
s e l e c t i v e adsorpt ion o f cobaltous ions on manganese minera ls can be 
s tud ied by t h i s method. In a d d i t i o n to the two Mossbauer source 
n u c l i d e s descr ibed i n the present a r t i c l e , there are a number o f 
other nuc l i d e s which can be s t u d i e d . We have r e c e n t l y s t a r t ed a 
s e r i e s o f experiments us ing Gd-151 which i s a source n u c l i d e o f 
Eu-151 Mossbauer spectroscopy. Development o f theory on sur face 
magnetism, e s p e c i a l l y one i n c l u d i n g r e l a x a t i o n i s d e s i r a b l e . Such a 
theory would f a c i l i t a t e the i n t e r p r e t a t i o n o f the exper imental 
r e s u l t s . 
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Photoredox Chemistry of Colloidal Metal Oxides 

T. David Waite1 
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Redox reactions involving particulate metal oxides that 
may be affected by absorption of light are considered 
in this review with attention focussed on the possible 
geochemical implications of such reactions. Of 
particular significance in the natural (particularly 
aquatic) environmen
enhanced on absorptio
metal oxide surface in which the metal of the oxide 
lattice constitutes the cationic partner. Light induced 
electron transfer within such a chromophore may result 
in significant rates of particle dissolution. In 
addition, the effect of metal oxides in inducing 
spectral shifts in sorbed molecules, and the 
stabilization of photoproducts against degradative 
recombination through the influence of particle surface 
charge may be significant in some instances. 

Redox r e a c t i o n s of metal oxides i s a subject of considerable 
i n t e r e s t not only i n the f i e l d of aquatic geochemistry but a l s o i n 
the f i e l d s of metal c o r r o s i o n , p l a n t n u t r i t i o n , s o l a r energy 
research and hydrometallurgy. E l e c t r o n t r a n s f e r at the metal oxide 
- s o l u t i o n i n t e r f a c e frequently (though not always) r e s u l t s i n 
d i s s o l u t i o n of the s o l i d phase and f o r t h i s reason has been studied 
e x t e n s i v e l y (often i n a r e l a t i v e l y e m p i r i c a l way) with a view to 
te c h n o l o g i c a l a p p l i c a t i o n . The large majority of a r t i c l e s published 
to date deal with the thermally induced reductive d i s s o l u t i o n of 
metal oxides by e i t h e r metal i o n reductants (such as C r 2 + , F e 2 + or 
V 2 + ) , other inorganic reductants ( p a r t i c u l a r l y hydrazine, 
hydroxylamine and d i t h i o n i t e ) , organic reductants (such as o x a l i c 
and t h i o g l y c o l l i c acids) or f r e e - r a d i c a l reductants produced by 
Ύ-radiolysis ( p a r t i c u l a r l y the α-hydroxy r a d i c a l of 2-propanol). A 
number of e x c e l l e n t reviews of such redox reactions at s o l i d - l i q u i d 
i n t e r f a c e s are a v a i l a b l e (1-4). Considerable progress i s now being 
made i n e l u c i d a t i n g the k i n e t i c and mechanistic d e t a i l s of the 
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thermal d i s s o l u t i o n of metal oxides by reducing agents with most 
a t t e n t i o n being focussed on the i n t e r a c t i o n of c o l l o i d a l manganese 
and i r o n oxides with organic acids (5-8) and on the d i s s o l u t i o n of 
f e r r i t e s , common deposits i n water-cooled nuclear reactor pipes, by 
low o x i d a t i o n - s t a t e metal ions (such as V 2 + ) and organic reducing 
agents (9,10). 

E s s e n t i a l l y a l l the above examples of redox reactions of metal 
oxides involve the thermal r e d i s t r i b u t i o n of e l e c t r o n density at the 
metal oxide - s o l u t i o n i n t e r f a c e t y p i c a l l y r e s u l t i n g i n a change i n 
oxi d a t i o n s t a t e of the l a t t i c e metal with r e s u l t a n t d i s s o l u t i o n of 
the metal oxide. Not s u r p r i s i n g l y , the absorption of a d d i t i o n a l 
energy i n the form of l i g h t may induce or enhance e l e c t r o n t r a n s f e r 
i n some cases with a r e s u l t a n t i n i t i a t i o n or rate enhancement of 
c e r t a i n redox r e a c t i o n s . In t h i s paper, redox r e a c t i o n s i n v o l v i n g 
metal oxides that may be a f f e c t e d by absorption of l i g h t are 
considered. This overview i s r e s t r i c t e d to the rea c t i o n s of 
p a r t i c u l a t e metal oxides with d i s c u s s i o n of e f f e c t s due to l i g h t 
absorption both by the bul
at the s o l i d - s o l u t i o n i n t e r f a c e
oxide surface p r o p e r t i e s on photoinduced redox reactions are a l s o 
b r i e f l y considered. 

L i g h t Absorption by the Metal Oxide Bulk 

While most metal oxides are poorly conducting, a v a r i e t y of metal 
oxides - some of which occur widely n a t u r a l l y ( f o r example hematite, 
a - F e 2 0 3 , r u t i l e , T i 0 2 and c a s s i t e r i t e , Sn0 2) - e x h i b i t semiconducting 
p r o p e r t i e s . Semiconducting materials are ch a r a c t e r i z e d by a f u l l 
valence band separated by an energy gap from a vacant conduction 
band. E l e c t r i c a l conduction i n these materials i s due to the motion 
of f r e e charge c a r r i e r s (electrons i n the normally empty conduction 
band or holes i n the normally f u l l valence band) a r i s i n g from 
d e v i a t i o n from stoichiometry, trace element i m p u r i t i e s or e x c i t a t i o n 
of e l e c t r o n s across the band gap on input of energy (11,12). The 
l a t t e r source of charge c a r r i e r s i s of major i n t e r e s t here. 

When a semiconductor i s immersed i n a s o l u t i o n , charge t r a n s f e r 
occurs at the i n t e r f a c e because of the d i f f e r e n c e i n the tendency of 
the two phases to gain or lose e l e c t r o n s . The net r e s u l t i s the 
formation of an e l e c t r i c a l f i e l d at the surface of the semiconductor. 
The d i r e c t i o n of t h i s f i e l d depends on the r e l a t i v e e l e c t r o n 
a f f i n i t i e s of the semiconductor and s o l u t i o n . For an n-type 
semiconductor, the f i e l d t y p i c a l l y forms i n the d i r e c t i o n from the 
bulk of the semiconductor toward the i n t e r f a c e . Thus, i f an e"-h + 

p a i r forms i n the i n t e r f a c e region of the semiconductor due to l i g h t 
absorption, the e l e c t r o n moves towards the bulk of the semiconductor 
and the hole moves towards the surface. The charge separation so 
induced prevents recombination of the e~-h + p a i r and generates holes 
at the p a r t i c l e surface capable of o x i d i z i n g adsorbed or 
solution-phase species. The charged aggregate generated by e l e c t r o n 
movement may b u i l d up and act as a reducing centre e f f e c t i n g 
solution-phase reductions (13). Under c e r t a i n c o n d i t i o n s , the 
photoproduced ele c t r o n s or holes may induce semiconductor d i s s o l u t i o n 
(14)· 

Much of the e a r l y work on redox reactions of c o l l o i d a l 
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semiconducting metal oxides d e a l t with the production of H 20 2 by 
reduction of the 0 2 present i n s o l u t i o n (15,16) but i n recent years 
the range of redox processes i n v e s t i g a t e d has expanded considerably. 
The decomposition of water by l i g h t - i n d u c e d e l e c t r o n t r a n s f e r 
r e a c t i o n s at the surface of c o l l o i d a l semiconductors has been 
i n v e s t i g a t e d e x t e n s i v e l y (17) as has the o x i d a t i o n of a v a r i e t y of 
inorganic and organic compounds. The photocatalyzed o x i d a t i o n of 
CN~ to OCN~ and SO 3" to SO**" by a range of semiconducting powders 
i n c l u d i n g T i 0 2 , ZnO and a - F e 2 0 3 have been reported (18) with trapped 
( t r ) valence band (VB) holes and conduction band (CB) e l e c t r o n s 
i n i t i a t i n g o x i d a t i o n and reduction reactions r e s p e c t i v e l y at the 
p a r t i c l e surface; i . e . 

( T i 0 2 ) + hv e C B ~ + h V B
+ 

eCB~ + e t r ~ 
hVB + h t r " 

CN" + 20H" + 2 h + > OCN" + H 0 
°2 + 2 e

Other inorganic reactions shown to be photo-induced at c o l l o i d a l 
semiconducting metal oxide surfaces include the synthesis of ammonia 
from water and nitrogen (19) and the o x i d a t i o n of h a l i d e ions I", 
Br" and C l ~ to the r e s p e c t i v e r a d i c a l anions I 2 ~ / B r 2 " and C l 2 " 
(20-22). 

A v a r i e t y of photocatalyzed decarboxylation reactions on T i 0 2 

powder i n c l u d i n g the decomposition of acetate to methane and carbon 
dioxide and the breakdown of benzoic a c i d y i e l d i n g predominantly C0 2 

have been reported by Bard and coworkers (23,24). Evidence f o r the 
occurrence of these "photo-Kolbe" reactions has stimulated the search 
f o r other organic reactions that might be photochemically i n i t i a t e d 
by e x c i t a t i o n of semiconductors and extensive work i n t h i s area i s i n 
progress ( 25> ). 

Despite the widespread i n t e r e s t by geochemists i n the 
p o s s i b i l i t y of semiconducting mineral ores and c l a y s inducing the 
types of reactions o u t l i n e d above i n n a t u r a l systems, very l i t t l e 
s u b s t a n t i a l evidence has yet been presented to i n d i c a t e that such 
rea c t i o n s occur to any s i g n i f i c a n t extent. O l i v e r , Cosgrove and 
Carey (26) i n v e s t i g a t e d the e f f e c t of 1% s l u r r i e s of the 
titanium-containing ores r u t i l e and i l m e n i t e on the 
photodecomposition (at 300nm) of a saturated aqueous s o l u t i o n of 
p-dichlorobenzene (p-DCB) and found no decay despite the f a c t that a 
1% anatase s l u r r y r a p i d l y degraded the p-DCB under the same 
cond i t i o n s with a h a l f - l i f e of approximately 5 minutes. A wide range 
of other clays (montmorillonite, bentonite, i l l i t e , k a o l i n i t e and 
dolomite) were a l s o shown to have no e f f e c t . There have been 
prel i m i n a r y reports that s o l a r p h o t o l y s i s of beach sand coated with 
n a t u r a l organic matter releases carbon dioxide (27) and a 
semiconducting mechanism has been suggested but s i g n i f i c a n t l y more 
confirmation i s needed. In a d d i t i o n , sands from various geographic 
l o c a t i o n s have been shown to a b i o t i c a l l y reduce N 2 from the a i r to 
NH3 and traces of Ν 2 Η ^ on exposure to s u n l i g h t (28). This 
a b i o l o g i c a l N 2 p h o t o f i x a t i o n has been associated with the presence of 
semiconducting titanium oxide i n the sands; i . e . 
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T i 0 2 

N 2 + 3 H 2 0 + nhv 2 N H 3 + 3 / 2 0 2 

T i 0 2 

N 2 + 2 H 2 0 + mhv -> N 2 H 4 + 0 2 

a n d i s s u g g e s t e d t o be a s i g n i f i c a n t componen t o f t h e n i t r o g e n c y c l e 
i n a r i d a n d s e m i a r i d r e g i o n s . I n g e n e r a l , h o w e v e r , t h e c o m p l e x 
n a t u r e o f m i n e r a l o r e s ( p o s s e s s i n g , a t b e s t , o n l y a few p e r c e n t o f 
s e m i c o n d u c t i n g m a t e r i a l ) a n d t h e l ow p r o d u c t y i e l d s t o be e x p e c t e d 
f r o m s e m i c o n d u c t i n g m e c h a n i s m s o p e r a t i n g u n d e r c o n d i t i o n s t h a t a r e 
f a r f r o m o p t i m a l r e n d e r i s o l a t i o n and o b s e r v a t i o n o f s u c h s p e c i f i c 
p r o c e s s e s d i f f i c u l t . 

L i g h t A b s o r p t i o n by S u r f a c e - L o c a t e d C h r o m o p h o r e s I n c o r p o r a t i n g t h e 
M e t a l o f t h e O x i c e L a t t i c e 

Of more a p p a r e n t s i g n i f i c a n c e i n t h e a q u a t i c e n v i r o n m e n t a r e r e d o x 
p r o c e s s e s i n d u c e d o r e n h a n c e
a t m e t a l o x i d e s u r f a c e s i
c o n s t i t u t e s t h e c a t i o n i c p a r t n e r . L i g h t i n d u c e d e l e c t r o n t r a n s f e r 
w i t h i n s u c h a c h r o m o p h o r e o f t e n r e s u l t s i n d i s r u p t i o n o f t h e o x i d e 
l a t t i c e . The p h o t o r e d o x - i n d u c e d d i s s o l u t i o n o f i r o n a n d manganese 
o x i d e s by s u c h a m e c h a n i s m h a s b e e n p r o p o s e d a s a p o s s i b l e means o f 
s u p p l y o f e s s e n t i a l t r a c e - m e t a l n u t r i e n t s t o p l a n t s a n d a q u a t i c 
o r g a n i s m s ( 2 9 - 3 1 ). 

P h o t o d i s s o l u t i o n o f M e t a l O x i d e s i n A d d i t i v e - F r e e M e d i u m . P h o t o l y s i s 
o f c o l l o i d a l s u s p e n s i o n s o f b o t h t h e r e l a t i v e l y c r y s t a l l i n e i r o n 
o x i d e l e p i d o c r o c i t e (Ύ-FeOOH) a n d an amorphous i r o n o x i d e (am-FeOOH) 
by s i m u l a t e d s o l a r r a d i a t i o n i n t h e a b s e n c e o f a n y r e d u c i n g a g e n t s 
h a s b e e n shown (32) t o i n d u c e p a r t i c l e d i s s o l u t i o n t o v a r y i n g d e g r e e s 
( T a b l e I , F i g u r e 1 ) . T h i s d i s s o l u t i o n ha s b e e n a s s o c i a t e d w i t h 
l i g h t - i n d u c e d c h a r g e t r a n s f e r w i t h i n s u r f a c e - l o c a t e d f e r r i c h y d r o x y 
g r o u p s - a p r o c e s s s u g g e s t e d t o be s i m i l a r t o t h e p h o t o r e d u c t i o n o f 
s o l u t i o n - p h a s e F e ( I I I ) h y d r o x y s p e c i e s ( 3 3 ) : 

F e O H 2 + + hv F e 2 + + * 0 H 

B o t h more h i g h l y h y d r o l y z e d ( e . g . F e ( O H ) 2
+ ) a n d l e s s h y d r o l y z e d 

( F e a g 3 + ) s p e c i e s h a v e b e e n r e p o r t e d t o be p h o t o c h e m i c a l l y l e s s a c t i v e 
t h a n F e O H 2 + ( 3 4 ) . I n t h e homogeneous c a s e , o n l y l i g h t o f r e l a t i v e l y 
h i g h e n e r g y w o u l d be e x p e c t e d t o i n d u c e s i g n i f i c a n t c h a r g e t r a n s f e r 
a s t h e 0 2 ~ - » > F e 3 + b a n d o f F e O H 2 + e x h i b i t s an a b s o r p t i o n maximum a t 
a p p r o x i m a t e l y 300nm (_33 ). Some d e b a t e e x i s t s c o n c e r n i n g t h e l o c a t i o n 
o f t h e 0 2 ~ -> -Fe 3 + c h a r g e t r a n s f e r b ands o f s o l i d i r o n o x i d e s a n d 
h y d r o x i d e s . M a r u s a k e t a l . (3j>) r e p o r t a r e l a t i v e l y l ow e n e r g y 
c h a r g e t r a n s f e r b a n d f o r h e m a t i t e a t 375nm b u t more r e c e n t m o l e c u l a r 
o r b i t a l c a l c u l a t i o n s i n d i c a t e t h a t t h e l o w e s t e n e r g y l i g a n d t o m e t a l 
c h a r g e t r a n s f e r t r a n s i t i o n i s n e a r e r 270nm w i t h l o w e r e n e r g y b a n d s 
a t t r i b u t a b l e t o F e 3 + l i g a n d f i e l d t r a n s i t i o n s ( 3 6 ) . 

T h e amorphous i r o n o x i d e i s o b s e r v e d t o be c o n s i d e r a b l y more 
p h o t o a c t i v e t h a n t h e c r y s t a l l i n e o x i d e - p r e s u m a b l y a s a r e s u l t o f 
t h e g r e a t e r number o f s u r f a c e - l o c a t e d f e r r i c h y d r o x y c h r o m o p h o r e s 
( t h e BET s u r f a c e a r e a o f t h e s y n t h e s i z e d γ -FeOOH i s o n l y 34 m 2 / g 
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T a b l e I . I n i t i a l R a t e s o f P h o t o d i s s o l u t i o n o f γ -FeOOH and am-FeOOH 
S u s p e n d e d i n 0 . 0 1 M N a C l U s i n g a S i m u l a t e d S o l a r 

S p e c t r u m o f T o t a l R a d i a t i o n O u t p u t 300 
u E i n s t e i n s cm"" 2 m i n " * . 

C o n d i t i o n s I n i t i a l R a t e o f O x i d e D i s s o l u t i o n 
(nmol Fe s o l u b i l i z e d (μπιοί F e O O H ) - 1 m i n - 1 ) 

pH 4 . 0 pH 6 . 5 

γ-FeOOH i n 0 . 1 M N a C l 0 . 2 6 <0.05 
am-FeOOH i n 0 . 1 M N a C l 40 1.4 

0 50 100 150 20( 
TIME AFTER Fe011 ) ADDITION, minutes 

F i g u r e 1. P r o d u c t i o n o f F e ( I I ) on i r r a d i a t i o n o f pH 4 . 0 
s o l u t i o n s o f d i s t i l l e d , d e i o n i z e d w a t e r a n d 0 . 1 M N a C l a n d a 
pH 6 . 5 s o l u t i o n o f 0 . 1 M NaCl/2mM N a H C 0 3 c o n t a i n i n g 3.5μΜ 
am-FeOOH. The u l t r a f i l t e r a b i l i t y o f t h e i r o n t h r o u g h a membrane 
e x h i b i t i n g a n o m i n a l m o l e c u l a r w e i g h t c u t o f f o f 1 0 , 0 0 0 ( A m i c o n 
PM10) i n t h e pH 4 . 0 s t u d y i s a l s o shown . L i g h t s o u r c e : 
s i m u l a t e d s o l a r s p e c t r u m o f t o t a l i n t e n s i t y 300 u E i n s t e i n s cm"" 2 

m i n - 1 . ( R e p r o d u c e d f r o m R e f . 3 2 . C o p y r i g h t 1 9 8 4 , A m e r i c a n 
C h e m i c a l S o c i e t y . ) 
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c o m p a r e d t o a v a l u e o f - 2 0 0 m z / g f o r t h e am-FeOOH) a n d a s a 
c o n s e q u e n c e o f t h e l e s s o r d e r e d n a t u r e o f i t s s u r f a c e ( h i g h e r 
p r o p o r t i o n o f k i n k s a n d e d g e s ) . The d e c r e a s i n g r a t e o f 
p h o t o d i s s o l u t i o n on i n c r e a s i n g pH i s t o be e x p e c t e d i n v i e w o f i ) t h e 
i n c r e a s i n g p r o p o r t i o n o f more h y d r o l y z e d ( l e s s p h o t o a c t i v e ) s u r f a c e 
g r o u p s , a n d i i ) t h e i n c r e a s i n g t e n d e n c y o f p h o t o p r o d u c e d F e 2 + t o 
r e a d s o r b t o t h e c o l l o i d s u r f a c e (37) a n d r e o x i d i z e t o am-FeOOH. 

P h o t o r e d o x R e a c t i o n s o f M e t a l O x i d e s i n t h e P r e s e n c e o f O r g a n i c 
R a d i c a l S c a v e n g e r s . I n a d d i t i v e f r e e homogeneous s y s t e m s , t h e y i e l d 
o f F e 2 + on p h o t o l y s i s o f f e r r i c h y d r o x y s p e c i e s i s v e r y l ow due 
p a r t i c u l a r l y t o p r o d u c t r e c o m b i n a t i o n (38). T h i s r e c o m b i n a t i o n c a n 
be p r e v e n t e d by p e r f o r m i n g t h e p h o t o l y s i s i n t h e p r e s e n c e o f o r g a n i c 
r a d i c a l s c a v e n g e r s s u c h a s a l c o h o l s . T h u s , C a r e y e t a i . (39) 
p h o t o l y z e d F e ( H 2 0 ) 6

3 + i n t h e p r e s e n c e o f e t h y l e n e g l y c o l a n d o b s e r v e d 
F e 2 + f o r m a t i o n a s w e l l a s t h e p r o d u c t i o n o f t h e o r g a n i c d e g r a d a t i o n 
p r o d u c t s f o r m a l d e h y d e a n d g l y c o l a l d e h y d e . T h e s e w o r k e r s c o n c l u d e d 
t h a t t h e o r g a n i c m o l e c u l
s p h e r e , b u t r e a c t e d a s a
c a g e . The f o r m a t i o n o f f o r m a l d e h y d e on p h o t o l y s i s o f a g o e t h i t e -
e t h y l e n e g l y c o l m i x t u r e (40) ha s b e e n i n t e r p r e t e d i n t e r m s o f a 
m e c h a n i s m s i m i l a r t o t h a t p r o p o s e d f o r t h e homogeneous c a s e . D i r e c t 
p h o t o e x c i t a t i o n o f an o u t e r - s p h e r e s u r f a c e c o m p l e x l e a d i n g t o 
e l e c t r o n t r a n s f e r f r o m e t h y l e n e g l y c o l t o F e 3 + h a s b e e n p o s t u l a t e d ; 
i . e . 

FeOOH(s ) + H O C H 2 C H 2 O H = F e O O H , H O C H 2 C H 2 O H ( s o r b e d l a y e r ) 
F e O O H , H O C H ? C H 2 O H + hi/ F e 2 + ( l a t t i c e ) + [ H O C H 2 C H 2 O H ] + * 

[ H O C H 2 C H 2 O H l + * + * C H 2 O H + C H 2 0 + H + 

FeOOH(s ) + · 0 Η 2 0 Η -> Fe2+ ( l a t t i c e ) + C H 2 0 + H 2 0 

R e d u c e d i r o n s o f o r m e d w o u l d be e x p e c t e d t o m i g r a t e r a p i d l y o u t o f 
t h e o x i d e l a t t i c e b u t , u n d e r t h e pH c o n d i t i o n s o f t h i s s t u d y (pH 6 . 5 ) 
w i l l be r e a d i l y r e a d s o r b e d t o t h e o x i d e s u r f a c e a n d , p r e d i c t a b l y , i s 
n o t a m a j o r s o l u t i o n p h a s e p r o d u c t . 

D i r e c t P h o t o l y s i s o f S u r f a c e - L o c a t e d I n n e r C o o r d i n a t i o n S p h e r e 
C o m p l e x e s . I n t h e p r e s e n c e o f a s t r o n g m e t a l b i n d i n g l i g a n d , t h e 
u n d e r l y i n g c e n t r a l m e t a l i o n i n t h e s u r f a c e l a y e r o f a m e t a l o x i d e 
c a n e x c h a n g e i t s s t r u c t u r a l OH"" i o n s f o r t h e l i g a n d . T h u s , t h e 
a s s o c i a t i o n o f c i t r a t e w i t h a n i r o n o x y h y d r o x i d e s u r f a c e may be 
r e p r e s e n t e d : 

>FeOH° + H 3 C i t = > F e C i t 2 " + 2 H + + H 2 0 

(where > d e n o t e s a s u r f a c e g r o u p i n g ) . S o l u t i o n p h a s e f e r r i c 
h y d r o x y c a r b o x y l a t e c o m p l e x e s e x h i b i t a c t i v e p h o t o c h e m i c a l p r o p e r t i e s 
p r i n c i p a l l y b e c a u s e o f s t r o n g l i g a n d t o m e t a l c h a r g e t r a n s f e r 
t r a n s i t i o n s i n t h e UV a n d n e a r UV s p e c t r a l r e g i o n ( 3 8 ) . 
S u r f a c e - l o c a t e d f e r r i c h y d r o x y c a r b o x y l a t e s a p p e a r t o e x h i b i t s i m i l a r 
p h o t o c h e m i c a l a c t i v i t y t o t h e i r homogeneous c o u n t e r p a r t s r e s u l t i n g , 
a t l o w p H , i n r a p i d d i s s o l u t i o n o f t h e i r o n o x i d e w i t h c o n c o m i t a n t 
o x i d a t i o n o f t h e a d s o r b e d l i g a n d ( 4 1 ) . The r e s u l t s o f s t u d i e s i n t o 
t h e s i m u l a t e d s o l a r r a d i a t i o n i n d u c e d d i s s o l u t i o n o f d i l u t e 
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s u s p e n s i o n s o f Ύ-FeOOH i n t h e p r e s e n c e o f a l a r g e e x c e s s o f c i t r a t e 
a r e shown i n F i g u r e 2 . A t l o w pH (pH 4 ) , a c o n s t a n t r a t e o f 
d i s s o l u t i o n i s o b t a i n e d a s t h e p h o t o p r o d u c e d F e 2 + r a p i d l y d e t a c h e s 
f r o m t h e s o l i d p h a s e a n d e x p e r i e n c e s l i t t l e t e n d e n c y t o r e s o r b o r 
o x i d i z e . W h i l e s u r f a c e f e r r i c c i t r a t e g r o u p s a r e i r r e v e r s i b l y 
d e c o m p o s e d i n t h e d i s s o l u t i o n p r o c e s s , a c o n s t a n t r a t e o f d i s s o l u t i o n 
i s m a i n t a i n e d on c o n t i n u e d p h o t o l y s i s by r a p i d a d s o r p t i o n o f f r e s h 
c i t r a t e f r o m s o l u t i o n . A t h i g h e r p H , n o t o n l y do we o b s e r v e a 
l o w e r e d i n i t i a l r a t e o f d i s s o l u t i o n (due t o t h e d e c r e a s e d t e n d e n c y 
f o r c i t r a t e t o f o r m s u r f a c e c o m p l e x e s ) b u t we a l s o o b s e r v e a 
d e c r e a s i n g r a t e o f d i s s o l u t i o n o v e r t i m e a s p h o t o p r o d u c e d F e ( I I ) i s 
r e s o r b e d a n d p o s s i b l y o x i d i z e d a t t h e o x i d e s u r f a c e . 

S i m i l a r p h o t o - i n d u c e d r e d u c t i v e d i s s o l u t i o n t o t h a t r e p o r t e d f o r 
l e p i d o c r o c i t e i n t h e p r e s e n c e o f c i t r i c a c i d h a s b e e n o b s e r v e d f o r 
h e m a t i t e ( a - F e 2 0 3 ) i n t h e p r e s e n c e o f S ( I V ) o x y a n i o n s (42) ( s e e 
F i g u r e 3 ) . A s shown i n t h e c o n c e p t u a l m o d e l o f F a u s t a n d H o f f m a n n 
(42 ) i n F i g u r e 4 , two m a j o
F e ( I I ) a q : i ) s u r f a c e r e d o
( d a r k ) , i n v o l v i n g F e ( I I I ) - S ( I V ) s u r f a c e c o m p l e x e s ( r e a c t i o n s 3 a n d 4 
i n F i g u r e 4 ) , a n d i i ) a q u e o u s p h a s e p h o t o c h e m i c a l a n d t h e r m a l r e d o x 
r e a c t i o n s ( r e a c t i o n s 11 a n d 12 i n F i g u r e 4 ) . H o w e v e r , t h e r a t e o f 
h e m a t i t e d i s s o l u t i o n ( r e a c t i o n 5) l i m i t s t h e r a t e a t w h i c h F e ( I I ) a g 
may be p r o d u c e d by a q u e o u s p h a s e p a t h w a y s ( r e a c t i o n s 11 a n d 12) by 
l i m i t i n g t h e a v a i l a b i l i t y o f F e ( I I I ) a g f o r s u c h r e a c t i o n s . The r a t e 
o f t o t a l a q u e o u s i r o n p r o d u c t i o n ( d [ F e ( a q ) ] T / d t = d { [ F e ( I I I ) a q ] + 
[ F e ( I I ) a g ] } / d t ) i n t h e d a r k r e p r e s e n t s an u p p e r bound t o t h e r a t e o f 
F e ( I I ) a g g e n e r a t i o n f r o m a l l r e d o x r e a c t i o n s o t h e r t h a n t h e 
p h o t o - i n d u c e d s u r f a c e r e d o x r e a c t i o n ( r e a c t i o n s 4+11+12) . The r a t e 
o f a q u e o u s i r o n p r o d u c t i o n i n t h e d a r k ( 1 . 0 nM/min) i s f a r s l o w e r 
t h a n t h e o b s e r v e d r a t e s o f F e ( I I ) a g p r o d u c t i o n i n i l l u m i n a t e d 
s u s p e n s i o n s o f h e m a t i t e c o n t a i n i n g S ( I V ) . The p r o d u c t i o n o f F e ( I I ) a q 
i n i r r a d i a t e d s u s p e n s i o n s o f h e m a t i t e c o n t a i n i n g S ( I V ) i s t h e r e f o r e 
due t o a s u r f a c e p h o t o - i n d u c e d r e d u c t i v e d i s s o l u t i o n r e a c t i o n . F a u s t 
a n d Ho f fmann (42) n o t e t h a t t h e > F e ( I I I ) - S ( I V ) s u r f a c e c o m p l e x i s 
l i k e l y t o e x h i b i t a l i g a n d t o m e t a l c h a r g e t r a n s f e r b a n d a t a s i m i l a r 
w a v e l e n g t h t o t h a t o f t h e c o r r e s p o n d i n g a q u e o u s p h a s e c o m p l e x 
( A m a x = 3 6 7 n m ) a n d o b s e r v e d a s i g n i f i c a n t i n c r e a s e i n quan tum y i e l d 
f o r F e ( I I ) a q p r o d u c t i o n i n t h e v i c i n i t y o f t h i s w a v e l e n g t h . 
P h o t o - i n d u c e d c h a r g e t r a n s f e r w i t h i n t h e s u r f a c e - l o c a t e d 
> F e ( I I I ) - S ( I V ) c o m p l e x p r o v i d e s t h e s i m p l e s t e x p l a n a t i o n c o n s i s t e n t 
w i t h e x p e r i m e n t a l r e s u l t s b u t r e d u c t i v e d i s s o l u t i o n a s a c o n s e q u e n c e 
o f d i r e c t e x c i t a t i o n o f t h e b u l k s o l i d c a n n o t be d i s c o u n t e d . 
E x c i t a t i o n o f t h e 0 2 ~ - » - F e 3 + l a t t i c e c h a r g e t r a n s f e r b a n d i n h e m a t i t e 
may c r e a t e " h o l e s " l o c a l i z e d o n l a t t i c e o x y g e n (0~) a n d e l e c t r o n s 
l o c a l i z e d on l a t t i c e i r o n ( F e 2 + ) . P r o v i d e d s u f f i c i e n t c h a r g e c a r r i e r 
m o b i l i t y e x i s t s , t h e h o l e s w i l l m i g r a t e t o t h e s u r f a c e whe re e l e c t r o n 
t r a n s f e r f r o m a d s o r b e d S ( I V ) o c c u r s . I t s h o u l d be n o t e d howeve r 
t h a t , i n t h i s p r o p o s e d r e a c t i o n s c h e m e , t h e l a t t i c e r e c o m b i n a t i o n 
r e a c t i o n (0~ + F e 2 + ) i s l i k e l y t o l i m i t t h e y i e l d o f t h e o v e r a l l 
r e a c t i o n ( 4 2 ) . 

A t l o w p H , w h e r e r e s o r p t i o n r e a c t i o n s a r e m i n i m a l , t h e 
p h o t o d i s s o l u t i o n p r o c e s s m a y b e r e p r e s e n t e d a s a t w o - s t e p p r o c e s s 
i n v o l v i n g a d s o r p t i o n o f l i g a n d L t o m e t a l o x i d e s u r f a c e s i t e s 
f o l l o w e d b y d e t a c h m e n t o f r e d u c e d m e t a l i o n s ; t h a t i s , f o r a n 
i r o n o x y h y d r o x i d e : 
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- DARK LIGHT ^ 
a. NO ORGANIC 

. pH6.5,8.2\ -
ADDED 

. pH6.5,8.2\ -
• ^ - ^ 1 r ^ -

TIME AFTER γ -FeOOH ADDITION, minutes 

F i g u r e 2 . D i s s o l u t i o n o f 5μΜ γ-FeOOH u n d e r d a r k a n d l i g h t 
c o n d i t i o n s i n a ) t h e a b s e n c e , a n d b) t h e p r e s e n c e o f l O ' ^ M 
c i t r a t e . L i g h t s o u r c e : s i m u l a t e d s o l a r s p e c t r u m o f t o t a l 
i n t e n s i t y 300 u E i n s t e i n s c m " 2 m i n " 1 . ( R e p r o d u c e d w i t h p e r m i s s i o n 
f r o m R e f . 4 1 . C o p y r i g h t 1 9 8 4 , A c a d e m i c P r e s s , I n c . ) 
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10" Fe Solubilization Rate 

O Light Fe(n) 42 .5nM/min ( λ=504ηΜ) 
• Dark Fe(II) 1.0 nM/min / Q 

• Dark F e T (aq) 1.0 nM/min 0 ' 

u_ 5-

pH = 2 . 8 6 - 2 . 9 5 

100 
Time (min) 

200 

F i g u r e 3 . P h o t o c h e m i c a l a n d t h e r m a l s o l u b i l i z a t i o n o f h e m a t i t e 
i n d e o x y g e n a t e d h e m a t i t e s u s p e n s i o n s c o n t a i n i n g S ( I V ) . 
( R e p r o d u c e d f r o m R e f . 4 2 . C o p y r i g h t 1 9 8 5 , A m e r i c a n C h e m i c a l 
S o c i e t y . ) 

SOLID 
PHASE 
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Ί2) 
(3) h i ; 

(4) dark 

A Q U E O U S (5) 
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(6) 

(9) S ^ 

Ί10) 

(7) (8) 

F e ™ - S w ° 1 ) , h t ; » F e 2 * + S 3 Z / S m 

(12) dark 

Fe Fe11 

F i g u r e 4 . C o n c e p t u a l m o d e l o f i r o n r e d o x c h e m i s t r y i n h e m a t i t e 
s u s p e n s i o n s c o n t a i n i n g S ( I V ) . ( R e p r o d u c e d f r o m R e f . 4 2 . 
C o p y r i g h t 1 9 8 5 , A m e r i c a n C h e m i c a l S o c i e t y . ) 
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>FeOH° + L = >FeL s t e p 1 
>FeL + hV -> F e ( I I ) a q s t e p 2 

F o r m o n o c h r o m a t i c i l l u m i n a t i o n o f c o n s t a n t i n t e n s i t y , t h e r a t e o f 
F e ( I I ) a g p r o d u c t i o n c a n be f o r m u l a t e d a s : 

d [ F e ( I I ) a q l . k [ > P e L ] 

d t 

where k i s t h e f i r s t - o r d e r r a t e c o n s t a n t f o r t h e r e d u c t i o n / d e t a c h m e n t 
s t e p ( s t e p 2 ) . The r a t e o f a d s o r p t i o n o f l i g a n d L t o t h e o x i d e 
s u r f a c e i s t y p i c a l l y c o n s i d e r a b l y f a s t e r t h a n t h e r a t e o f d e t a c h m e n t 
o f r e d u c e d m e t a l i o n s , t h u s s t e p 1 may be v i e w e d a s a p r e - e q u i l i b r i u m 
s t e p . I f t h i s s t e p ha s e q u i l i b r i u m c o n s t a n t Κ a n d a s t e a d y - s t a t e 
c o n d i t i o n i s a p p l i e d t o t h e c o n c e n t r a t i o n o f s u r f a c e - c o m p l e x s i t e s , 
t h e n t h e r a t e o f F e ( I I ) a g p r o d u c t i o n may be e x p r e s s e d a s ( 4 3 ) : 

d [ F e ( I I )

d t 1 + K [ L ] 

where S i s t h e t o t a l " c o n c e n t r a t i o n " o f s u r f a c e s i t e s ( S - [ > F e O H ° ] + 
[ > F e L ] ) . U n d e r t h e s e c o n d i t i o n s t h e r a t e o f r e a c t i o n i s d e p e n d e n t 
upon t h e a d s o r p t i o n i s o t h e r m t h a t d e f i n e s t h e e q u i l i b r i u m a d s o r p t i o n 
o f L o n t h e o x i d e s u r f a c e . When t h e a d s o r b a t e c o n c e n t r a t i o n i s l o w 
t h e r e a c t i o n i s f i r s t - o r d e r b u t , a s t h e c o n c e n t r a t i o n i s i n c r e a s e d 
t h e o r d e r becomes l e s s t h a n one a n d f i n a l l y z e r o when t h e s u r f a c e i s 
s a t u r a t e d w i t h a d s o r b a t e . The l i g a n d c o n c e n t r a t i o n d e p e n d e n c i e s o f 
t h e r a t e o f p h o t o i n d u c e d d i s s o l u t i o n o f γ -FeOOH a t pH 4 i n t h e 
p r e s e n c e o f t a r t a r i c a n d s a l i c y l i c a c i d s ( F i g u r e s 5a a n d b ) c l e a r l y 
e x h i b i t t h i s s a t u r a t i o n e f f e c t . E q u i l i b r i u m and f i r s t - o r d e r r a t e 
c o n s t a n t s (K a n d k r e s p e c t i v e l y ) o b t a i n e d by f i t t i n g r e c t a n g u l a r 
h y p e r b o l a e t o Ύ-FeOOH d i s s o l u t i o n r a t e versus t o t a l o r g a n i c 
c o n c e n t r a t i o n d a t a f o r c i t r a t e , t a r t r a t e , o x a l a t e , and s a l i c y l a t e 
l i g a n d s a r e g i v e n i n T a b l e I I ( c o l u m n s 3 a n d 4 ) . The a c t u a l r a t e s o f 
d i s s o l u t i o n o f γ -FeOOH o b t a i n e d u n d e r b o t h d a r k a n d l i g h t c o n d i t i o n s 
i n t h e p r e s e n c e o f e x c e s s ( ΙΟΟμΜ) l i g a n d a r e a l s o g i v e n ( c o l u m n s 5 
and 6 ) . A l l s t u d i e s were p e r f o r m e d i n pH 4 , 0 . 0 1 M N a C l s o l u t i o n s 
c o n t a i n i n g 5μΜ t o t a l i r o n a n d were p h o t o l y z e d u s i n g a Hg a r c lamp 
s o u r c e w i t h 365nm b a n d p a s s f i l t e r i n g ( 4 4 ) . T h e o x i d e u s e d e x h i b i t e d 
a BET s u r f a c e a r e a o f 144 m 2 / g g i v i n g a t o t a l s u r f a c e s i t e 
c o n c e n t r a t i o n o f 0 .84μΜ ( a s s u m i n g an OH s i t e d e n s i t y o f 8 OH 
g r o u p s / n m 2 ) . I n s i g h t i n t o t h e l i k e l y p h o t o a c t i v i t y o f t h e 
s u r f a c e - l o c a t e d f e r r i c c o m p l e x e s has b e e n o b t a i n e d by e x a m i n a t i o n o f 
t h e c o n c e n t r a t i o n o f F e ( I I ) p r o d u c e d on p h o t o l y s i s o f t h e s o l u t i o n 
p h a s e c o m p l e x e s ( 4 4 ) . T h i s c o n c e n t r a t i o n r e p r e s e n t s a s t e a d y - s t a t e 
b e tween p r o d u c t i o n o f F e ( I I ) by p h o t o d e g r a d a t i o n o f t h e c o m p l e x e s a n d 
F e ( I I ) o x i d a t i o n by p o w e r f u l p h o t o p r o d u c e d o x i d a n t s ( p a r t i c u l a r l y 
Η 2 θ 2 ) . P h o t o r e d u c t i o n r a t e c o n s t a n t s o b t a i n e d by a s s u m i n g b o t h 
o x i d a t i o n a n d r e d u c t i o n p r o c e s s e s t o be f i r s t o r d e r a r e g i v e n i n 
T a b l e I I ( c o l u m n 2) a s a r e t h e m o l a r a b s o r p t i v i t i e s o f t h e f e r r i c 
c o m p l e x e s a t 365nm ( c o l u m n 1). N o t e t h a t t h e o r g a n i c l i g a n d s u s e d 
e x h i b i t e s s e n t i a l l y no a b s o r p t i o n o v e r t h e i r r a d i a t i o n w a v e l e n g t h s 
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0 50 100 150 200 
Salicylic Acid Cone. (μΜ) 

F i g u r e 5 . D e p e n d e n c e o f r a t e o f d i s s o l u t i o n o f 5μΜ Ύ-FeOOH i n 
pH 4 . 0 , 0 . 0 1 M N a C l o n c o n c e n t r a t i o n o f a ) t a r t a r i c a c i d , a n d 
b ) s a l i c y l i c a c i d . F i t t e d p a r a m e t e r s o b t a i n e d f o r r e c t a n g u l a r 
h y p e r b o l i c m o d e l a r e g i v e n . L i g h t s o u r c e : m e r c u r y a r c l amp w i t h 
365nm b a n d - p a s s f i l t e r i n g . 
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T a b l e I I . M e a s u r e d a n d F i t t e d P a r a m e t e r s O b t a i n e d i n S t u d i e s o f t h e 
P h o t o d i s s o l u t i o n o f γ -FeOOH S u s p e n d e d i n pH 4 , 0 . 0 1 M 
N a C l C o n t a i n i n g V a r i o u s O r g a n i c A c i d s . I l l u m i n a t i o n 
p r o v i d e d by a Hg a r c l amp s o u r c e a n d 365 nm b a n d - p a s s 

f i l t e r ( t o t a l r a d i a t i o n o u t p u t 85 μΕ c m - 2 m i n " 1 ) . 

(1) (2) (3) (4) (5) (6) 

O r g a n i c A c i d 2 ε 3 j c s o l n * k 5 K 
6 R l i g h t ? R d a r k 

M " 1 c m " 1 

T a r t a r i c 320 0 . 4 9 0 . 0 3 2 1 0 6 ' 6 3 7 . 8 1.2 
C i t r i c 208 0 . 2 7 0 . 0 2 8 Ι Ο 5 * 7 3 3 . 1 1 .1 
O x a l i c 230 0 . 6 3 0 . 0 3 4 Ι Ο 5 * 3 5 1 . 5 9 . 8 
S a l i c y l i c 140 0 . 6 7 0 . 0 3 0 10* e l 2 1 . 5 0 . 6 
P h t h a l i c 120 0 . 1 4 - - 2 . 3 0 . 2 
No o r g a n i c 8 . 0 <0.2 

l a l l s t u d i e s p e r f o r m e d i n pH 4 . 0 , 0 . 0 1 M N a C l s o l u t i o n s u s i n g m e r c u r y 
a r c l amp i l l u m i n a t i o n w i t h 365nm b a n d - p a s s f i l t e r i n g ( t o t a l 
r a d i a t i o n i n p u t 85 u E i n s t e i n s c m " 2 m i n " 1 ) ; 

2 m o l a r a b s o r p t i v i t y o f s o l u b l e f e r r i c c o m p l e x e s a t 365nm; 
3 f i r s t - o r d e r r a t e c o n s t a n t f o r p h o t o r e d u c t i o n o f s o l u b l e f e r r i c 

c o m p l e x e s ; 
* * f i r s t - o r d e r r a t e c o n s t a n t f o r r e d u c t i o n / d e t a c h m e n t s t e p i n 

p h o t o d i s s o l u t i o n o f Ύ-FeOOH ( o b t a i n e d f r o m r e c t a n g u l a r h y p e r b o l i c 
f i t t o d i s s o l u t i o n d a t a ) ; 

f o r m a t i o n c o n s t a n t f o r p r e - e q u i l i b r i u m s t e p i n p h o t o d i s s o l u t i o n o f 
Ύ-FeOOH ( o b t a i n e d f r o m r e c t a n g u l a r h y p e r b o l i c f i t t o d i s s o l u t i o n 
d a t a ) ; 

6 r a t e o f d i s s o l u t i o n o f 5μΜ Ύ-FeOOH i n p r e s e n c e o f ΙΟΟμΜ o r g a n i c 
l i g a n d o n c o n t i n u o u s p h o t o l y s i s ; 

7 r a t e o f d i s s o l u t i o n o f 5μΜ Ύ-FeOOH i n p r e s e n c e o f ΙΟΟμΜ o r g a n i c 
l i g a n d u n d e r d a r k c o n d i t i o n s . 
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u s e d (300 ^ λ S 400nm) i m p l y i n g t h a t any p h o t o e f f e c t s o b s e r v e d a r i s e 
a s a r e s u l t o f a b s o r p t i o n by t h e f e r r i c c o m p l e x e s ( o r by t h e i r o n 
o x i d e ) . 

E x c e p t f o r p h t h a l i c a c i d , a l l o t h e r c a r b o x y l i c a c i d s s t u d i e d 
i n d u c e c o n s i d e r a b l e i n c r e a s e s i n t h e l i g h t c o m p a r e d t o t h e d a r k 
v a l u e s ( t h e r e l a t i v e l y h i g h r a t e o f i r o n o x i d e d i s s o l u t i o n i n d u c e d by 
o x a l i c a c i d has b e e n e x t e n s i v e l y s t u d i e d ( 5 , 8 ) . P h t h a l i c a c i d 
a c t u a l l y a p p e a r s t o s t a b i l i z e t h e i r o n o x i d e a g a i n s t p h o t o d i s s o l u t i o n 
d e s p i t e t h e s o l u t i o n p h a s e c o m p l e x e x h i b i t i n g some p h o t o a c t i v i t y . 
The f i r s t - o r d e r r a t e c o n s t a n t s f o r t h e r e d u c t i o n / d e t a c h m e n t s t e p a r e 
s u r p r i s i n g l y c o n s t a n t c o m p a r e d t o t h e p h o t o r e d u c i b i l i t y o f t h e 
s o l u t i o n p h a s e c o m p l e x e s s u g g e s t i n g t h a t d e t a c h m e n t ( i . e . t h e 
movement o f F e 2 + f r o m t h e l a t t i c e t o s o l u t i o n ) r a t h e r t h a n r e d u c t i o n 
i s r a t e - l i m i t i n g . The e x t e n t o f d i s s o l u t i o n i s c o n t r o l l e d 
p r i n c i p a l l y by t h e p r e - e q u i l i b r i u m s t e p ( i . e . by t h e c o n c e n t r a t i o n 
o f s u r f a c e - l o c a t e d f e r r i c c o m p l e x e s ) . T h i s c o n c e n t r a t i o n w i l l be 
d e t e r m i n e d by t h e s t r e n g t h o f F e ( I I I ) - l i g a n d b i n d i n g a n d by t h e 
n a t u r e o f t h e e l e c t r o s t a t i
s u r f a c e a n d t h e o r g a n i c
c o n s t a n t , K , i s a m e a s u r e o f t h e t e n d e n c y o f t h e v a r i o u s l i g a n d s t o 
f o r m p h o t o a c t i v e s u r f a c e - l o c a t e d F e ( I I I ) c o m p l e x e s . N o t e t h a t t h e 
l i g h t i n d u c e d g e n e r a t i o n o f p o w e r f u l F e ( I I ) o x i d i z i n g a g e n t s s u c h a s 
H 2 ° 2 ' p o s s i b l y r e s u l t i n g i n t h e f o r m a t i o n o f f r e s h i r o n o x i d e 
p r e c i p i t a t e s , may a l s o be a n i m p o r t a n t f a c t o r c o n t r o l l i n g t h e e x t e n t 
o f p h o t o d i s s o l u t i o n . 

T h e r e h a v e b e e n p r e l i m i n a r y r e p o r t s t h a t t h e d i s s o l u t i o n o f i r o n 
a n d manganese o x i d e s by n a t u r a l l y o c c u r r i n g h u m i c a n d f u l v i c a c i d s i s 
e n h a n c e d on p h o t o l y s i s ( 3 0 , 3 2 , 4 5 ) . A s c a n be s e e n f r o m F i g u r e 6 , 
a d d i t i o n o f 10 mg/L a q u a t i c f u l v i c a c i d s t o a pH 4 , 5μΜ s u s p e n s i o n o f 
Ύ-FeOOH r e s u l t s i n an a p p r o x i m a t e l y 4 - f o l d i n c r e a s e i n s o l a r 
r a d i a t i o n - i n d u c e d d i s s o l u t i o n ( t h e e x t e n t o f d i s s o l u t i o n i n b o t h t h e 
p r e s e n c e a n d a b s e n c e o f f u l v i c a c i d s u n d e r d a r k c o n d i t i o n s was 
n e g l i g i b l e o v e r t h e t i m e s c a l e o f i n t e r e s t ) . A t pH 6 . 5 , t h e i n c r e a s e 
o b s e r v e d on a d d i t i o n o f f u l v i c a c i d s i s s m a l l b u t m e a s u r a b l e . The 
e f f e c t o f n e a r - U V l i g h t (300 ύ λ ^ 400nm; A m a x = 3 6 5 n m ) i n e n h a n c i n g 
t h e d i s s o l u t i o n o f 5μΜ o f t h e s y n t h e t i c manganese o x i d e v e r n a d i t e , 
6 - M n 0 2 i n t h e p r e s e n c e o f 10 mg/L Suwanee R i v e r f u l v i c a c i d ( an 
I n t e r n a t i o n a l Humic S u b s t a n c e s S o c i e t y s t a n d a r d m a t e r i a l ) a r e 
somewhat more d r a m a t i c w i t h - 90% s o l u b i l i z a t i o n a f t e r t h r e e h o u r s o f 
c o n t i n u o u s p h o t o l y s i s c o m p a r e d w i t h o n l y - 2 0% d i s s o l u t i o n a f t e r 
s u s p e n s i o n i n t h e same medium f o r t h r e e h o u r s w i t h no i l l u m i n a t i o n 
( F i g u r e 7 ) . I n t e r e s t i n g l y , t h e p r e s e n c e o r a b s e n c e o f o x y g e n a p p e a r s 
t o h a v e l i t t l e e f f e c t on t h e p h o t o d i s s o l u t i o n p r o c e s s - a somewhat 
s u r p r i s i n g r e s u l t i n v i e w o f r e p o r t s t h a t p h o t o g e n e r a t e d H 2 0 2 may 
s o l u b i l i z e 6 - M n 0 2 ( 4 6 ) . P r e s u m a b l y , t h e e x t e n t o f H 2 0 2 p r o d u c t i o n 
due t o p h o t o d e g r a d a t i o n o f f u l v i c a c i d i s t o o s m a l l t o e x e r t any 
s i g n i f i c a n t e f f e c t on t h e d i s s o l u t i o n p r o c e s s u n d e r t h e s e c o n d i t i o n s . 

T h e a c t u a l e x c i t a t i o n c e n t r e i n t h e s e f u l v i c a c i d c o n t a i n i n g 
s y s t e m s i s d i f f i c u l t t o i d e n t i f y a s t h e o r g a n i c m o l e c u l e i t s e l f 
a b s o r b s r e l a t i v e l y s t r o n g l y i n t h e n e a r - U V r e g i o n . S o l u t i o n p h a s e 
s t u d i e s o f i r o n - f u l v i c a c i d s y s t e m s have i n d i c a t e d t h e p r e s e n c e o f 
s a l i c y l a t e - l i k e b i n d i n g s i t e s e x h i b i t i n g c h a r g e t r a n s f e r 
c h a r a c t e r i s t i c s ( 47 ) ; howeve r e x c i t a t i o n o f n -w* o r π - π * t r a n s i t i o n s 
i s a l s o l i k e l y t o e n h a n c e t h e e l e c t r o n d o n a t i n g a b i l i t y o f t h e s e 
m o l e c u l e s a n d h e n c e t h e i r a b i l i t y t o s o l u b i l i z e i r o n a n d manganese 
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F i g u r e 6 . D i s s o l u t i o n o f 5μΜ Ύ-FeOOH o n p h o t o l y s i s o f a ) pH 4 . 0 , 
a n d b ) pH 6 . 5 s o l u t i o n s c o n t a i n i n g e i t h e r l O ^ M c i t r a t e , 10 mg/L 
a q u a t i c f u l v i c a c i d s , o r no a d d e d o r g a n i c a g e n t . L i g h t s o u r c e : 
s i m u l a t e d s o l a r s p e c t r u m o f t o t a l i n t e n s i t y 300 u E i n s t e i n s c m " 2 

,-1 ( R e p r o d u c e d f r o m R e f . 3 2 . C o p y r i g h t 1 9 8 5 , A m e r i c a n 
C h e m i c a l S o c i e t y . ) 
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F i g u r e 7 . D i s s o l u t i o n o f 5μΜ 6 - M n 0 2 i n pH 7 . 1 , 0 . 0 1 M NaCl/2mM 
N a H C 0 3 s o l u t i o n s c o n t a i n i n g 10 mg/L Suwanee R i v e r f u l v i c a c i d 
u n d e r d a r k a n d l i g h t c o n d i t i o n s i n t h e p r e s e n c e a n d a b s e n c e o f 
o x y g e n . L i g h t s o u r c e : m e r c u r y a r c l amp w i t h 365nm b a n d - p a s s 
f i l t e r i n g . ( R e p r o d u c e d f r o m R e f . 4 5 . ) . 
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o x i d e s . S u c h an e f f e c t h a s b e e n s u g g e s t e d i n s t u d i e s o f t h e 
d i s s o l u t i o n o f h e m a t i t e a n d l e p i d o c r o c i t e by a r a n g e o f 
a - m e r c a p t o c a r b o x y l i c a c i d s ( 4 8 , 4 9 ) i n w h i c h h i g h e n e r g y UV l i g h t 
( u n f i l t e r e d X e n o n a r c l amp s o u r c e ) was f o u n d t o s i g n i f i c a n t l y e n h a n c e 
t h e r a t e o f c o l l o i d d i s s o l u t i o n ( F i g u r e 8 ) . 

A s d i s c u s s e d e a r l i e r f o r t h e a d d i t i v e - f r e e s y s t e m , t h e f o r m o f 
t h e m e t a l o x i d e i s c r i t i c a l i n d e t e r m i n i n g t h e d i s s o l u t i o n 
c h a r a c t e r i s t i c s . A s shown f o r t h e d i s s o l u t i o n o f 25μΜ a - F e 2 0 3 a n d 
Ύ-FeOOH by 1 0 " 2 M m e r c a p t o a c e t i c a c i d i n F i g u r e 9 , t h e same i s t r u e 
when a s t r o n g F e ( I I I ) l i g a n d i s p r e s e n t ( 4 9 ) . A n a l y s i s o f 
d i s s o l u t i o n r a t e versus l i g a n d c o n c e n t r a t i o n d a t a f o r t h e h e m a t i t e 
(BET s u r f a c e a r e a 65 m 2 /g ) a n d l e p i d o c r o c i t e (BET s u r f a c e a r e a 144 
m 2 /g ) s y s t e m s y i e l d s f i r s t - o r d e r r a t e c o n s t a n t s f o r t h e r a t e - l i m i t i n g 
d e t a c h m e n t s t e p o f 0 . 0 1 2 a n d 0 . 8 4 m i n " 1 r e s p e c t i v e l y - a r e s u l t t h a t 
i s n o t p a r t i c u l a r l y s u r p r i s i n g g i v e n t h e r e l a t i v e s o l u b i l i t i e s o f 
t h e s e two p h a s e s ( t h e s o l u b i l i t y p r o d u c t s f o r γ -FeOOH a n d c t - F e 2 0 3 

a r e on t h e o r d e r o f 1 0 " 3 9 a n d 1 0 " 4 1 r e s p e c t i v e l y ) . 

E f f e c t o f M e t a l O x i d e S u r f a c
R e a c t i o n s 

I n a d d i t i o n t o t h e p r i m a r y p h o t o r e d o x p r o p e r t i e s o f m e t a l o x i d e s i n 
w h i c h e i t h e r t h e b u l k o x i d e o r s u r f a c e - l o c a t e d g r o u p s i n c o r p o r a t i n g 
t h e o x i d e c a t i o n a b s o r b l i g h t d i r e c t l y , s e c o n d a r y p h o t o r e d o x e f f e c t s 
i n w h i c h t h e p r e s e n c e o f t h e o x i d e a l t e r s t h e p h o t o c h e m i c a l 
c h a r a c t e r i s t i c s o f m o l e c u l e s o r g r o u p s o f m o l e c u l e s i n t e r a c t i n g w i t h 
t h e o x i d e s u r f a c e s h o u l d a l s o be m e n t i o n e d . Of p a r t i c u l a r i n t e r e s t 
a r e i ) t h e e f f e c t o f m e t a l o x i d e s i n i n d u c i n g s p e c t r a l s h i f t s i n 
s o r b e d m o l e c u l e s , a n d i i ) t h e s t a b i l i z a t i o n o f p h o t o p r o d u c t s a g a i n s t 
d e g r a d a t i v e r e c o m b i n a t i o n t h r o u g h t h e i n f l u e n c e o f c o l l o i d s u r f a c e 
c h a r g e . 

i ) S i g n i f i c a n t s p e c t r a l s h i f t s i n m o l e c u l e s h a v e b e e n shown t o 
o c c u r on a d s o r p t i o n t o a p o l a r s u r f a c e w i t h t h e d i r e c t i o n o f t h e 
s h i f t d e p e n d e n t o n t h e t r a n s i t i o n i n v o l v e d ( 5 0 ) . A b l u e s h i f t 
i s t o be e x p e c t e d f o r η - π * t r a n s i t i o n s b e c a u s e o f s t a b i l i z a t i o n 
o f t h e g r o u n d s t a t e by t h e p o l a r s u r f a c e w h i l e t h e r e v e r s e i s 
e x p e c t e d f o r π - π * t r a n s i t i o n s . E x t e n s i v e r e s u l t s c o n f i r m i n g 
t h e s e e x p e c t a t i o n s h a v e b e e n r e p o r t e d ( 5 0 ) . F o r e x a m p l e , 
s t r o n g , p h o t o c h e m i c a l l y a c t i v e b a n d s o f x e n o b i o t i c s s u c h a s 
a n t h r a c e n e , p o l y c h l o r i n a t e d a r o m a t i c compounds a n d c e r t a i n 
p e s t i c i d e s a r e r e d - s h i f t e d i n t o t h e n e a r - U V r e g i o n o n 
a d s o r p t i o n t o s a n d s a n d s i l i c a g e l ( 5 1 ) . P h o t o l y s i s o f t h e s e 
compounds i n t h i s s p e c t r a l r e g i o n has b e e n shown t o r e s u l t i n 
s i g n i f i c a n t m i n e r a l i z a t i o n t o C 0 2 a n d H 2 0 ( 5 2 ) . 

i i ) I n p h o t o s e n s i t i z e d e l e c t r o n - t r a n s f e r r e a c t i o n s , a p h o t o i n d u c e d 
e l e c t r o n t r a n s f e r f r o m a d o n o r , D , t o a n a c c e p t o r , A , r e s u l t s i n 
t h e r e d u c e d a n d o x i d i z e d p r o d u c t s , i . e . 

D + A + hi/ •> ( D + . . . A " ) -> D + + A " . 

T h e s e p h o t o p r o d u c t s a r e i n i t i a l l y i n an " e n c o u n t e r c a g e c o m p l e x " 
a n d may e i t h e r r e c o m b i n e w i t h i n t h i s c a g e s t r u c t u r e o r 
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F i g u r e 8 . R a t e o f d i s s o l u t i o n o f 5μΜ γ-FeOOH s u s p e n d e d i n p H 3 . 0 , 
0 . 0 1 M N a C l c o n t a i n i n g v a r i o u s c o n c e n t r a t i o n s o f m e r c a p t o a c e t i c 
a c i d u n d e r d a r k a n d l i g h t c o n d i t i o n s . L i g h t s o u r c e : u n f i l t e r e d 
150W Xenon a r c l a m p . ( R e p r o d u c e d f r o m R e f . 4 9 . ) 

L ^ - t ^ — t — — ; i ο 
0 10 20 30 40 50 60 

Time (min) 

F i g u r e 9 . C o m p a r i s o n o f t h e p e r c e n t a g e o f f i l t e r a b l e i r o n 
o b t a i n e d on p h o t o l y s i s o f 25μΜ s u s p e n s i o n s o f γ -FeOOH a n d a - F e 2 0 3 
i n pH 3 . 0 , 0 . 0 1 M N a C l c o n t a i n i n g lOmM m e r c a p t o a c e t i c a c i d . L i g h t 
s o u r c e : u n f i l t e r e d 150W X e n o n a r c l a m p . 
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dissociate to separated ions. The separated ions A" and D + can 
then recombine in a diffusion recombination process or be 
utilized in subsequent oxidation and reduction reactions. 
Willner and coworkers (53-55) have examined a variety of 
electron transfer reactions on S 1 O 2 colloids in aqueous medium 
using ruthenium tris(bipyridine) as photosensitizer and 
anthraquinone sulfonates as electron acceptors and have shown 
that the electrical potential of the particles assists the 
separation of the products from the encounter cage complex and 
also retards the back-reaction of the separated ions resulting 
in significant enhancements in rate and extent of product 
formation. There has been speculation that the s i l i c a 
frustules of diatoms may similarly affect redox processes 
occurring at the organism/water interface though no concrete 
evidence of such an effect has yet been presented. 

Conclusions 

The area of colloidal meta
of particularly intensive investigation over the last ten years. The 
possibility of using colloidal semiconducting oxides as catalysts in 
the degradation of water has stimulated much of this interest. Of 
possibly more significance to the f i e l d of aquatic geochemistry i s 
the a b i l i t y of light to i n i t i a t e or enhance the dissolution of 
colloidal metal oxides through excitation of surface-located 
chromophores incorporating the cation of the metal oxide as an active 
redox partner. While preliminary investigations in this area have 
confirmed the surface-controlled nature of this process and 
delineated the major controlling factors, extensive mechanistic work 
is s t i l l needed in order to cl a r i f y the details of electron transfer 
and molecule detachment. The effects of the charged metal oxide 
surface on the spectral properties of sorbed chromophores and on the 
recombination rate of photogenerated species at the colloid surface 
are also areas of possible considerable implication in the aquatic 
environment. 
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Adsorption of Organic Reductants and Subsequent 
Electron Transfer on Metal Oxide Surfaces 

Alan T. Stone 
Department of Geography and Environmental Engineering, Johns Hopkins University, 
Baltimore, MD 21218 

Rates of reductive dissolution of transition metal 
oxide/hydroxide minerals are controlled by rates of 
surface chemica
environmental an  geochemica  pape
examines the mechanisms of reductive dissolution 
through a discussion of relevant elementary reaction 
processes. Reductive dissolution occurs via (i) sur
face precursor complex formation between reductant 
molecules and oxide surface sites, (ii) electron 
transfer within this surface complex, and (iii) break
down of the successor complex and release of dissolved 
metal ions. Surface speciation is an important deter
minant of rates of individual surface chemical reac
tions and overall rates of reductive dissolution. 

O x i d e / h y d r o x i d e m i n e r a l s o f M n ( I I I , I V ) , F e ( I I I ) , C o ( I I I ) , a n d P b ( I V ) 
a r e t h e r m o d y n a m i c a l l y s t a b l e i n o x y g e n a t e d s o l u t i o n s a t n e u t r a l p H , 
b u t a r e r e d u c e d t o d i v a l e n t m e t a l i o n s u n d e r a n o x i c c o n d i t i o n s i n 
t h e p r e s e n c e o f r e d u c i n g a g e n t s . C h a n g e s i n o x i d a t i o n s t a t e d r a m a 
t i c a l l y a l t e r t h e i r s o l u b i l i t y . R e d u c t i o n o f F e ( I I I ) t o F e ( I I ) , 
f o r e x a m p l e , i n c r e a s e s i r o n s o l u b i l i t y w i t h r e s p e c t t o o x i d e / 
h y d r o x i d e p h a s e s by a s much a s e i g h t o r d e r s o f m a g n i t u d e (1). 

O r g a n i c r e d u c t a n t s a r e p r e s e n t i n h i g h e r c o n c e n t r a t i o n s a n d 
f o u n d i n a w i d e r v a r i e t y o f a q u a t i c e n v i r o n m e n t s t h a n i n o r g a n i c 
r e d u c t a n t s , and t h e r e f o r e h a v e t h e mos t s i g n i f i c a n t i m p a c t o n t r a n 
s i t i o n m e t a l g e o c h e m i s t r y . I n homogeneous s o l u t i o n , r e d u c t i o n o f 
m e t a l i o n c o m p l e x e s by o r g a n i c compounds i s r e l a t i v e l y w e l l u n d e r 
s t o o d . C a t e c h o l , f o r e x a m p l e , r e d u c e s Fe(H20)jH i n 0.1M HCIO4 i n 
two , o n e - e q u i v a l e n t s t e p s (2): 

F e ( H 2 0 ) ^ + + Q H 2 — ± F e ( H 2 0 ) ^ + + QH- + H + (1) 

F e ( H 2 0 ) ^ + + QH- F e ( H 2 0 ) ^ + + Q + H + (2) 

0097-6156/ 86/ 0323-0446$06.00/ 0 
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W i t h i n t h e pH r a n g e o f n a t u r a l w a t e r s , t e r - and t e t r a - v a l e n t t r a n s i 
t i o n m e t a l s a r e i n c o r p o r a t e d i n t o o x i d e m i n e r a l s . R e d u c t i o n by 
o r g a n i c compounds i s , t h e r e f o r e , a s u r f a c e c h e m i c a l r e a c t i o n . T h e 
f o l l o w i n g r e a c t i o n s t e p s c a n be p o s t u l a t e d f o r t h e r e d u c t i o n o f i r o n 
o x i d e s u r f a c e s i t e s by c a t e c h o l : 

> F e m O H + Q H 2 > F e i : E 0 H ~ + QH- + H + ( 3 ) 

> F e I i : i O H + QH- ^ > F e I 1 [ 0 H ~ + Q + H + (4) 

d i s s o l u t i o n _ 
> F e i i O H " > F e ( H 2 0 ) ^ + ( 5 ) 

w h e r e t h e s y m b o l > d e n o t e s b o n d s t o t h e s u r f a c e m e t a l c e n t e r i n t h e 
o x i d e l a t t i c e . E q u a t i o n s 3 - 5 r e p r e s e n t s u r f a c e r e a c t i o n s t e p s 
a s s o c i a t e d w i t h p r e c u r s o r c o m p l e x f o r m a t i o n , e l e c t r o n t r a n s f e r , and 
d i s s o l u t i o n , r e s p e c t i v e l y . C o m p r e h e n s i v e r e v i e w s by D i g g l e  and 
G o r i c h e v and K i p r i y a n o v (4·
s u r f a c e p r o p e r t i e s i n f l u e n c e r a t e s o f m e t a l o x i d e d i s s o l u t i o n . Much 
r e c e n t i n t e r e s t h a s f o c u s s e d u p o n t h e i m p a c t o f s u r f a c e s p e c i a t i o n 
and s u r f a c e c h e m i c a l r e a c t i o n s o n d i s s o l u t i o n r a t e s Ç 5 - 7 ) , and u p o n 
p o s s i b l e a n a l o g i e s w i t h l i g a n d s u b s t i t u t i o n and e l e c t r o n t r a n s f e r 
r e a c t i o n s i n homogeneous s o l u t i o n ( 5 ) . T h i s p a p e r d i s c u s s e s r e d u c 
t i v e d i s s o l u t i o n by e x a m i n i n g t h e m e c h a n i s m s o f p e r t i n e n t s u r f a c e 
c h e m i c a l r e a c t i o n s u s i n g t h e o r i e s o f l i g a n d s u b s t i t u t i o n and e l e c 
t r o n t r a n s f e r r e a c t i o n s d e v e l o p e d f r o m k i n e t i c s t u d i e s i n h o m o g e 
n e o u s s o l u t i o n . D i f f e r e n c e s b e t w e e n r e a c t i o n s i n homogeneous s o l u 
t i o n and o n m e t a l o x i d e / h y d r o x i d e s u r f a c e s a r i s i n g f r o m s u r f a c e 
s t r u c t u r e , c h e m i c a l s p e c i a t i o n , and i n t e r f a c i a l e l e c t r i c a l p r o p e r 
t i e s a r e d i s c u s s e d . M o l e c u l a r d e s c r i p t i o n s o f s u r f a c e c h e m i c a l 
r e a c t i o n s w i l l p r o v e u s e f u l i n i n t e r p r e t i n g r e s u l t s f r o m a c t u a l 
r e d u c t i v e d i s s o l u t i o n e x p e r i m e n t s and i n p r e d i c t i n g t h e k i n e t i c 
b e h a v i o r o f u n e x p l o r e d r e a c t i o n s . 

R e d u c t i v e D i s s o l u t i o n : O v e r a l l R e a c t i o n Scheme 

R e d u c t i v e d i s s o l u t i o n o f t r a n s i t i o n m e t a l o x i d e s by o r g a n i c r e d u c 
t a n t s c a n be d e s c r i b e d a s o c c u r r i n g i n t h e f o l l o w i n g s e q u e n c e o f 
s t e p s : ( i ) d i f f u s i o n o f r e d u c t a n t m o l e c u l e s t o t h e o x i d e s u r f a c e , 
( i i ) s u r f a c e c h e m i c a l r e a c t i o n , and ( i i i ) d i f f u s i o n o f r e a c t i o n 
p r o d u c t s away f r o m t h e o x i d e s u r f a c e . I n s i t u a t i o n s w h e r e t r a n s p o r t 
s t e p s ( i ) and ( i i i ) a r e r a t e - c o n t r o l l i n g , f l u x e s o f c h a r g e d r e a c t a n t 
and p r o d u c t s p e c i e s a r e i n f l u e n c e d by t h e c o m b i n e d e f f e c t s o f t h e 
i n t e r f a c i a l c o n c e n t r a t i o n g r a d i e n t and e l e c t r i c a l p o t e n t i a l g r a d i e n t 
a r i s i n g f r o m t h e n e t c h a r g e on t h e o x i d e s u r f a c e ( 8 ) . Many r e d u c 
t i v e d i s s o l u t i o n r e a c t i o n s o f e n v i r o n m e n t a l and g e o c h e m i c a l i n t e r e s t 
a r e c o n t r o l l e d by r a t e s o f s u r f a c e c h e m i c a l r e a c t i o n s , w h i c h a r e t h e 
f o c u s o f t h i s d i s c u s s i o n . 

T r a n s i t i o n m e t a l o x i d e / h y d r o x i d e s d i f f e r i n t h e i r a b i l i t y t o 
o x i d i z e o r g a n i c c o m p o u n d s . T a b l e I l i s t s r e d u c t i o n p o t e n t i a l s E ° 
( f o r [H+ ] = [Me 2 + ] =1 .0M ) a n d E f ( f o r [ H + ] = 1 C T 7 M and [Me 2 + ]=10-6M) f o r 
s e v e r a l f i r s t - r o w t r a n s i t i o n m e t a l s . 
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T a b l e I . R e d u c t i o n P o t e n t i a l s o f S e l e c t e d T r a n s i t i o n M e t a l O x i d e / 
H y d r o x i d e s 

H a l f - R e a c t i o n E ° E f R e f . 

h 6 - M n 0 2 ( s ) + 2 H + + e" " = ^ M n 2 + + H 2 0 + 1 . 2 9 v +0 .64 (9) 

Y - M n O O H ( s ) + 3 H + + e~ = M n 2 + + 2 H o 0 +1 .50 +0 .61 (9) 

a - F e O O H ( s ) + 3 H + + e~ 
2+ 

= F e + 2 H 2 0 +0 .67 - 0 . 2 2 (I) 
CoOOH(s ) + 3 H + + e"~ = C 0 2 + + 2 H 2 0 +1 .48 +0 .59 (10) 

^ N i 3 0 4 ( s ) + 4 H + + e " = = - N i 2 + + 2 H 2 0 +1 .98 +0 . 85 (11) 

B a s e d u p o n t h e r m o d y n a m i c d a t a g i v e n i n T a b l e I , o x i d a n t s t r e n g t h 
d e c r e a s e s i n t h e o r d e r : N 1 3 O 4 > MnÛ2 > MnOOH > CoOOH > FeOOH. R a t e s 
o f r e d u c t i v e d i s s o l u t i o n i n n a t u r a l w a t e r s and s e d i m e n t s a p p e a r t o 
f o l l o w a s i m i l a r t r e n d . When t h e r e d u c t a n t f l u x i s i n c r e a s e d a n d 
c o n d i t i o n s t u r n a n o x i c , manganes
e a r l i e r and more q u i c k l
i n f o r m a t i o n i s a v a i l a b l e o n r e l e a s e o f d i s s o l v e d c o b a l t and n i c k e l . 

S u r f a c e C h e m i c a l R e a c t i o n M e c h a n i s m 

R e d u c t i v e d i s s o l u t i o n o f m e t a l o x i d e s u r f a c e s o c c u r s t h r o u g h a 
s e r i e s o f l i g a n d s u b s t i t u t i o n and e l e c t r o n t r a n s f e r r e a c t i o n s w h i c h 
r e s e m b l e i n many r e s p e c t s a n a l o g o u s r e a c t i o n s i n homogeneous s o l u 
t i o n . Two g e n e r a l m e c h a n i s m s f o r e l e c t r o n t r a n s f e r b e t w e e n m e t a l 
i o n c o m p l e x e s a n d o r g a n i c compounds h a v e b e e n d e v e l o p e d , b a s e d u p o n 
s t u d i e s o f r e a c t i o n s i n homogeneous s o l u t i o n , a n d a r e r e v i e w e d b y 
L i t t l e r ( 1 4 ) . F i g u r e 1 i l l u s t r a t e s b o t h t h e i n n e r - s p h e r e m e c h a n i s m 
a n d o u t e r - s p h e r e m e c h a n i s m f o r t h e r e d u c t i o n o f a t e r v a l e n t m e t a l 
i o n ( Μ ε ( Η 2 θ ) β 3 + ) by p h e n o l (HA) i n homogeneous s o l u t i o n . B o t h 
m e c h a n i s m s h a v e i n common t h e f o r m a t i o n o f a p r e c u r s o r c o m p l e x , 
e l e c t r o n t r a n s f e r w i t h i n t h i s c o m p l e x , and s u b s e q u e n t b r e a k d o w n o f 
t h e s u c c e s s o r c o m p l e x . The f r e e r a d i c a l A* p r o d u c e d b y o n e - e q u i v a 
l e n t e l e c t r o n t r a n s f e r i s q u i c k l y consumed by f u r t h e r r e a c t i o n s w i t h 
m e t a l i o n o x i d a n t c o m p l e x e s a n d by r a d i c a l c o u p l i n g r e a c t i o n s . I n 
t h e i n n e r - s p h e r e m e c h a n i s m , t h e r e d u c t a n t e n t e r s t h e i n n e r c o o r d i n a 
t i o n s p h e r e v i a l i g a n d s u b s t i t u t i o n a n d b o n d s d i r e c t l y t o t h e m e t a l 
c e n t e r p r i o r t o e l e c t r o n t r a n s f e r (14 ) . T h e h i g h e s t e l e c t r o n t r a n s 
f e r r a t e by t h e i n n e r - s p h e r e m e c h a n i s m i s l i m i t e d by t h e r a t e o f 
l i g a n d s u b s t i t u t i o n . R e a c t i o n v i a a n o u t e r - s p h e r e m e c h a n i s m , i n 
c o n t r a s t , l e a v e s t h e i n n e r c o o r d i n a t i o n s p h e r e i n t a c t ; e l e c t r o n 
t r a n s f e r i s f a c i l i t a t e d b y a n o u t e r - s p h e r e p r e c u r s o r c o m p l e x ( 1 4 ) . 
T h e s e m e c h a n i s m s c a n o p e r a t e i n p a r a l l e l , w i t h t h e o v e r a l l r e a c t i o n 
d o m i n a t e d by t h e f a s t e s t p a t h w a y . S u b s t i t u t i o n - i n e r t m e t a l i o n 
c o m p l e x e s n e c e s s a r i l y r e a c t v i a a n o u t e r - s p h e r e m e c h a n i s m . 

S i m i l a r l y , i n n e r - s p h e r e and o u t e r - s p h e r e m e c h a n i s m s c a n b e p o s 
t u l a t e d f o r t h e r e d u c t i v e d i s s o l u t i o n o f m e t a l o x i d e s u r f a c e s i t e s , 
a s shown i n F i g u r e 2 . P r e c u r s o r c o m p l e x f o r m a t i o n , e l e c t r o n t r a n s 
f e r , a n d b r e a k d o w n o f t h e s u c c e s s o r c o m p l e x c a n s t i l l b e d i s t i n 
g u i s h e d . T h e s u r f a c e c h e m i c a l r e a c t i o n i s u n i q u e , h o w e v e r , i n t h a t 
p a r t i c i p a t i n g m e t a l c e n t e r s a r e b o u n d w i t h i n a n o x i d e / h y d r o x i d e 
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p h a s e ; t h i s c o o r d i n a t i v e e n v i r o n m e n t may d i f f e r f r o m t h a t o f m o n o 
n u c l e a r a q u a t e d s p e c i e s i n s e v e r a l i m p o r t a n t r e s p e c t s . 

The k i n e t i c b e h a v i o r o f t h e r e d u c t i v e d i s s o l u t i o n m e c h a n i s m s 
g i v e n i n F i g u r e 2 c a n b e f o u n d by a p p l y i n g t h e P r i n c i p l e o f Mas s 
A c t i o n t o t h e e l e m e n t a r y r e a c t i o n s t e p s . The r a t e e x p r e s s i o n f o r 
p r e c u r s o r c o m p l e x f o r m a t i o n v i a an i n n e r - s p h e r e m e c h a n i s m i s g i v e n 
b y : 

d [ > f f I I l A l = k l [ > M e l : E I O H ] [ H A ] - ( k ^ + k ) [ > M e I I i : A ] + k _ 2 [ >Me I 3 : - A ] 

( 6 ) 

F o r t h e s p e c i a l c a s e o f s t e a d y - s t a t e p r e c u r s o r c o m p l e x c o n c e n t r a t i o n 
( and a s s u m i n g n e g l i g i b l e b a c k r e a c t i o n s f o r Β and C) t h e r a t e o f 
M e 2 + ( a q . ) f o r m a t i o n i s g i v e n b y : 

d [ f 2 + 1 " (

A s i m i l a r r a t e e x p r e s s i o n c a n b e w r i t t e n f o r t h e o u t e r - s p h e r e m e c h 
a n i s m . B a s e d u p o n E q u a t i o n 7 , h i g h r a t e s o f r e d u c t i v e d i s s o l u t i o n 
a r e f a v o r e d by ( i ) h i g h r a t e s o f p r e c u r s o r c o m p l e x f o r m a t i o n ( l a r g e 
k i ) , ( i i ) l ow d e s o r p t i o n r a t e s ( s m a l l k _ i ) > ( i i i ) h i g h e l e c t r o n 
t r a n s f e r r a t e s ( l a r g e k 2 ) » and ( i v ) h i g h r a t e s o f p r o d u c t r e l e a s e 
( h i g h k 3 ) . The n e x t s e c t i o n i n t h i s p a p e r e x a m i n e s how c h e m i c a l 
c h a r a c t e r i s t i c s o f m e t a l o x i d e s u r f a c e s i t e s and r e d u c t a n t m o l e c u l e s 
i n f l u e n c e t h e r a t e o f e a c h o f t h e s e c o n t r i b u t i n g r e a c t i o n s t e p s . 

D e s c r i p t i o n o f R e d u c t i v e D i s s o l u t i o n o n a M o l e c u l a r L e v e l 

E l e c t r o n t r a n s f e r r e a c t i o n s o f m e t a l i o n c o m p l e x e s i n homogeneous 
s o l u t i o n a r e u n d e r s t o o d i n c o n s i d e r a b l e d e t a i l , i n p a r t b e c a u s e 
s p e c t r o s c o p i c m e t h o d s and o t h e r t e c h n i q u e s c a n b e u s e d t o m o n i t o r 
r e a c t a n t , i n t e r m e d i a t e , a n d p r o d u c t c o n c e n t r a t i o n s . U n f a v o r a b l e 
c h a r a c t e r i s t i c s o f o x i d e / w a t e r i n t e r f a c e s o f t e n r e s t r i c t o r c o m p l i 
c a t e t h e a p p l i c a t i o n o f t h e s e t e c h n i q u e s ; a s a r e s u l t , f e w e r d i r e c t 
m e a s u r e m e n t s h a v e b e e n made a t o x i d e / w a t e r i n t e r f a c e s . A v a i l a b l e 
e v i d e n c e i n d i c a t e s t h a t m e t a l i o n c o m p l e x e s a n d m e t a l o x i d e s u r f a c e 
s i t e s s h a r e many c h e m i c a l c h a r a c t e r i s t i c s , b u t d i f f e r i n s e v e r a l 
i m p o r t a n t r e s p e c t s . T h e s e s i m i l a r i t i e s a n d d i f f e r e n c e s a r e u s e d i n 
t h e f o l l o w i n g d i s c u s s i o n s t o c o n s t r u c t a m o l e c u l a r d e s c r i p t i o n o f 
r e d u c t i v e d i s s o l u t i o n r e a c t i o n s . 

C o o r d i n a t i v e E n v i r o n m e n t . T h e c o o r d i n a t i v e e n v i r o n m e n t o f t r a n s i 
t i o n m e t a l i o n s a f f e c t s t h e t h e r m o d y n a m i c d r i v i n g f o r c e a n d r e a c t i o n 
r a t e o f l i g a n d s u b s t i t u t i o n and e l e c t r o n t r a n s f e r r e a c t i o n s . 
F e m ( ) H 2 + ( a q ) and h e m a t i t e ( a - F e 2 0 3 ) s u r f a c e s t r u c t u r e s a r e shown 
i n F i g u r e 3 f o r t h e s a k e o f c o m p a r i s o n . W i t h i n t h e l a t t i c e o f 
o x i d e / h y d r o x i d e m i n e r a l s , t h e i n n e r c o o r d i n a t i o n s p h e r e s o f m e t a l 
c e n t e r s a r e f u l l y o c c u p i e d by a r e g u l a r a r r a y o f 0 2 ~ a n d / o r 0H~ 
d o n o r g r o u p s . A t t h e m i n e r a l s u r f a c e , h o w e v e r , o n e o r more c o o r d i 
n a t i v e p o s i t i o n s o f e a c h m e t a l c e n t e r a r e v a c a n t ( 1 5 ) . When o x i d e 
s u r f a c e s a r e i n t r o d u c e d i n t o a q u e o u s s o l u t i o n , H2O and O H " m o l e c u l e s 
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0 H 2 H 2 0 

/I 

HEMATITE 

F i g u r e 3 . F e ( I I I ) c o o r d i n a t i v e e n v i r o n m e n t i n F e Χ 0Η ( a q . ) 
and on a h e m a t i t e ( a - F e ^ ) s u r f a c e ( a d a p t e d f r o m 4 8 ) . 
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b i n d t o v a c a n t c o o r d i n a t i v e p o s i t i o n s on m e t a l c e n t e r s , a n d H+ b i n d s 
t o o x y g e n d o n o r a t o m s . T h u s , a f u l l y h y d r a t e d s u r f a c e i s c o v e r e d by 
a l a y e r o f H2O and O H " m o l e c u l e s , w h i c h mus t be d i s p l a c e d i n o r d e r 
f o r s o l u t e m o l e c u l e s t o f o r m c o m p l e x e s w i t h s u r f a c e s i t e s . A l l 
c o o r d i n a t i v e p o s i t i o n s o f m e t a l i o n c o m p l e x e s i n homogeneous s o l u t i o n 
a r e a v a i l a b l e f o r i n t e r a c t i o n s w i t h i n c o m i n g s o l v e n t a n d s o l u t e m o l e 
c u l e s . A t m e t a l o x i d e s u r f a c e s i t e s , h o w e v e r , one o r more c o o r d i n a 
t i v e p o s i t i o n s a r e s h i e l d e d f r o m i n t e r a c t i o n by t h e u n d e r l y i n g o x i d e . 

H y d r o l y s i s o f m e t a l i o n c o m p l e x e s i n homogeneous s o l u t i o n s o f 
i n c r e a s i n g pH i s a n i m p o r t a n t phenomenon : 

M e ( H 2 0 ) j ? + M e ( H 2 0 ) 5 ( O H ) 2 + + H + (8) 

M e ( H 2 0 ) 5 ( O H ) 2 + — M e ( H 2 0 ) 4 ( O H ) 2 + H + (9 ) 

H y d r a t e d m e t a l o x i d e s u r f a c
t i o n / d e p r o t o n a t i o n r e a c t i o n s
n e g a t i v e , and n e u t r a l s u r f a c e s i t e s ( 1 6 ) : 

>MeOH + H + ^ ± >MeOH 2 (10) 

>MeOH >MeO" + H + (11) 

An e x c e s s o f e i t h e r >MeOH 2 o r >MeO"" i m p a r t s a n e t c h a r g e t o t h e 
s u r f a c e . T h i s n e t e l e c t r i c a l c h a r g e c r e a t e s a p o t e n t i a l g r a d i e n t 
i n t h e i n t e r f a c i a l r e g i o n w h i c h , i n t u r n , d i s t u r b s t h e d i s t r i b u t i o n 
o f c h a r g e d s p e c i e s n e a r t h e i n t e r f a c e ( 1 7 ) . N e a r a n e g a t i v e l y 
c h a r g e d o x i d e s u r f a c e , c a t i o n c o n c e n t r a t i o n s a r e s u b s t a n t i a l l y 
h i g h e r t h a n b u l k s o l u t i o n c o n c e n t r a t i o n s , and a n i o n c o n c e n t r a t i o n s 
a r e s u b s t a n t i a l l y l o w e r . The d i e l e c t r i c c o n s t a n t and o t h e r medium 
c h a r a c t e r i s t i c s a r e a l s o p e r t u r b e d n e a r c h a r g e d i n t e r f a c e s ( 1 8 ) . 
E l e c t r o s t a t i c s , t h e r e f o r e , h a s a s u b s t a n t i a l i m p a c t o n r e a c t i o n s o f 
m e t a l o x i d e s u r f a c e s i t e s . 

P r e c u r s o r C omp l e x F o r m a t i o n . I n n e r - s p h e r e p r e c u r s o r c o m p l e x f o r m a 
t i o n a n d b r e a k d o w n o f t h e s u c c e s s o r c o m p l e x a r e l i g a n d s u b s t i t u t i o n 
r e a c t i o n s , and a r e t h e r e f o r e l i m i t e d by t h e l a b i l i t y , o r l i g a n d 
e x c h a n g e r a t e , o f t h e m e t a l c e n t e r (6 ) . D i s s o l v e d c o m p l e x e s and o x i d e 
s u r f a c e s i t e s o f d i f f e r e n t t r a n s i t i o n m e t a l s h a v e d i f f e r e n t l a b i l i 
t i e s t o w a r d s l i g a n d s u b s t i t u t i o n , r e f l e c t i n g d i f f e r e n c e s i n m e t a l -
l i g a n d b o n d s t r e n g t h s . W a t e r e x c h a n g e r a t e s o f h e x a q u o c o m p l e x e s 
i n homogeneous s o l u t i o n a r e one p o s s i b l e m e a s u r e o f r e l a t i v e l a b i l i 
t y , w h i c h show s u b s t a n t i a l v a r i a t i o n s . C h a r a c t e r i s t i c t i m e s f o r ^+ 
w a t e r e x c h a n g e a t Cr iHoO)^ 4 - ( 2 . 0 x l 0 6 s e c o n d s ( 19 ) ) a n d a t F e ( H 2 0 ) 6 

( 6 . 3 x l 0 ~ 3 s e c o n d s ( 2 0 ) ; , f o r e x a m p l e , d i f f e r by e i g h t o r d e r s o f 
m a g n i t u d e . To a f i r s t a p p r o x i m a t i o n , l i g a n d e x c h a n g e a t C r ( I I I ) 
o x i d e s u r f a c e s i t e s c a n be e x p e c t e d t o o c c u r more s l o w l y t h a n e x 
c h a n g e a t F e ( I I I ) o x i d e s u r f a c e s i t e s . S u b s t a n t i a l l y s l o w e r s p e c i 
f i c a d s o r p t i o n o f p h o s p h a t e o n t o α - Ο ^ Ο β h a s , i n f a c t , b e e n o b s e r v e d 
( 2 1 ) . U n f o r t u n a t e l y , t h e number o f r e l i a b l e m e a s u r e m e n t s o f l i g a n d 
e x c h a n g e r a t e s a t m e t a l o x i d e s s u r f a c e s i s s m a l l ( 2 2 - 2 5 ) a n d so 
t h e r e a r e few o p p o r t u n i t i e s f o r d i r e c t c o m p a r i s o n . 
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I f t h e r e d u c t a n t i s a m e t a l i o n , a d s o r p t i o n may a l s o p r e c e d e 
e l e c t r o n t r a n s f e r : 

> M e I I : E O H + M e f ( H o 0 ) 2 + — ^ > M e I I I O M e l (Ηο0)ΐ + H o 0 + (12) 

k - i 

I n t h i s c a s e , p r e c u r s o r c o m p l e x f o r m a t i o n d e p e n d s u p o n t h e l a b i l i t y 
o f t h e i n c o m i n g m e t a l i o n , r a t h e r t h a n t h a t o f t h e o x i d e s u r f a c e 
s i t e , s i n c e t h e i n n e r c o o r d i n a t i o n l i g a n d s o f t h e s u r f a c e s i t e a r e 
n o t e x c h a n g e d ( 2 6 ) . 

R a t e s o f l i g a n d e x c h a n g e d e p e n d q u i t e s t r o n g l y on t h e c o o r d i n a 
t i v e e n v i r o n m e n t o f t h e m e t a l c e n t e r . The w a t e r e x c h a n g e r a t e o f 
F e ( H 2 0 ) 5 ( O H ) 2 + i s a l m o s t t h r e e o r d e r s o f m a g n i t u d e h i g h e r t h a n t h a t 
o f F e ( H 2 0 ) ^ + , and f o l l o w s a d i s s o c i a t i v e , r a t h e r t h a n a n a s s o c i a t i v e 
e x c h a n g e m e c h a n i s m ( 2 0 ) . F e ( H 2 0 ) 5 ( O H ) 2 + h a s a l s o b e e n shown t o f o r m 
i n n e r - s p h e r e c o m p l e x e s w i t
h y d r o x y c a r b o x y l i c a c i d s (29
m e c h a n i s m f o r c o m p l e x f o r m a t i o n w i t h p h e n o l a t e a n i o n (A~) i s shown 
b e l o w ( 2 7 ) : 

F e ( H 2 0 ) ^ + F e ( H 2 0 ) 5 O H 2 + + H + K Q H = 2 . 7 5 x l 0 ~ 3 M (13) 

k 
F e ( H 2 0 ) ^ + + A " ~ ^ F e ( H 2 0 ) 5 A 2 + + H 2 0 (14) 

k 
- a 

F e ( H 2 0 ) 5 O H 2 + + A " ^ b » F e ( H 2 0 ) 4 ( 0 H ) A + + H 2 0 (15) 

k - b 

F e ( H 2 0 ) 4 ( O H ) A + + H + ^ a S $ F e ( H 2 0 ) 5 A 2 + (16) 

The c o n t r i b u t i o n o f r e a c t i o n 14 r e l a t i v e t o r e a c t i o n 15 i s i n s i g n i 
f i c a n t . R a t e c o n s t a n t s f o r a v a r i e t y o f s u b s t i t u t e d p h e n o l s a r e 
q u i t e s i m i l a r , i n d i c a t i n g t h a t a d i s s o c i a t i v e l i g a n d e x c h a n g e m e c h 
a n i s m i s o p e r a t i v e ( 2 7 ) . 

F o r r e a c t i o n s i n v o l v i n g m e t a l o x i d e s u r f a c e s i t e s , t h e s i t u a 
t i o n i s c o n s i d e r a b l y more c o m p l e x . N o t e i n r e a c t i o n 15 t h a t H2O, 
r a t h e r t h a n OH"", i s t h e l e a v i n g l i g a n d . I n t h e s u r f a c e l i g a n d 
e x c h a n g e r e a c t i o n , o n l y o u t f a c i n g c o o r d i n a t e d l i g a n d s a r e a v a i l a b l e 
f o r e x c h a n g e , s i n c e o t h e r c o o r d i n a t e d l i g a n d s a r e s h i e l d e d by s u r 
r o u n d i n g o x i d e . T h u s , r a t e s o f l i g a n d s u b s t i t u t i o n a t >Me0H 2 , 2 _ 
>Me0H, a n d >Me0~ s i t e s d e p e n d u p o n t h e a b i l i t y o f H2O, O H " , and 0 
t o a c t a s l e a v i n g l i g a n d s . M e t a l - l i g a n d b o n d l e n g t h s d e c r e a s e i n 
t h e o r d e r H20>OH~>0 2"*, and t h e r e f o r e t h e a b i l i t y t o a c t a s a l e a v i n g 
g r o u p may d e c r e a s e f o l l o w i n g t h e same t r e n d . 

O x i d e c o m p o s i t i o n and l a t t i c e s t r u c t u r e i n f l u e n c e s t h e c o o r d i n 
a t i v e e n v i r o n m e n t o f s u r f a c e s i t e s , a n d s h o u l d h a v e a n i m p a c t o n 
r a t e s o f l i g a n d s u b s t i t u t i o n . H e m a t i t e ( F e 2 Û 3 ) , g o e t h i t e ( α - F e O O H ) , 
and l e p i d o c r o c i t e ( γ - F e O O H ) , f o r e x a m p l e , a r e a l l F e ( I I I ) o x i d e / 
h y d r o x i d e s , b u t may e x h i b i t d i f f e r e n t r a t e s o f s u r f a c e c h e m i c a l 
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r e a c t i o n s b e c a u s e o f v a r i a t i o n s i n s u r f a c e s i t e b o n d l e n g t h s and 
g e o m e t r y . 

An a d d i t i o n a l c o m p l i c a t i n g f a c t o r i s t h e n o n u n i f o r m i t y o f s u r 
f a c e s i t e s , d i s c u s s e d a t l e n g t h by B e n j a m i n and L e c k i e ( 3 0 ) . L a t 
t i c e i m p e r f e c t i o n s , s u r f a c e i n h o m o g e n e i t i e s , and n e i g h b o r i n g g r o u p 
e f f e c t s b r o a d e n t h e d i s t r i b u t i o n o f s i t e e n e r g i e s , s u c h t h a t some 
s u r f a c e s i t e s h a v e h i g h e r a f f i n i t i e s f o r a d s o r b a t e m o l e c u l e s t h a n 
f o r o t h e r s . M o s t l i k e l y , r a t e s o f s u r f a c e c o m p l e x f o r m a t i o n a r e 
i n f l u e n c e d by t h e s e d i f f e r e n c e s i n s i t e e n e r g i e s . T h e E l o v i c h E q u a 
t i o n h a s b e e n u s e d t o m o d e l r a t e s o f a d s o r p t i o n on n o n - u n i f o r m s u r 
f a c e s ( 3 1 , 3 2 ) . I t i s b a s e d o n t h e a s s u m p t i o n t h a t a c t i v a t i o n e n e r 
g i e s f o r a d s o r p t i o n i n c r e a s e l i n e a r l y w i t h i n c r e a s i n g s u r f a c e c o v e r 
a g e . 

S u r f a c e s p e c i a t i o n c a n be e x p e c t e d t o h a v e a t r e m e n d o u s i m p a c t 
on r a t e s o f p r e c u r s o r c o m p l e x f o r m a t i o n . R^ , t h e r a t e o f p r e c u r s o r 
c o m p l e x f o r m a t i o n , may d e p e n
t i o n , s i n c e l i g a n d e x c h a n g
v a r y s u b s t a n t i a l l y : 

R± = k - j H A ] [>Me0H*] + k ^ [HA] [>MeOH] + k^ [HA] [>MeO""] (17) 

A d d i t i o n a l s u r f a c e s p e c i e s f o r m when s p e c i f i c a l l y - a d s o r b i n g i o n s 
s u c h a s c a l c i u m and p h o s p h a t e a r e a d d e d : >MeOCa + , >MeP04H2» 
>MeP04H", >MeP0?~, >Me 2P04H, and >Me 2P0£. N o n - l a b i l e s u r f a c e g r o u p s 
a r e n o t a v a i l a b l e f o r r e a c t i o n , w h i l e o t h e r , s l o w l y - e x c h a n g i n g s i t e s 
c a n g r a d u a l l y b e r e p l a c e d b y i n c o m i n g r e d u c t a n t m o l e c u l e s . 

E x p e r i m e n t s e x a m i n i n g t h e i n f l u e n c e o f c a l c i u m a n d p h o s p h a t e 
on t h e r e d u c t i v e d i s s o l u t i o n o f manganese o x i d e s by h y d r o q u i n o n e 
h a v e , i n f a c t , shown i n h i b i t i o n by a d s o r b e d i o n s (33) . A s t h e t o t a l 
p h o s p h a t e i n s o l u t i o n i s i n c r e a s e d , t h e r a t e o f Mn^+ r e l e a s e d i m i 
n i s h e d i n p r o p o r t i o n t o t h e p h o s p h a t e s u r f a c e c o v e r a g e . 

S u r f a c e C o v e r a g e and R e a c t i o n R a t e . I f p r e c u r s o r c o m p l e x f o r m a t i o n 
i s f a s t r e l a t i v e t o e l e c t r o n t r a n s f e r and p r o d u c t r e l e a s e , i t c a n 
be t r e a t e d a s a q u a s i - e q u i l i b r i u m s t e p : 

> M e i : E I 0 H + HA ^ ± > M e I I : E A + H 2 0 (18 ) 

Κ « k /k . - [ > ^ ' I l A ] (19) 
S 1 ~ L [ > M e l i J - 0 H ] [ H A ] 

P r o d u c t i o n o f r e d u c e d s u r f a c e s i t e s i s d i r e c t l y p r o p o r t i o n a l t o 
[ > M e I I I A ] . T h u s , t h e d i s t r i b u t i o n o f r e d u c e d s u r f a c e s i t e s and 
r a t e s o f s u b s e q u e n t m e t a l i o n r e l e a s e b o t h i n c r e a s e a s r e d u c t a n t 
s u r f a c e c o v e r a g e i s i n c r e a s e d . 

R e l a t i v e l y l i t t l e i s known a b o u t t h e s p e c i a t i o n o f o r g a n i c 
c o m p o u n d s , and o r g a n i c r e d u c t a n t s i n p a r t i c u l a r , when a d s o r b e d t o 
m e t a l o x i d e s . I t i s known t h a t s u r f a c e c o v e r a g e i s h i g h e r f o r 
b i d e n t a t e o r g a n i c l i g a n d s , s u c h as c a t e c h o l and s a l i c y l a t e , t h a n 
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f o r m o n o d e n t a t e l i g a n d s , s u c h a s b e n z o a t e a n d p h e n o l ( 34 , 3 5 ) . I t 
h a s b e e n shown t h a t s u r f a c e c o v e r a g e g e n e r a l l y i n c r e a s e s a s t h e pH 
i s l o w e r e d , a n d t h a t s t a b i l i t y c o n s t a n t s f o r s u r f a c e c o m p l e x e s a n d 
a n a l o g o u s m e t a l i o n c o m p l e x e s i n homogeneous s o l u t i o n c o o r d i n a t e 
w i t h o n e a n o t h e r ( 3 5 ) . 

A d s o r b e d o r g a n i c compounds do n o t n e c e s s a r i l y o c c u p y s u r f a c e 
s i t e s i n a r a n d o m f a s h i o n . F a v o r a b l e h y d r o p h o b i c i n t e r a c t i o n s , f o r 
e x a m p l e , may c a u s e some o r g a n i c compounds t o a d s o r b i n g r o u p s , 
e n h a n c i n g o v e r a l l s u r f a c e c o v e r a g e . E l e c t r o s t a t i c r e p u l s i o n b e t w e e n 
c h a r g e d a d s o r b a t e m o l e c u l e s , i n c o n t r a s t , may s p a c e m o l e c u l e s o n t h e 
s u r f a c e a p a r t f r o m o n e a n o t h e r . 

When f r e e r a d i c a l s o r o t h e r r e a c t i v e o r g a n i c s p e c i e s a r e g e n e r 
a t e d i n t h e e l e c t r o n t r a n s f e r s t e p , t h e p a t t e r n o f s u r f a c e c o v e r a g e 
may h a v e a d r a m a t i c i m p a c t o n t h e y i e l d s o f v a r i o u s p o s s i b l e o r g a n i c 
o x i d a t i o n p r o d u c t s . C o n s i d e r t h e o x i d a t i o n o f m e r c a p t a n s (RSH) by 
a m e t a l o x i d e s u r f a c e . O n e - e q u i v a l e n
r a d i c a l s (RS* ) w h i c h q u i c k l
f o r m a d i s u l f i d e p r o d u c t ( 3 6 ) . 

RSH + M e 1 1 1 ·* R S - + H + + M e 1 1 (20) 

R S ' + «SR -> RSSR (21) 

When two o r more m e r c a p t a n s a r e s i m u l t a n e o u s l y o x i d i z e d , a m i x t u r e 
o f s e v e r a l d i s u l f i d e p r o d u c t s c a n be f o r m e d . O x i d a t i o n o f m e r c a p t o -
a c e t a t e a n d η - b u t y l m e r c a p t a n (BSH) y i e l d s t h r e e p o s s i b l e d i s u l 
f i d e s : A S S A , A S S B , a n d B S S B . 

The E l e c t r o n T r a n s f e r S t e p . I n n e r - s p h e r e a n d o u t e r - s p h e r e m e c h a n 
i s m s o f r e d u c t i v e d i s s o l u t i o n a r e , i n p r a c t i c e , d i f f i c u l t t o d i s 
t i n g u i s h . R a t e s o f l i g a n d s u b s t i t u t i o n a t t e r v a l e n t and t e t r a v a l e n t 
m e t a l o x i d e s u r f a c e s i t e s , w h i c h c o u l d b e u s e d t o e s t i m a t e upwa rd 
l i m i t s on r a t e s o f i n n e r - s p h e r e r e a c t i o n , a r e n o t known t o any l e v e l 
o f c e r t a i n t y . 

T h e m o s t d i r e c t e v i d e n c e f o r s u r f a c e p r e c u r s o r c o m p l e x f o r m a 
t i o n p r i o r t o e l e c t r o n t r a n s f e r comes f r o m a s t u d y o f p h o t o r e d u c -
t i v e d i s s o l u t i o n o f i r o n o x i d e p a r t i c l e s by c i t r a t e ( 3 7 ) . C i t r a t e 
a d s o r b s t o i r o n o x i d e s u r f a c e s i t e s u n d e r d a r k c o n d i t i o n s , b u t 
r e d u c e s s u r f a c e s i t e s a t a n a p p r e c i a b l e r a t e o n l y u n d e r i l l u m i n a 
t i o n . T h u s , c i t r a t e s u r f a c e c o v e r a g e c a n be m e a s u r e d i n t h e d a r k , 
t h e n c o r r e l a t e d w i t h r a t e s o f r e d u c t i v e d i s s o l u t i o n u n d e r i l l u m i 
n a t i o n . R e s u l t s show t h a t i n i t i a l d i s s o l u t i o n r a t e s a r e d i r e c t l y 
r e l a t e d t o t h e amount o f s u r f a c e b o u n d c i t r a t e ( 3 7 ) . A d s o r p t i o n o f 
c a l c i u m and p h o s p h a t e h a s b e e n f o u n d t o i n h i b i t r e d u c t i v e d i s s o l u 
t i o n o f manganese o x i d e by h y d r o q u i n o n e ( 3 3 ) . T h e mos t l i k e l y 
e x p l a n a t i o n i s t h a t a d s o r b e d c a l c i u m o r p h o s p h a t e m o l e c u l e s b l o c k 
i n n e r - s p h e r e c o m p l e x f o r m a t i o n b e t w e e n m e t a l o x i d e s u r f a c e s i t e s 
a n d h y d r o q u i n o n e . 

T h e s t o i c h i o m e t r y o f s u r f a c e c o m p l e x e s a s w e l l a s t h e t o t a l 
s u r f a c e c o v e r a g e i s i m p o r t a n t i n d e t e r m i n i n g e l e c t r o n t r a n s f e r r a t e . 
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C o n s i d e r , f o r e x a m p l e , an o r g a n i c r e d u c t a n t t h a t f o r m s p r o t o n a t e d 
(>MeAH), n e u t r a l (>MeA) a n d o u t e r - s p h e r e (>MeOH, HA) s u r f a c e c o m 
p l e x e s . R 2 , t h e r a t e o f e l e c t r o n t r a n s f e r , i s d e t e r m i n e d by how 
q u i c k l y e l e c t r o n t r a n s f e r o c c u r s w i t h i n e a c h t y p e o f c o m p l e x . 

T T T + 1 T T T " T T T 
R 2 = k2[>MeLLLAU] + k 2 [ > M e L L L A ] + k 2 [ > M e ΟΗ,ΗΑ] (22 ) 

T h e pH d e p e n d e n c e o f t h e r e a c t i o n i s d e t e r m i n e d , i n p a r t , by t h e 
r e l a t i v e m a g n i t u d e o f k 2 , k2 » and k 2 . 

Few s t u d i e s h a v e s y s t e m a t i c a l l y e x a m i n e d how c h e m i c a l c h a r a c 
t e r i s t i c s o f o r g a n i c r e d u c t a n t s i n f l u e n c e r a t e s o f r e d u c t i v e d i s s o 
l u t i o n . O x i d a t i o n o f a l i p h a t i c a l c o h o l s a n d a m i n e s by i r o n , c o b a l t , 
a n d n i c k e l o x i d e - c o a t e d e l e c t r o d e s was e x a m i n e d by F l e i s c h m a n e t a l . 
( 3 8 ) . E x p e r i m e n t s r e v e a l e d t h a t r e d u c t a n t m o l e c u l e s a d s o r b t o t h e 
o x i d e s u r f a c e , a n d t h a t e l e c t r o n t r a n s f e r w i t h i n t h e s u r f a c e c o m 
p l e x i s t h e r a t e - l i m i t i n g s t e p . I t was a l s o f o u n d t h a t ( i ) a m i n e s 
a r e o x i d i z e d more q u i c k l
a l c o h o l s and a m i n e s a r
t e r t i a r y a n a l o g s , and ( i i i ) i n c r e a s e d c h a i n l e n g t h a n d b r a n c h i n g 
i n h i b i t t h e r e a c t i o n (38) . T h e t h r e e d i f f e r e n t t r a n s i t i o n m e t a l 
o x i d e s u r f a c e s e x h i b i t e d d i f f e r e n t b e h a v i o r a s w e l l . R a t e s o f a m i n e 
o x i d a t i o n by t h e o x i d e s c o n s i d e r e d d e c r e a s e d i n t h e o r d e r N i > Co > 
F e ; t h e t h e r m o d y n a m i c d r i v i n g f o r c e f o r r e a c t i o n a l s o d e c r e a s e s i n 
t h e same o r d e r . 

More r e c e n t l y , r e d u c t i v e d i s s o l u t i o n o f M n ( I I I , I V ) o x i d e s u s 
p e n s i o n s by 27 a r o m a t i c and n o n a r o m a t i c compounds was e x a m i n e d b y 
S t o n e a n d M o r g a n ( 3 9 ) . A t pH 7 . 2 , s a t u r a t e d a l c o h o l s , a l d e h y d e s , 
k e t o n e s , and c a r b o x y l i c a c i d s showed no r e a c t i v i t y , e x c e p t f o r 
p y r u v i c and o x a l i c a c i d s . C a t e c h o l s , h y d r o q u i n o n e s , m e t h o x y p h e n o l s , 
and r e s o r c i n o l s , a s w e l l a s a s c o r b a t e , d i s s o l v e d manganese o x i d e s 
a t a p p r e c i a b l e r a t e s . R a t e s o f p r e c u r s o r c o m p l e x f o r m a t i o n a n d 
i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r c o u l d n o t be d i s t i n g u i s h e d , s i n c e 
o n l y o v e r a l l r a t e s o f r e d u c t i v e d i s s o l u t i o n we re m e a s u r e d . I t was 
o b s e r v e d , h o w e v e r , t h a t e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s o n a r o m a 
t i c s u b s t r a t e s l o w e r t h e r e a c t i o n r a t e w i t h manganese o x i d e s , w h i l e 
e l e c t r o n - d o n a t i n g g r o u p s i n c r e a s e t h e r e a c t i o n r a t e ( 3 9 ) . R e c e n t , 
u n p u b l i s h e d r e s e a r c h o n r e d u c t i v e d i s s o l u t i o n by s u b s t i t u t e d p h e n o l s 
s u p p o r t s t h e s e f i n d i n g s . 

D i s s o l u t i o n o f R e d u c e d S u r f a c e S i t e s . F o l l o w i n g e l e c t r o n t r a n s f e r , 
r e d u c e d m e t a l i o n s a r e r e l e a s e d i n t o o v e r l y i n g s o l u t i o n . T h i s 
p r o c e s s i s s i m i l a r i n many r e s p e c t s t o d i s s o l u t i o n r e a c t i o n s n o t 
i n v o l v i n g c h a n g e s i n o x i d a t i o n s t a t e . T h i s l a t t e r c l a s s o f r e a c 
t i o n s h a s b e e n e x t e n s i v e l y s t u d i e d ( 5 , 7). T h e r a t e o f m e t a l i o n 
d e t a c h m e n t , r e p l a c i n g l a t t i c e b o n d s w i t h b o n d s t o s o l v e n t m o l e c u l e s , 
i s b e l i e v e d t o b e t h e r a t e - l i m i t i n g s t e p . R e l e a s e v i a p r o g r e s s i v e 
c l e a v a g e o f m e t a l - l a t t i c e b o n d s h a s b e e n p o s t u l a t e d by V a l v e r d e a n d 
Wagner ( 5 ) . P r o t o n a t i o n o f s u r f a c e s i t e s weakens M e - 0 l a t t i c e b o n d s , 
e n h a n c i n g d e t a c h m e n t (_7) . F r a c t i o n a l o r d e r s w i t h r e s p e c t t o [ H + ] 
a r e commonly o b s e r v e d i n d e t a c h m e n t - c o n t r o l l e d d i s s o l u t i o n r e a c t i o n s . 
To e x p l a i n t h i s o b s e r v a t i o n , i t h a s b e e n p o s t u l a t e d t h a t a r e q u i r e d 
number (n) o f n e i g h b o r i n g s u r f a c e s i t e s m u s t be p r o t o n a t e d b e f o r e 
d e t a c h m e n t c a n o c c u r ( 7 ) . 
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R j . n = k u {>MeOH*} n (23) 
d i s s o l u t i o n H 2 

S p e c i f i c a d s o r p t i o n o f l i g a n d s c a n e n h a n c e o r i n h i b i t d i s s o l u t i o n 
r a t e s by a l t e r i n g t h e s t r e n g t h and l a b i l i t y o f M e - 0 l a t t i c e b o n d s . 
S a l i c y l a t e , o x a l a t e , a n d c i t r a t e p r o m o t e t h e d i s s o l u t i o n o f a l u m i n a 
( 4 0 ) . I n t h e p r e s e n c e o f l i g a n d (L ) t h e d i s s o l u t i o n r a t e b e c o m e s 
(7): 

ι *.· = k__{>MeOH^} + k {>MeL} (24) 
d i s s o l u t i o n H 2 L 

O r g a n i c l i g a n d s w i t h o u t r e d o x r e a c t i v i t y t h a t c o o r d i n a t e m e t a l o x i d e 
s u r f a c e s i t e s h a v e b e e n f o u n d t o e n h a n c e r a t e s o f b o t h r e d u c t i v e 
and n o n - r e d u c t i v e d i s s o l u t i o n r e a c t i o n s ( 7 ) . 

R e d u c t i o n l o w e r s t h e c h a r g e t o r a d i u s r a t i o o f t r a n s i t i o n m e t a l 
i o n s , p r o m o t i n g h i g h e r r a t e s o f l i g a n d s u b s t i t u t i o n . R e d u c e d , d i 
v a l e n t o x i d a t i o n s t a t e s o f m a n g a n e s e , i r o n , c o b a l t , a n d n i c k e l a r e 
a l s o q u i t e s o l u b l e ( T a b l

T a b l e I I . S o l u b i l i t y P r o d u c t C o n s t a n t s f o r D i v a l e n t M e t a l I o n 
H y d r o x i d e s (41) 

R e a c t i o n l o g K 
[ M e 2 + ] a t pH 7 

s a t . r 

M n ( 0 H ) 2 ( s ) + 2 H + = M n 2 + + 2 H 2 0 1 5 . 2 1 5 . 9 M 

F e ( 0 H ) 2 ( s ) + 2 H + = F e 2 + + 2 H 2 0 1 2 . 9 7 . 9 x l 0 " 2 

C o ( 0 H ) 2 ( s ) + 2 H + = C o 2 + + 2 H 2 0 1 2 . 3 2 . 0 χ 1 θ " 2 

N i ( 0 H ) 2 ( s ) + 2 H + = N i 2 + + 2 H 2 0 1 0 . 8 6 . 3 x l 0 ~ 4 

The h i g h s o l u b i l i t y and l a b i l i t y o f r e d u c e d m e t a l c e n t e r s s h o u l d 
make m e t a l i o n r e l e a s e f a s t r e l a t i v e t o p r e c e d i n g s t e p s i n many 
r e d u c t i v e d i s s o l u t i o n r e a c t i o n s . 

E f f e c t o f O x i d e M i n e r a l o g y o n R e d u c t i v e D i s s o l u t i o n . O x i d e / h y d r o x 
i d e s u r f a c e s t r u c t u r e s and t h e c o o r d i n a t i v e e n v i r o n m e n t o f m e t a l 
c e n t e r s may c h a n g e s u b s t a n t i a l l y t h r o u g h o u t t h e c o u r s e o f a r e d u c 
t i v e d i s s o l u t i o n r e a c t i o n . N o n s t o i c h i o m e t r i c a n d m i x e d o x i d a t i o n 
s t a t e s u r f a c e s p r o d u c e d d u r i n g s u r f a c e r e d o x r e a c t i o n s may e x h i b i t 
d i s s o l u t i o n b e h a v i o r t h a t i s q u i t e d i f f e r e n t f r o m t h a t o b s e r v e d 
w i t h more u n i f o r m o x i d e a n d h y d r o x i d e m i n e r a l s . 

O x i d e m i n e r a l o g y may i n f l u e n c e r a t e s o f r e d u c t i v e d i s s o l u t i o n 
i n s e v e r a l w a y s . H e m a t i t e ( a - F e 2 0 ^ ) a n d m a g h e m i t e ( y - F e 2 0 3 ) , f o r 
e x a m p l e , h a v e t h e same s t o i c h i o m e t r y b u t c o n t a i n F e ( I I I ) i n q u i t e 
d i f f e r e n t c o o r d i n a t i v e e n v i r o n m e n t s . F e ( I I I ) i n h e m a t i t e o c c u p i e s 
t r i g o n a l l y - d i s t o r t e d o c t a h e d r a l s i t e s , w h i l e F e ( I I I ) i n m a g h e m i t e 
i s f o u n d i n b o t h o c t a h e d r a l and t e t r a h e d r a l s i t e s ( 4 2 ) . D i f f e r e n c e s 
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i n c o o r d i n a t i v e g e o m e t r y and M e - 0 b o n d l e n g t h s may i n f l u e n c e r a t e s 
o f ( i ) p r e c u r s o r c o m p l e x f o r m a t i o n , ( i i ) s u r f a c e e l e c t r o n t r a n s f e r , 
a n d ( i i i ) r a t e s o f r e d u c e d m e t a l i o n r e l e a s e f r o m t h e o x i d e l a t t i c e . 

Few c o m p a r a t i v e s t u d i e s h a v e b e e n made on t h e r e d u c t i v e d i s s o 
l u t i o n o f d i f f e r e n t m i n e r a l p h a s e s . I n one s u c h s t u d y , t h e o r d e r 
o f r e a c t i o n w i t h s e v e n o r g a n i c and t r a n s i t i o n m e t a l r e d u c t a n t s was 
f o u n d t o be t h e same : h e m a t i t e ( a - F e 2 Û 3 ) > m a g n e t i t e ( F e 3 U 4 ) > n i c k e l 
f e r r i t e ( N i F e 2 Û 4 ) ( 4 3 ) . M a g n e t i t e i s a n i n t e r e s t i n g c a s e , s i n c e 
b o t h F e ( I I I ) a n d F e ( I I ) a r e p r e s e n t i n t h e l a t t i c e p r i o r t o r e a c 
t i o n . E v i d e n c e i n d i c a t e s t h a t F e ( I I I ) s i t e s r e d u c e d t o F e ( I I ) s i t e s 
by r e d o x r e a c t i o n d i s s o l v e more q u i c k l y t h a n F e ( I I ) s i t e s o r i g i n a l l y 
p r e s e n t i n t h e m i n e r a l l a t t i c e ( 6 ) . 

S e m i c o n d u c t i n g p r o p e r t i e s o f t r a n s i t i o n m e t a l o x i d e s a r e a l s o 
p o t e n t i a l l y i m p o r t a n t i n r e d u c t i v e d i s s o l u t i o n r e a c t i o n s . A d s o r p 
t i o n o f t h e r m a l o r p h o t o c h e m i c a l e n e r g y e x c e e d i n g t h e band gap 
e n e r g y makes c r y s t a l l i n
f r o m one m e t a l c e n t e r t
r a n g e b e t w e e n 0 . 2 6 and 0 . 7 eV f o r manganese o x i d e s , a n d b e t w e e n 1 .1 
and 2 . 3 eV f o r i r o n o x i d e s ( 4 4 ) . The a v e r a g e v i b r a t i o n a l e n e r g y 
o f m o l e c u l e s i s a p p r o x i m a t e l y e q u a l t o k T , w h i c h h a s a v a l u e o f 
0 . 0 2 6 eV a t 25 °C ( 4 5 ) . Band gap e n e r g i e s o f manganese o x i d e s a r e 
s u f f i c i e n t l y l o w t h a t t h e r m a l e x c i t a t i o n o f e l e c t r o n s i n t o t h e 
c o n d u c t i o n b a n d may o c c u r t o a s i g n i f i c a n t e x t e n t a t r oom t e m p e r a 
t u r e . The d e g r e e o f c r y s t a l l i n i t y may d e t e r m i n e w h e t h e r o r n o t 
s e m i c o n d u c t i n g p r o p e r t i e s a r e s i g n i f i c a n t . I n p o o r l y o r d e r e d o x i d e s , 
e l e c t r o n t r a n s f e r may be r e s t r i c t e d by g a p s and i m p e r f e c t i o n s t h a t 
r e d u c e t h e amount o f o r b i t a l o v e r l a p b e t w e e n a d j a c e n t m e t a l c e n t e r s 
(M. F o x , p e r s . c o m m u n . ) . 

E l e c t r o n t r a n s f e r b e t w e e n m e t a l c e n t e r s c a n a l t e r t h e c o u r s e 
o f r e a c t i o n i n s e v e r a l ways ( 4 6 ) . T h e r m a l e x c i t a t i o n may c r e a t e 
e s p e c i a l l y r e a c t i v e e l e c t r o n h o l e s o n t h e o x i d e s u r f a c e , c a u s i n g 
r e d u c t a n t m o l e c u l e s t o be consumed a t t h e s u r f a c e a t a h i g h e r r a t e . 
Mo re i m p o r t a n t l y , e l e c t r o n s d e p o s i t e d o n s u r f a c e s i t e s by o r g a n i c 
r e d u c t a n t s may b e t r a n s f e r r e d t o m e t a l c e n t e r s w i t h i n t h e b u l k 
o x i d e ( 4 7 ) . T h i s r e t u r n s t h e s u r f a c e s i t e t o i t s o r i g i n a l o x i d a t i o n 
s t a t e , a l l o w i n g f u r t h e r r e a c t i o n w i t h r e d u c t a n t m o l e c u l e s t o o c c u r 
w i t h o u t r e l e a s e o f r e d u c e d m e t a l i o n s . E l e c t r o n t r a n s f e r b e t w e e n 
m e t a l c e n t e r s may t h e r e f o r e c a u s e c h a n g e s i n b u l k o x i d e c o m p o s i t i o n 
and d e l a y t h e o n s e t o f d i s s o l u t i o n . 

C o n c l u s i o n s 

R e d u c t i v e d i s s o l u t i o n o c c u r s v i a ( i ) s u r f a c e p r e c u r s o r c o m p l e x 
f o r m a t i o n b e t w e e n r e d u c t a n t m o l e c u l e s and o x i d e s u r f a c e s i t e s , ( i i ) 
e l e c t r o n t r a n s f e r w i t h i n t h i s s u r f a c e c o m p l e x , and ( i i i ) b r e a k d o w n 
o f t h e s u c c e s s o r c o m p l e x and r e l e a s e o f d i s s o l v e d m e t a l i o n s . S u r 
f a c e s p e c i a t i o n i s i m p o r t a n t i n d e t e r m i n i n g r a t e s o f e a c h o f t h e s e 
c o n t r i b u t i n g s t e p s . L i m i t e d a v a i l a b l e e v i d e n c e c o n c e r n i n g r a t e s 
and m e c h a n i s m o f s u r f a c e c h e m i c a l r e a c t i o n s a n d a n a l o g y t o s i m i l a r 
r e a c t i o n s i n homogeneous s o l u t i o n b o t h s u p p o r t t h i s c o n c l u s i o n . 
R a t e e x p r e s s i o n s f o r homogeneous r e a c t i o n s a r e w r i t t e n a s f u n c t i o n s 
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o f s p e c i e s c o n c e n t r a t i o n s , d e t e r m i n e d by s p e c t r o s c o p i c o r a l t e r n a 
t i v e m e t h o d s . D e t e r m i n a t i o n o f s u r f a c e s p e c i a t i o n i n h e t e r o g e n e o u s 
r e a c t i o n s i s c o n s i d e r a b l y more d i f f i c u l t , and t h e r e f o r e r a t e e x p r e s 
s i o n s a r e o f t e n w r i t t e n a s f u n c t i o n s o f c o m p o s i t e t e r m s ( s u c h a s 
t o t a l s u r f a c e c o v e r a g e ) o r a s f u n c t i o n s o f o v e r l y i n g s o l u t i o n c o m 
p o s i t i o n . C o m p r e h e n s i v e u n d e r s t a n d i n g o f r e d u c t i v e d i s s o l u t i o n 
r e a c t i o n s r e q u i r e s t h a t much more be l e a r n e d a b o u t s u r f a c e s p e c i a 
t i o n and i t s i m p a c t o n r a t e . 
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Abiotic Organic Reactions at Mineral Surfaces 

Evangelos A. Voudrias and Martin Reinhard 
Environmental Engineering and Science Group, Department of Civil Engineering, Stanford 
University, Stanford, CA 94305-4020 

Abiotic organic reactions, such as hydrolysis, elimina
tion, substitution, redox, and polymerization reactions, 
can be influenced by surfaces of clay and primary miner
als, and of metal
adsorption of the
sites. Temperature and moisture content are the most 
important environmental variables. Under ambient envi
ronmental temperatures, some reactions are extremely 
slow. However, even extremely slow transformation reac
tions may be important from environmental and geochemical 
viewpoints. 

A b i o t i c o r g a n i c r e a c t i o n s t h a t may be i n f l u e n c e d by m i n e r a l s u r f a c e s 
i n c l u d e h y d r o l y s i s , e l i m i n a t i o n , s u b s t i t u t i o n , r e d o x , a n d p o l y m e r 
i z a t i o n . The e f f e c t o f t h e s u r f a c e may be e i t h e r t o p r o m o t e 
( i n c r e a s e t h e r a t e o f ) o r t o i n h i b i t ( d e c r e a s e t h e r a t e o f ) r e a c 
t i o n s t h a t may o c c u r i n homogeneous s o l u t i o n . I n a d d i t i o n , m i n e r a l 
s u r f a c e s may p romote r e a c t i o n s t h a t do n o t o c c u r i n homogenous s o l u 
t i o n by s e l e c t i v e l y c o n c e n t r a t i n g m o l e c u l e s a t t h e m i n e r a l s u r f a c e 
(_1) > by s t a b i l i z i n g i n t e r m e d i a t e s (2 ) , a n d by a c t i v a t i n g c o m p o n e n t s 
t h a t w o u l d n o t o t h e r w i s e be r e a c t i v e ( 3 ) . 

G e n e r a l l y , t h e r e a c t i o n s o f i n t e r e s t i n v o l v e a s u b s t r a t e A a t 
t h e s u r f a c e s i t e S t o f o r m p r o d u c t Β ( E q u a t i o n 1 ) : 

I f S i s c o n s u m e d , t h e r e a c t i o n w i l l p r o c e e d u n t i l e i t h e r S o r A i s 
d e p l e t e d . H o w e v e r , when S i s r e g e n e r a t e d ( i . e . , S i s a c t i n g as a 
c a t a l y s t ) , t h e r e a c t i o n w i l l p r o c e e d u n t i l A i s c o n s u m e d . I n t h e 
l a t t e r c a s e , t h e s u r f a c e r e a c t i o n may be v i e w e d a s a s e q u e n c e o f t h e 
f o l l o w i n g e l e m e n t a r y p r o c e s s e s : ( 1 ) r e a c t a n t A a d s o r b s t o s i t e S, 
( 2 ) A f o rms t h e s u r f a c e p r e c u r s o r c o m p l e x (A*S) w h i c h t h e n f o rms t h e 
s u c c e s s o r c o m p l e x (B*S) a f t e r o v e r c o m i n g t h e a c t i v a t i o n e n e r g y o f 
t h e t r a n s i t i o n s t a t e d e n o t e d (A*S)#, a n d (3 ) Β d e s o r b s f r o m t h e s u r -

A + S -> Β ( 1 ) 

f a c e ( 4 ) : 

A + S — > A...S 

A. ..S ^ζέ A*S 

A*S -çz± (A*S)# çz± B*S 

B*S ^ ± Β + S 

( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 
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T h i s scheme d i s r e g a r d s mass t r a n s f e r l i m i t a t i o n s and r e p r e s e n t s o n l y 
a s i m p l i f i e d m o d e l . F o r m a t i o n o f A * S may i n v o l v e s p e c i f i c i n t e r a c 
t i o n s , s u c h as h y d r o g e n b o n d s , c o o r d i n a t i o n , o r π - comp l ex f o r m a t i o n , 
o r n o n - s p e c i f i c i n t e r a c t i o n s , s u c h as v a n d e r W a a l s o r h y d r o p h o b i c 
b o n d s . N o n - s p e c i f i c i n t e r a c t i o n s a r e i n s i g n i f i c a n t f o r s m a l l p o l a r 
m o l e c u l e s , b u t may c o n t r i b u t e s i g n i f i c a n t l y t o t h e s u r f a c e c o m p l e x 
f o r m a t i o n i f t h e h y d r o p h o b i c m o i e t y i s l a r g e (J>, 6). 

D e p e n d i n g u p o n t h e r e l a t i v e r a t e s o f r e a c t i o n s 2 t o 5 , s e v e r a l 
d i f f e r e n t l i m i t i n g c a s e s c a n be e v a l u a t e d . F o r e x a m p l e , ( 1 ) i f A i s 
n o t s o r b i n g , no p r e c u r s o r s u r f a c e c o m p l e x w i l l be f o r m e d and t r a n s 
f o r m a t i o n w i l l n o t o c c u r ; ( 2 ) i f s u r f a c e c o m p l e x a t i o n does n o t l o w e r 
t h e a c t i v a t i o n e n e r g y o f t h e r a t e - c o n t r o l l i n g s t e p o f t h e i n t e r m e d i 
a t e f o r m a t i o n , no r a t e a c c e l e r a t i o n r e l a t i v e t o t h e b u l k s o l u t i o n 
c a s e w i l l o c c u r ; ( 3 ) i f p r e c u r s o r o r s u c c e s s o r s u r f a c e c o m p l e x e s a r e 
s t a b i l i z e d t o o s t r o n g l y , p r o d u c t f o r m a t i o n w i l l be s l o w e d by a h i g h 
e n e r g y b a r r i e r ; and ( 4 ) i f Β i s s o r b e d t o o s t r o n g l y , t h e r e a c t i o n 
s i t e s a r e b l o c k e d and t h e r e a c t i o n c a n n o t p r o c e e d a t a p p r e c i a b l e 
r a t e s . S a b b a t i e r ' s r u l e
e f f e c t i s o b s e r v e d i f t h
d i a t e i s s t a b l e e n o u g h t h a t i t i s f o r m e d r e a d i l y , b u t n o t t o o s t a b l e 
so t h a t i t c a n be decomposed e a s i l y " (7_) · T h u s , c a t a l y s i s r e p r e 
s e n t s a s p e c i a l c a s e f o r w h i c h r e s t r i c t i v e c o n d i t i o n s a p p l y : m o d e r 
a t e l y s o r b i n g s u b s t r a t e s f o r m m o d e r a t e l y s t a b i l i z e d a c t i v a t e d 
s u r f a c e c o m p l e x e s , w h i c h i n t u r n r e a c t t o e a s i l y d e s o r b i n g p r o d u c t s . 

O b t a i n i n g m e c h a n i s t i c i n f o r m a t i o n a t t h e l e v e l o f d e t a i l d e 
s c r i b e d by E q u a t i o n s 2 t o 5 f o r r e a c t i o n s c a t a l y z e d by m i n e r a l s u r 
f a c e s i s q u i t e d i f f i c u l t f o r s e v e r a l r e a s o n s : ( 1 ) c h a r a c t e r i z a t i o n 
and q u a n t i f i c a t i o n o f a c t i v e s u r f a c e s i t e s i s c o m p l i c a t e d b e c a u s e 
t h e s e d i m e n t s u r f a c e i s d i f f i c u l t t o c h a r a c t e r i z e ; ( 2 ) many s u b 
s t r a t e s and p r o d u c t s w i t h a r a n g e o f p r o p e r t i e s may be c o m p e t i n g f o r 
r e a c t i o n s i t e s ; ( 3 ) s e v e r a l p r o d u c t s may be f o r m e d f r o m a s i n g l e 
s u b s t r a t e ; ( 4 ) p r o d u c t s may be f o r m e d t h a t a r e d i f f i c u l t t o r e c o v e r 
f r o m t h e m i n e r a l m a t r i x ; ( 5 ) unknown a c t i v e p h a s e s o r c o m p o n e n t s may 
be p r e s e n t i n t h e s e d i m e n t ; and ( 6 ) t h e r e a c t i o n s may be mass t r a n s 
f e r l i m i t e d . T h u s , m e c h a n i s t i c i n v e s t i g a t i o n s o f o r g a n i c r e a c t i o n s 
i n s e d i m e n t s y s t e m s h a v e b e e n m o s t l y r e s t r i c t e d t o r e l a t i v e l y w e l l -
d e f i n e d s y s t e m s , s u c h as h o m o i o n i c c l a y s , w h i c h a r e a c c e s s i b l e t o 
s p e c t r o s c o p i c i n v e s t i g a t i o n ( r e v i e w by T h e n g ( 8 ) and r e c e n t wo rks by 
Soma e t a l . ( 9 - 1 2 ) ) , p u r i f i e d o x i d e s , where mass l i m i t a t i o n s a r e 
i n s i g n i f i c a n t ( 1 3 - 1 8 ) , o r p r i m a r y m i n e r a l s ( 1 9 ) . 

The i n t e r e s t i n m i n e r a l - p r o m o t e d o r g a n i c r e a c t i o n s s t ems f r o m 
t h e n e e d t o u n d e r s t a n d t h e f a t e o f p e s t i c i d e s i n s o i l s and p o l l u t 
a n t s i n s e d i m e n t a r y e n v i r o n m e n t s ( 8 ) , p e t r o g e n e s i s ( 2 0 - 2 7 ) , h u m i f i -
c a t i o n ( 1 9 , 2 8 , 2 9 ) , t h e o r i g i n and e v o l u t i o n o f l i f e (1_, 3 0 ) , t h e 
u s e o f c l a y s as c a t a l y s t s i n i n d u s t r i a l p r o c e s s e s ( 3 1 - 3 7 ) , i n p h a r 
m a c e u t i c a l a p p l i c a t i o n s ( 3 ) , and a s p i g m e n t s and f i l l e r s i n p a p e r , 
p l a s t i c , and r u b b e r ( 3 7 ) . 

The m i n e r a l s u r f a c e may be c o n s i d e r e d a s a s o l i d s o u r c e o f 
L e w i s a n d / o r Bronsted a c i d i t y and t h e r e a c t i v e s i t e s S a s l o c a l i z e d 
a c i d i c o r b a s i c f u n c t i o n a l g r o u p s . R e a c t i o n s i n v o l v i n g s u c h s i t e s 
may be u n d e r s t o o d i n t e r m s o f L e w i s a c i d / b a s e o r Bronsted a c i d / b a s e 
i n t e r a c t i o n s (1_, 5, 6_, 8, 38). As t h e a c i d i t y o f t h e r e a c t i v e s i t e s 
i n c r e a s e s , i n c r e a s i n g l y weak b a s e s a r e n e u t r a l i z e d and r e a c t i v e 
s u r f a c e c o m p l e x e s ( A * S ) may be f o r m e d . The t e r m " a c i d i t y " i s o f t e n 
u s e d i n the b r o a d s e n s e o f t h e w o r d , i n c l u d i n g b o t h Bronsted and 
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L e w i s a c i d i t y . B r ^ n s t e d a c i d i t y r e f e r s t o t h e a b i l i t y o f t h e 
m i n e r a l s u r f a c e t o d o n a t e a p r o t o n and L e w i s a c i d i t y t o t h e a b i l i t y 
t o a c c e p t e l e c t r o n s , i . e . , t o a c t as a n o x i d i z i n g a g e n t ( 3 9 ) . We 
w i l l d i s c u s s e x a m p l e s o f h e t e r o g e n e o u s p r o c e s s e s i n v o l v i n g m i n e r a l 
s u r f a c e s and o r g a n i c o r i n o r g a n i c s p e c i e s . The r e v i e w has b e e n 
r e s t r i c t e d t o s y s t e m s w h i c h c a n be r e l a t e d t o s e d i m e n t a r y c o n d i t i o n s 
o r w h i c h h a v e m e c h a n i s t i c s i g n i f i c a n c e . 

R e a c t i o n s P r o m o t e d by t h e L e w i s and B r ^ n s t e d A c i d i t y o f 
C l a y M i n e r a l s 

C l a y M i n e r a l s as L e w i s A c i d s . L e w i s a c i d s i t e s i n a c l a y m i n e r a l 
a r e e x c h a n g e a b l e ( 2 ) o r s t r u c t u r a l ( 40 ) t r a n s i t i o n m e t a l c a t i o n s 
i n t h e h i g h e r v a l e n c e s t a t e , s u c h as F e 3 * and Cu , and o c t a h e d r a l l y 
c o o r d i n a t e d a l u m i n u m e x p o s e d a t t h e c r y s t a l edge s ( 3 8 ) . R e d u c t i o n 
o f b o t h e x c h a n g e d and s t r u c t u r a l ( o c t a h e d r a l ) t r a n s i t i o n m e t a l 
c a t i o n s i n t h e u p p e r o x i d a t i o n s t a t e i s a r e v e r s i b l e p r o c e s s ( 1 2 , 
4 1 ) . T h u s , t r a n s i t i o n m e t a
a l s o a c t a s L e w i s b a s e s
by L e w i s a c i d i t y a r e l i s t e d i n T a b l e I . L e w i s a c i d s i t e s r e v e r s i b l y 
a d s o r b w a t e r (6_, 9j 4 2 ) , w h i c h may t h u s s t r o n g l y compe te w i t h o r 
g a n i c compounds t h a t have weake r L e w i s b a s e p r o p e r t i e s , s u c h as 
a r o m a t i c h y d r o c a r b o n s . L e w i s a c i d i t y d e p e n d s o n t h e d e g r e e o f 
h y d r a t i o n and i s s t r o n g e s t u n d e r d e s i c c a t i n g c o n d i t i o n s . E x a m p l e s 
o f r e a c t i o n s t h a t a r e p r o m o t e d by L e w i s a c i d i t y a r e s u m m a r i z e d i n 
T a b l e I I . O t h e r e x a m p l e s have b e e n r e v i e w e d by So l omon and 
H o w t h o r n e ( 3 7 ) . 

C h a r g e T r a n s f e r Comp lex F o r m a t i o n and O x i d a t i o n R e a c t i o n s . I n s i g h t 
i n t o h e t e r o g e n e o u s r e a c t i o n m e c h a n i s m s i n v o l v i n g L e w i s a c i d i t y h a s 
b e e n o b t a i n e d by s t u d y i n g t h e f o r m a t i o n o f a r o m a t i c c h a r g e t r a n s f e r 
c o m p l e x e s w i t h v a r i o u s s m e c t i t e s u s i n g a c o m b i n a t i o n o f s p e c t r o 
s c o p i c t e c h n i q u e s , i n c l u d i n g e l e c t r o n s p i n r e s o n a n c e ( E S R ) , i n f r a r e d 
( I R ) , u l t r a v i o l e t / v i s i b l e a b s o r p t i o n (UV/V IS ) (9, 3 0 , 4 2 - 4 8 ) a n d , 
mos t r e c e n t l y , r e s o n a n c e Raman s p e c t r o s c o p y ( 9 - 1 2 ) . 

G e n e r a l l y , t h e p o t e n t i a l f o r c h a r g e t r a n s f e r becomes more 
f a v o r a b l e when t h e a r o m a t i c r i n g ha s e l e c t r o n d o n a t i n g s u b s t i t u e n t s 
( e . g . , OH , OMe, a l k y l ) , t h e m o i s t u r e c o n t e n t d e c r e a s e s , and t h e 
v a l e n c e s t a t e and t h e r e d u c t i o n p o t e n t i a l o f t h e t r a n s i t i o n m e t a l 
c a t i o n i s h i g h . ESR and IR s p e c t r a h a v e i n d i c a t e d t h a t i n t e r l a m e l -
l a r c o m p l e x e s f o rmed b e tween a r o m a t i c m o l e c u l e s and Cu - m o n t m o r i l -
l o n i t e may be o f two d i s t i n c t t y p e s : t y p e I , a π - c o m p l e x i n w h i c h 
t h e a r o m a t i c r i n g r e m a i n s i n t a c t ( i . e . , p l a n a r ) , and t y p e I I i n 
w h i c h t h e a r o m a t i c r i n g i s d i s t o r t e d a n d t h e a r o m a t i c i t y i s d i s 
t u r b e d ( 4 4 , 4 5 , 4 7 ) . R e c e n t work ( 1 0 - 1 2 ) ha s d e m o n s t r a t e d t h a t b o t h 
t y p e I and t y p e I I c o m p l e x e s may be monomers , d i m e r s , o r p o l y m e r s , 
d e p e n d i n g on t h e s u b s t i t u t i o n o f t h e p a r e n t compound . 

Soma e t a l . ( 9 ) s t u d i e d t h e i n t e r a c t i o n b e tween a R u ^ - and 
Cu - e x c h a n g e d m o n t m o r i l l o n i t e and p - d i m e t h o x y b e n z e n e (DMBO) u n d e r 
d e s i c c a t i n g c o n d i t i o n s a t room t e m p e r a t u r e . On t h e b a s i s o f Raman, 
IR , and V IS a b s o r p t i o n s p e c t r a , t h e y d e m o n s t r a t e d t h a t DMOB i s 
s t a b l y a d s o r b e d on C u 2 + and R u 3 + - e x c h a n g e d m o n t m o r i l l o n i t e s a s a 
r a d i c a l c a t i o n . O x i d a t i o n by t h e m e t a l c a t i o n was f o u n d t o be 
r e v e r s i b l e i n t h e p r e s e n c e o f w a t e r v a p o r : 
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T a b l e I . P a r a m e t e r s C o n t r o l l i n g R e a c t i o n s P r o m o t e d by L e w i s S i t e s 
o f C l a y M i n e r a l s 

T y p e o f L e w i s S i t e 

1. L e w i s a c i d s i t e s : 
- edge s i t e s o f m e t a l i o n s w i t h u n s a t i s f i e d c o o r d i n a t i o n 
- t r a n s i t i o n m e t a l i o n s i n t h e u p p e r o x i d a t i o n s t a t e e x c h a n g e d i n 
t h e i n t e r l a y e r r e g i o n o r i n c o r p o r a t e d i n t o t h e c l a y s t r u c t u r e 

2 . L e w i s b a s e s i t e s : 
- d i t r i g o n a l c a v i t i e s i n t h e i n t e r l a y e r r e g i o n 
- t r a n s i t i o n m e t a l c a t i o n s i n t h e l o w e r o x i d a t i o n s t a t e e x c h a n g e d 
i n t h e i n t e r l a y e r r e g i o n o r i n c o r p o r a t e d i n t o t h e c l a y s t r u c t u r e . 

C l a y P r o p e r t i e s 
- c h a r g e d e n s i t y 
- c l a y s t r u c t u r e 
- i n t e r l a y e r s p a c i n g , s w e l l i n g 
- r e d o x p o t e n t i a l 
- p o l a r i z a t i o n power 

S u b s t r a t e P r o p e r t i e s 
- s i z e 
- i o n i z a t i o n p o t e n t i a l 
- s t a b i l i t y o f r a d i c a l , r a d i c a l c a t i o n i n t e r m e d i a t e s 
- L e w i s b a s i c i t y / a c i d i t y 
- c o m p l e x a t i o n a b i l i t y 
- r e d o x p o t e n t i a l o f s u b s t r a t e 

R e a c t i o n C o n d i t i o n s 
- m o i s t u r e c o n t e n t 
- t e m p e r a t u r e 
- o x y g e n 
- o r g a n i c c o - s o l u t e s 
- h u m i c s u b s t a n c e s 
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T a b l e I I . O r g a n i c R e a c t i o n s A f f e c t e d by S u r f a c e L e w i s - A c i d i t y o f 
C l a y M i n e r a l s 

R e a c t i o n E x a m p l e s R e f e r e n c e s 

4 . 

5 . 

C h a r g e T r a n s f e r C o m p l e x a t i o n o f 
N - h e t e r o c y c l e s r i b o f l a v i n e 

F o r m a t i o n o f M o n o m e r i c C a t i o n s f r o m 

(30) 

p - s u b s t i t u t e d b e n  p - d i m e t h o x y b e n z e n e ( 55 ) 
z e n e s 

4 , 4 f - s u b s t i t u t e d 4 , 4 * - d i m e t h o x y b i p h e n y 1 ( 12 ) 
b i p h e n y l s 

D i m e r i z a t i o n o f 
m o n o s u b s t i t u t e d b e n  t o l u e n e , m e s i t y l e n e , x y l e n e s 

z e n e s , symm. p h e n o l w i t h C u ( I I ) - S ( 4 4 ) 
a r e n e s b i p h e n y l , n a p h t h a l e n e n e , 

a n t h r a c e n e w i t h C u ( I I ) - M ( 4 6 ) 
a r o m a t i c e t h e r s 

O l i g o - a n d P o l y m e r i z a t i o n o f 
a r o m a t i c h y d r o 

c a r b o n s b e n z e n e , t o l u e n e ( 42 ) 
p h e n o l s p h e n o l , p h e n o l m i x t u r e s , 

p h e n o l - a m i n o a c i d m i x t u r e s ( 4 9 , 5 5 , 
6 1 , 2 9 , .L4 ) 

symm. a r e n e s b e n z e n e , b i p h e n y l , 
a n t h r a c e n e ( 46 ) 

a r o m a t i c e t h e r s a n i s o l e , b u t y l p h e n y l e t h e r ( 4 5 , 55 ) 
w i t h C u ( I I ) - H 

a r o m a t i c a m i n e s 4 , 4 * - d i a m i n o b i p h e n y l ( 43 ) 
( b e n z i d i n e ) by M ( 2 , 4 0 , 51) 
a n i l i n e by F e ( I I I ) , C u ( I I ) - M ( 2 8 , 64 ) 

L i g a n d E x c h a n g e R e a c t i o n s 
a r o m a t i c a m i n e s H^O a g a i n s t a n i l i n e i n 

C u ( I I ) - H 

H y d r o g e n E x c h a n g e o f 
a l k y l h y d r o g e n s H -cumene d e t r i t i a t i o n 

7 . Redox D i s p r o p o r t i o n a t i o n o f 
a l k e n e s 

8 . O x i d a t i o n o f 
h y d r o q u i n o n e 
p h e n o l s 

l i m o n e n e t o p - m e n t h e n e 
a n d p - cumene 

by S t o b e n z o q u i n o n e 
p h e n o l w i t h F e ( I I I ) , C u ( I I ) - S 
a n i s o l e by C u ( I I ) - S 
2 , 6 - d i m e t h y l p h e n o l 
m e t h y l and C l - p h e n o l by S 

( 6 4 ) 

( 24 ) 

( 5 6 , 90 ) 

( 54 ) 
( 49 ) 
( 45 ) 

( 5 5 ) 
( 57 ) 

S : s m e c t i t e ; M : m o n t m o r i l l o n i t e ; H : h e c t o r i t e . 
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C u 2 + ( H 2 0 ) n [ c l a y ] + DMOB C u + ( H 2 0 ) n - m [ c l a y ] + DMOBÎ + m H 2 0 (6 ) 

I n s u b s e q u e n t w o r k , Soma e t a l . ( 1 2 ) s t u d i e d t h e r e a c t i o n s o f 
4 , 4 , - d i m e t h o x y b i p h e n y l ( 4 , 4 f - D M 0 B P ) , a n i s o l e , t o l u e n e , c h l o r o - and 
f l u o r o b e n z e n e , a n d p h e n o l w i t h C u 2 - , F e - , a n d Ru - e x c h a n g e d 
m o n t m o r i l l o n i t e u n d e r d e s s i c a t i n g c o n d i t i o n s and r e s o n a n c e Raman, 
E S R , a n d V IS a b s o r p t i o n s p e c t r o s c o p y . They f o u n d t h a t 4 , 4 f - D M O B P 
f o rms two t y p e s o f c o m p l e x e s , b o t h c o r r e s p o n d i n g t o 4 , 4 ' - D M 0 B P r a d i 
c a l c a t i o n . One c o m p l e x i s s u s c e p t i b l e t o a t t a c k by w a t e r a n d i s 
r e a d i l y r e d u c e d t o 4 , 4 * - D M B P . The o t h e r i n t e r a c t s s t r o n g l y w i t h i t s 
s u r r o u n d i n g s ( e . g . , 4 , 4 , - D M O B P m o l e c u l e , e x c h a n g e c a t i o n , a n d s i l i 
c a t e l a y e r ) w h i c h p r o t e c t s i t a g a i n s t r e a c t i o n w i t h w a t e r . 

I n t h e p r e s e n c e o f t h e m e t a l - e x c h a n g e d m o n t m o r i l l o n i t e , a n i s o l e 
i s c o n v e r t e d t o i t s r a d i c a l c a t i o n f o r m , w h i c h r e a c t s f u r t h e r w i t h 
n e u t r a l a n i s o l e t o f o r m t h e 4 , 4 ' - D M 0 B P . F o r m a t i o n o f t h e l a t t e r a p 
p e a r s q u a n t i t a t i v e i n a c l a y where o n l y o n e - e i g h t h o f t h e e x c h a n g e 
a b l e c a t i o n s a r e Cu a n d t h e r e m a i n i n g a r e Na i o n s . H o w e v e r , i n 
f u l l y e x c h a n g e d Cu + - m o n t m o r i l l o n i t e
a n i s o l e c a t i o n s a r e s t a b l e
Cu + - a n i s o l e c o m p l e x e s r e s t r i c t s a c c e s s o f n e u t r a l a n i s o l e m o l e c u l e s 
( 1 2 ) . P h e n o l r e a c t s t o 4 , 4 ' - d i h y d r o x y b i p h e n y l ( 1 2 , 4 9 ) , bu t o t h e r , 
n o t y e t i d e n t i f i e d , r e a c t i o n s a p p e a r t o o c c u r i n p a r a l l e l . T o l u e n e 
was s u s p e c t e d t o r e a c t t o a m e t h y l p h e n y l p h e n y l m e t h a n e a n d was t h e 
o n l y m o n o s u b s t i t u t e d b e n z e n e i n v e s t i g a t e d t h a t doe s n o t r e a c t t o a 
b i p h e n y l - t y p e p r o d u c t ( 1 2 ) . 

A n o t h e r w e l l - s t u d i e d e l e c t r o n t r a n s f e r r e a c t i o n i s t h e o x i d a 
t i o n o f aqueous b e n z i d i n e i n t h e p r e s e n c e o f v a r i o u s c l a y s (2, 4 0 , 
4 3 , 5 0 , 5 1 ) . An e l e c t r o n f r o m t h e c o l o r l e s s b e n z i d i n e m o l e c u l e i s 
a b s t r a c t e d by t h e c l a y w i t h f o r m a t i o n o f a b l u e m o n o v a l e n t r a d i c a l 
c a t i o n . Upon d r y i n g o f t he b l u e c l a y - b e n z i d i n e s y s t e m , a y e l l o w 
c o l o r i s p r o d u c e d . T h e r e i s d i s a g r e e m e n t i n t h e l i t e r a t u r e w i t h 
r e s p e c t t o t h e c h e m i c a l i d e n t i t y o f t h e y e l l o w p r o d u c t ( 2 , 4 0 , 5 2 ) ; 
h o w e v e r , i n t h e c a s e o f h e c t o r i t e , t h e y e l l o w p r o d u c t h a s b e e n s u g 
g e s t e d t o be t h e p r o t o n a t e d f o r m o f t h e r a d i c a l c a t i o n ( d i v a l e n t 
r a d i c a l c a t i o n ) (2, 5 2 ) . T h e r e i s a l s o d i s a g r e e m e n t a b o u t w h e t h e r 
t h e e l e c t r o n - a c c e p t i n g s i t e s o f t h e c l a y a r e f e r r i c i r o n a t t h e 
p l a n a r s u r f a c e s , a l u m i n u m i o n s a t t h e e d g e s , o r e x c h a n g e a b l e c a t i o n s 
d> 8 ) . 

I n t h e c a s e o f h e c t o r i t e , a f a s t f a i n t - b l u e c o l o r i n g r e a c t i o n 
a n d a s l o w i n t e n s e - b l u e c o l o r i n g r e a c t i o n were o b s e r v e d ( 2 ) . The 
f a s t f a i n t - b l u e c o l o r i n g r e a c t i o n , w h i c h o c c u r r e d a l s o i n a N 2 a t m o 
s p h e r e , was a t t r i b u t e d t o o x i d a t i o n o f e x t r e m e l y s m a l l q u a n t i t i e s o f 
b e n z i d i n e by s t r u c t u r a l F e ( I I I ) (2). The i n t e n s e - b l u e c o l o r i n g 
r e a c t i o n was a t t r i b u t e d t o o x i d a t i o n by 0 2 , b e c a u s e i t d i d n o t o c c u r 
u n d e r Ν 2 · The much s l o w e r r a t e o f t h i s r e a c t i o n was e x p l a i n e d by 
s l o w d i f f u s i o n o f 0 2 · C o l o r f o r m a t i o n was p r e v e n t e d by t r e a t m e n t o f 
t h e c l a y w i t h h y d r a z i n e f o r r e d u c t i o n o f F e ( I I I ) t o F e ( I I ) , and by 
t r e a t m e n t o f t h e c l a y w i t h p o l y p h o s p h a t e f o r d e a c t i v a t i o n o f t h e 
c r y s t a l edges ( 4 3 ) . Howeve r , M c B r i d e ( 2 ) i n t e r p r e t e d t h e a c t i o n o f 
t h e p o l y p h o s p h a t e d i f f e r e n t l y . He s u g g e s t e d t h a t i n h i b i t i o n o f t h e 
r e a c t i o n w i t h 0 2 i s due t o t h e i n c r e a s e d pH o f t h e s o l u t i o n a s 
o p p o s e d t o b l o c k i n g o f t h e A l i o n s a t t h e e d g e s . O x i d a t i o n o f 
b e n z i d i n e by e l e c t r o n t r a n s f e r t o e x c h a n g e a b l e c a t i o n s s u c h a s Cu 
a n d F e i s a l s o p o s s i b l e b u t , i n t e r e s t i n g l y , d i f f e r e n t f o rms o f 
s u r f a c e - a d s o r b e d F e ( I I I ) i m p u r i t i e s were f o u n d i n a c t i v e ( 2 ) . 
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T h e r o l e o f s t r u c t u r a l F e ( I I I ) i n r e a c t i o n s w i t h b e n z i d i n e was 
a l s o d e m o n s t r a t e d by M o s s b a u e r s p e c t r o s c o p y a t v e r y h i g h a d s o r p t i o n 
l e v e l s ( i . e . , i n t e r c a l a t i o n c o n d i t i o n s ) o n m o n t m o r i l l o n i t e ( 4 0 ) . 
Upon d e h y d r a t i o n o f t h e c l a y , a y e l l o w c o l o r a n d r e g e n e r a t i o n o f 
F e + t o F e was o b s e r v e d . T h i s was e x p l a i n e d by t h e e q u i l i b r i a 

The s o u r c e o f H"1" i s t h e d i s s o c i a t i o n o f c o o r d i n a t e d w a t e r ( s e e s e c 
t i o n on B r ^ n s t e d a c i d ) . The p r o t o n a t i o n o f b e n z i d i n e ( E q u a t i o n 8 ) 
s h i f t s t h e o x i d a t i o n r e a c t i o n ( E q u a t i o n 7 ) t o t h e l e f t . 

T h e p r e s e n c e o r a b s e n c
number o f o t h e r o r g a n i c
w i t h a l k a l i o r a l k a l i n e e a r t h c a t i o n s , o x i d a t i o n o f a n i l i n e i n t h e 
p r e s e n c e o f s m e c t i t e s ( 5 0 ) a n d d i m e t h y l a n i l i n e i n t h e p r e s e n c e o f 
L a p o n i t e ( 5 3 ) t o o k p l a c e o n l y i n t h e p r e s e n c e o f o x y g e n . Oxygen was 
n o t r e q u i r e d , h o w e v e r , when t h e e x c h a n g e c a t i o n s we re F e o r Cu . 
S i m i l a r b e h a v i o r was o b s e r v e d i n t h e o x i d a t i o n o f h y d r o q u i n o n e t o 
p - b e n z o q u i n o n e i n s m e c t i t e s l u r r i e s ( 5 4 ) . The f o r m a t i o n o f b i p h e n y l -
d i o l s and d i p h e n o q u i n o n e s f r o m 2 , 6 - x y l e n o l i n t h e i n t e r l a y e r o f 
Cu - m o n t m o r i l l o n i t e s i s r e t a r d e d i n a n i t r o g e n a t m o s p h e r e ( 5 5 ) . 
Oxygen s e r v e s a s t h e o x y d a n t t o r e o x i d i z e t h e C u + c a t i o n t o t h e 
r e a c t i v e Cu · Oxygen h a s a l s o b e e n p r o p o s e d t o o x i d i z e t h e p h e n o l 
r a d i c a l c a t i o n t o t h e p heno xy r a d i c a l , w h i c h may r e a c t w i t h p h e n o l 
m o l e c u l e s , o l i g o m e r s , o r p o l y m e r s ( 5 5 ) . 

C l a y s may a l s o p r o m o t e e l e c t r o n t r a n s f e r b e t w e e n a d s o r b e d 
o r g a n i c r e a c t a n t s . T h i s p r o c e s s i s t e r m e d r e d o x d i s p r o p o r t i o n a t i o n 
i f t h e e l e c t r o n t r a n s f e r o c c u r s b e tween two i d e n t i c a l s p e c i e s . The 
f o r m a t i o n o f p - c y m e n e a n d p - m e n t h e n e f r o m p - m e n t h e n e i s a n e x a m p l e 
( 5 6 ) . I n t h e p r e s e n c e o f 0 2 , p o l y m e r s were t h e m a i n p r o d u c t s . 
Redox d i s p r o p o r t i o n a t i o n i n c r e a s e d w i t h t h e a c i d i t y o f t h e c l a y a n d 
may be B r ^ n s t e d a c i d - c a t a l y z e d . The m e c h a n i s m was n o t e s t a b l i s h e d , 
h o w e v e r . 

O x i d a t i v e P o l y m e r i z a t i o n R e a c t i o n s . C l a y s c a n i n i t i a t e p o l y m e r i z a 
t i o n o f u n s a t u r a t e d compounds t h r o u g h f r e e r a d i c a l m e c h a n i s m s . A 
f r e e r a d i c a l R e , w h i c h may be f o r m e d by l o s s o f a p r o t o n a n d 
e l e c t r o n t r a n s f e r f r o m t h e o r g a n i c compound t o t h e L e w i s a c i d s i t e 
o f t h e c l a y o r , a l t e r n a t i v e l y , a f r e e r a d i c a l c a t i o n , R + e , w h i c h may 
be f o rmed by e l e c t r o n t r a n s f e r o f a n e l e c t r o n f r o m t h e o r g a n i c c o m 
pound t o t h e L e w i s a c i d s i t e o f t h e c l a y , c a n a t t a c k a d o u b l e bond 
o r a n a r o m a t i c r i n g i n t h e same manner a s a n e l e c t r o p h i l e . The 
i n t e r m e d i a t e f o r m e d i s r e l a t i v e l y s t a b l e b e c a u s e o f r e s o n a n c e , b u t 
c a n r e a c t w i t h a n o t h e r a r o m a t i c r i n g t o f o r m a l a r g e r , bu t c h e m i 
c a l l y v e r y s i m i l a r , s p e c i e s . R e p e t i t i o n o f t h e p r o c e s s c a n p r o d u c e 
o l i g o m e r s ( d i m e r s , t r i m e r s ) a n d , e v e n t u a l l y , p o l y m e r s . 

T h e m e c h a n i s m i n d i c a t e d i n F i g u r e 1 i s p o s t u l a t e d f o r t h e c l a y -
c a t a l y z e d p o l y m e r i z a t i o n o f p h e n o l s t h r o u g h r a d i c a l c a t i o n s . A c 
c o r d i n g t o t h i s s chem e , an a c c e p t o r f o r one e l e c t r o n , s u c h a s C u ( I I ) 
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o r F e ( I I I ) , m u s t be p r e s e n t f o r t h e r a d i c a l c a t i o n t o f o r m . I n t h e 
p r e s e n c e o f 0 2 t h e r e d u c e d m e t a l c a t i o n may be r e o x i d i z e d w h i c h 
w o u l d r e s u l t i n t h e scheme shown i n F i g u r e 2 . T h i s scheme r a t i o n a l 
i z e s t h e a p p a r e n t s t a b i l i t y o f p h e n o l s i n r e d u c e d s y s t e m s o f c l a y s 
( 5 4 , 5 7 ) , and a n a e r o b i c a q u i f e r s ( 5 8 ) , where a s u i t a b l e o x i d a n t i s 
l a c k i n g . The schemes shown i n F i g u r e s 1 a n d 2 i n d i c a t e t h e r o l e o f 
c l a y s a s h o s t s f o r m e t a l c a t i o n s and t h e i r r e d o x p r o p e r t i e s . How
e v e r , s i m i l a r p h e n o l c o u p l i n g r e a c t i o n s may be p r o m o t e d i n t h e 
p r e s e n c e o f a number o f o x i d a n t s ( s u c h a s 0 2 > H 2 0 2 , M n 0 2 , e n z y m e s , 
a n d c e l l - f r e e e x t r a c t s ) ( 5 9 ) . 

When p h e n o l was a d s o r b e d on F e - o r Cu - s m e c t i t e u n d e r d e h y 
d r a t i o n c o n d i t i o n s , h i g h e r m o l e c u l a r w e i g h t p r o d u c t s were f o r m e d 
( 4 9 , 5 5 ) . ESR s p e c t r a o f t h e f r e s h Cu - s m e c t i t e - p h e n o l c o m p l e x 
i n d i c a t e d f o r m a t i o n o f r a d i c a l c a t i o n s . A n a l y s i s by mass s p e c t r o m e 
t r y and g e l p e r m e a t i o n c h r o m a t o g r a p h y i n d i c a t e d t h e p r e s e n c e o f 
d i m e r s , t r i m e r s , a n d t e t r a m e r s , b u t h i g h e r m o l e c u l a r w e i g h t p o l y m e r s 
( n o n - a n a l y z a b l e by mass s p e c t r o m e t r y ) were a l s o p r e s e n t . The e x p e r 
i m e n t s were c o n d u c t e d b
p h e n o l f r o m a d i f f e r e n t c o n t a i n e r
e t a l . ( 5 5 ) p r o p o s e d t h a t p o l y m e r i z a t i o n c a n be i n i t i a t e d by t h e 
p h e n o x y r a d i c a l . The p h e n o x y r a d i c a l may a t t a c k a t e i t h e r t h e p a r a 
o r t h e o r t h o p o s i t i o n . P o l y m e r i z a t i o n was a l s o o b s e r v e d i n b e n z e n e , 
a n d b e n z e n e - a n i s o l e and p h e n o l s y s t e m s , b u t t h e s e e x p e r i m e n t s were 
c o n d u c t e d by r e f l u x i n g t h e c l a y w i t h t h e o r g a n i c s u b s t r a t e ( 4 9 ) . 
P i n n a v a i a e t a l . ( 47 ) i n t h e i r s p e c t r o s c o p i c s t u d y o n t y p e I a n à \ + 

t y p e I I c o m p l e x f o r m a t i o n o f b e n z e n e , t o l u e n e , a n d a n i s o l e o n F e 
and VO + e x c h a n g e f o rms o f h e c t o r i t e u n d e r d e h y d r a t i o n c o n d i t i o n s 
a l s o n o t e d t h e f o r m a t i o n o f p o l y m e r i c p r o d u c t . When b e n z e n e was 
s u b j e c t e d t o t h e same r e a c t i o n c o n d i t i o n s , p o l y ( p - p h e n y l e n e ) c a t i o n s 
were i d e n t i f i e d i n t h e i n t e r l a y e r s o f t h e c l a y m i n e r a l o n t h e b a s i s 
o f r e s o n a n c e Raman s p e c t r a . When t h e d r y c l a y - p o l y m e r c o m p l e x was 
e x p o s e d t o w a t e r v a p o r , t h e i n t e r l a y e r c a t i o n was r e - o x i d i z e d a n d 
t h e p o l y ( p - p h e n y l e n e ) c a t i o n s were r e d u c e d t o p o l y ( p - p h e n y l e n e ) . 
The r e a c t i o n o f Cu - a n d Ru - m o n t m o r i l l o n i t e s w i t h b i p h e n y l a n d 
p - t e r p h e n y l g ave t h e p r o d u c t s o f d i f f e r e n t c h a i n l e n g t h ( 1 0 , 1 1 ) . 

I s a a c s o n a n d Sawhney ( 6 0 ) s t u d i e d t h e r e a c t i o n s o f a number o f 
p h e n o l s and s m e c t i t e w i t h t r a n s i t i o n m e t a l (Cu , F e + ) a n d n o n -
t r a n s i t i o n m e t a l e x c h a n g e a b l e c a t i o n s . IR s p e c t r a o f t h e c l a y -
p h e n o l c o m p l e x e s showed t h a t a l l t h e c l a y s s t u d i e d t r a n s f o r m e d t h e 
s o r b e d p h e n o l s . The t r a n s f o r m a t i o n o c c u r r e d t o a much g r e a t e r 
e x t e n t i n c l a y s w i t h t r a n s i t i o n m e t a l c a t i o n s t h a n i n t h o s e w i t h t h e 
n o n - t r a n s i t i o n m e t a l c a t i o n s . I n a s u b s e q u e n t s t u d y , Sawhney e t 
a l . ( 61 ) s t u d i e d t h e p o l y m e r i z a t i o n o f 2 , 6 - d i m e t h y l p h e n o l o n a i r -
d r i e d h o m o i o n i c N a - , C a - , A 1 - , a n d F e - s m e c t i t e a t 5 0 ° C . A p o r t i o n 
o f t h e a d s o r b e d 2 , 6 - d i m e t h y l p h e n o l was t r a n s f o r m e d i n t o d i m e r s , t r i 
m e r s , t e t r a m e r s , a n d q u i n o n e - t y p e c o m p o u n d s . The n a t u r e o f t h e 
e x c h a n g e c a t i o n s had a n e f f e c t on b o t h s o r p t i o n and t r a n s f o r m a t i o n 
a n d d e c r e a s e d i n t h e o r d e r F e » A l > Ca > N a . 

Wang e t a l . ( 6 2 ) r e p o r t e d t h e o x i d a t i v e p o l y m e r i z a t i o n o f a 
m i x t u r e o f p h e n o l i c compounds i n aqueous s o l u t i o n c o n t a i n i n g m o n t 
m o r i l l o n i t e , i l l i t e , and k a o l i n i t e , e a c h o f w h i c h h a d b e e n m i x e d 
w i t h q u a r t z i n a 3 : 7 r a t i o , a n d by q u a r t z a l o n e . The m i x t u r e o f 
p h e n o l i c compounds c o n t a i n e d g a l l i c a c i d , p y r o g a l l o l , p r o t o c a t e c h u i c 
a c i d , c a f f e i c a c i d , o r c i n o l , f e r u l i c a c i d , p - c o u m a r i c a c i d , s y r i n g i c 
a c i d , v a n i l l i c a c i d , and p - h y d r o x y b e n z o i c a c i d . The o x i d a t i v e 
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OH _ 0 H _ 0 H OH R OH 

R ° H R ? H 

- Η 

R H 

C U ( I I > ^  H O - ^ - ^ O H

OH OH 

• TRIMER - » POLYMER 

F i g u r e 1. P o s t u l a t e d m e c h a n i s m f o r t h e c l a y - c a t a l y z e d 
p o l y m e r i z a t i o n o f p h e n o l s t h r o u g h r a d i c a l c a t i o n s . 

Cu(ll)[clay] 

Cu(l)[clay] 

POLYMERS 

2 0 2 ^ 2 H 2 0 2H 20 2 + 0 2 Β 

F i g u r e 2 . S c h e m a t i c r e p r e s e n t a t i o n o f e l e c t r o n t r a n s f e r f r o m a n 
a r o m a t i c compound t o 0 2 w i t h a C u - e x c h a n g e d c l a y a s t h e c a t a l y s t 
a n d t h e f o r m a t i o n o f p o l y m e r s ( R e a c t i o n A ) and h y d r o g e n p e r o x i d e 
( R e a c t i o n B ) . 
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p o l y m e r i z a t i o n t o o k p l a c e i m m e d i a t e l y and r e s u l t e d i n a d a r k m i x t u r e 
o f " m o d e l " h u m i c a n d f u l v i c a c i d s , t h e i n f r a r e d s p e c t r a o f w h i c h 
r e s e m b l e d t h o s e o f n a t u r a l p r o d u c t s . The r e s u l t s showed t h a t a l l 
t h e c l a y m i n e r a l s and t h e q u a r t z c a t a l y z e d t h e o x i d a t i v e p o l y m e r i z a 
t i o n , w i t h q u a r t z b e i n g t h e w e a k e s t c a t a l y s t . 

R e a c t i o n s o f a n i l i n e w i t h e x c h a n g e a b l e t r a n s i t i o n m e t a l c a t i o n s 
may be t h r o u g h e i t h e r i n t e r a c t i o n w i t h t h e π - e l e c t r o n s o f t h e a r o 
m a t i c r i n g o r t h e n o n b o n d i n g e l e c t r o n p a i r o f t h e a m i n o - g r o u p . F e 
was f o u n d t o i n t e r a c t w i t h t h e π - e l e c t r o n s , whe rea s Cu was f o u n d 
t o c o o r d i n a t e t h e amino g r o u p (63). T r i p h e n y l am ine r e a c t e d t o 
N j N j N ' N ' - t e t r a p h e n y l b e n z i d i n e when h e a t e d w i t h Wyoming m o n t m o r i l l o 
n i t e , p o s s i b l y v i a t h e f o r m a t i o n o f N -N bonds (64). C l o o s e t a l . 
( 28 ) showed t h a t when an a q u e o u s a n i l i n e s o l u t i o n was p e r c o l a t e d 
t h r o u g h a s a n d c o l u m n c o n t a i n i n g some F e ^ + - m o n t m o r i l l o n i t e , c o l o r e d 
s t r i p e s and s p o t s d e v e l o p e d a l o n g t h e c o l u m n , i n d i c a t i n g t y p e I I 
c o m p l e x f o r m a t i o n b e t w e e n a n i l i n e and t h e c l a y . T h e p r e s e n c e o f t h e 
t y p e I I c o m p l e x was c o n f i r m e d by IR and ESR s p e c t r o m e t r y . The f i n a l 
p r o d u c t was a s o i l - h u m i
t h r o u g h t y p e I I s m e c t i t
i m p o r t a n t i m p l i c a t i o n s f o r t h e t r a n s f o r m a t i o n s o f o r g a n i c compounds 
i n n a t u r a l s y s t e m s , w h e r e , u n d e r a e r o b i c c o n d i t i o n s , t h e p r e s e n c e o f 
s t r u c t u r a l F e ^ + i s u b i q u i t o u s . 

Soma e t a l . ( 12 ) have g e n e r a l i z e d t h e t r e n d s f o r a r o m a t i c c o m 
pound p o l y m e r i z a t i o n a s f o l l o w s : ( 1 ) a r o m a t i c compounds w i t h i o n 
i z a t i o n p o t e n t i a l s l o w e r t h a n a p p r o x i m a t e l y 9 . 7 eV f o rmg r a d i c a l 
c a t i o n s u p o n a d s o r p t i o n i n t h e i n t e r l a y e r o f t r a n s i t i o n - m e t a l i o n -
e x c h a n g e d m o n t m o r i l l o n i t e s , ( 2 ) p a r a s u b s t i t u t e d b e n z e n e s and b i p h e -
n y l s a r e s o r b e d a s t h e r a d i c a l c a t i o n s and p r e v e n t e d f r o m c o u p l i n g 
r e a c t i o n s due t o b l o c k a g e o f t h e p a r a p o s i t i o n , (3) m o n o s u b s t i t u t e d 
b e n z e n e s r e a c t t o 4 , 4 ' - s u b s t i t u t e d b i p h e n y l s w h i c h a r e s t a b l y 
s o r b e d , (4) b e n z e n e , b i p h e n y l , and p - t e r p h e n y l p o l y m e r i z e d , and 
(5) b i p h e n y l m e t h a n e , n a p h t h a l e n e , and a n t h r a c e n e a r e n o n r e a c t i v e 
due t o h i n d e r e d a c c e s s t o r e a c t i o n s i t e s . H o w e v e r , t h e y o b s e r v e d a 
number o f e x c e p t i o n s t h a t d i d n o t f i t t h i s scheme a n d t h e s e were n o t 
e x p l a i n e d . 

Bronsted A c i d i t y o f C l a y M i n e r a l s . T h e Bronsted a c i d i t y o f c l a y s 
p r i m a r i l y a r i s e s f r o m t h e d i s s o c i a t i o n o f w a t e r c o o r d i n a t e d t o 
e x c h a n g e a b l e c a t i o n s (6, 36, 65): 

[ Μ ( Η 2 0 ) χ ] η + [ Μ ( Ο Η ) ( Η 2 0 ) χ _ 1 ] ( η _ 1 ) + + H + (9 ) 

T h i s Bronsted a c i d i t y d e p e n d s on t h e s i z e and c h a r g e o f t h e 
c a t i o n s , t h e m o i s t u r e c o n t e n t , and t h e t y p e and p r e t r e a t m e n t o f t h e 
c l a y s y s t e m . G e n e r a l l y , t h e h i g h e r t h e c h a r g e and t h e s m a l l e r t h e 
r a d i u s o f t h e e x c h a n g e c a t i o n , t h e h i g h e r i t s p o l a r i z i n g power a n d , 
t h e r e f o r e , t h e h i g h e r t h e d e g r e e o f d i s s o c i a t i o n o f t h e a d s o r b e d 
w a t e r . T h u s , t h e s u r f a c e a c i d i t y o f h o m o i o n i c m o n t m o r i l l o n i t e s 
s a t u r a t e d w i t h N a , Mg , and A l d e c r e a s e s i n t h e o r d e r A l > Mg > N a , 
b u t t h e r e a c t i v e a c i d i t y and t h e o r d e r o f a c i d i t y may a l s o be i n f l u 
e n c e d by t h e m o i s t u r e c o n t e n t a n d t h e c l a y s t r u c t u r e (65, 66). 
D i s s o c i a t i o n o f w a t e r c o o r d i n a t e d t o c a t i o n s i n t h e i n t e r l a y e r s 
t e n d s t o be s t r o n g e r t h a n i n b u l k w a t e r (65). 

B o t h t h e s t r e n g t h and t h e number o f t h e Bronsted s i t e s d e p e n d 
o n t h e s t r u c t u r e o f t h e c l a y a n d i t s p r e t r e a t m e n t . T h e a c i d 
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s t r e n g t h i s i n d i c a t e d by t h e p K a r a n g e o f t h e s t r o n g e s t s i t e s . The 
number o f s i t e s , i . e . , t h e t o t a l a c i d i t y , i s i n d i c a t e d by t h e e q u i v 
a l e n t amount o f b a s e ( a m i n e ) u s e d t o n e u t r a l i z e t h e s i t e s . On c e r 
t a i n d r y c l a y m i n e r a l s , s u c h a s k a o l i n a n d a t t a p u l g i t e , t h e p K a o f 
t h e s t r o n g e s t a c i d s i t e s a r e b e l ow - 8 . 2 , w i t h t o t a l a c i d i t i e s o f 
0 . 0 4 a n d > 0 . 2 m e q u i v / g , r e s p e c t i v e l y , w h e r e a s f o r t a l c t h e p K a 

r a n g e i s o n l y 4 . 4 t o 3 . 3 w i t h a t o t a l a c i d i t y o f 0 . 0 0 5 m e q u i v / g 
( 3 9 ) . As t h e m o i s t u r e c o n t e n t i s i n c r e a s e d , t h e s u r f a c e a c i d i t y 
d e c r e a s e s r a p i d l y . F o r a k a o l i n i t e s y s t e m , i t a s y m p t o t i c a l l y 
a p p r o a c h e s a p K & o f 4 a t 15% (w/w) m o i s t u r e c o n t e n t a s i n d i c a t e d by 
a n a d s o r b e d Hammet i n d i c a t o r ( F i g u r e 3) ( 6 7 ) . F o r n e a r z e r o (< 1%) 
w a t e r c o n t e n t , t h e pK o f t h e Hammet i n d i c a t o r i s b e l o w - 8 ( e q u i v a 
l e n t t o > 90% w/w s u l f u r i c a c i d ) . By f u r t h e r r e m o v i n g t h e r e s i d u a l 
w a t e r , t h e s u r f a c e a c i d i t y d e c r e a s e s , a s i t was shown by e v a c u a t i n g 
a s y n t h e t i c N i ( I I ) - m o n t m o r i l l o n i t e a t h i g h t e m p e r a t u r e ( 1 0 0 - 5 0 0 ° C ) 
( 6 7 ) . IR s p e c t r a o f p y r i d i n e s u r f a c e c o m p l e x e s i n d i c a t e t h a t a t 1% 
f r e e m o i s t u r e c o n t e n t a c l a y s u r f a c e e x h i b i t s o n l y B r ^ n s t e d a c i d i t y . 
I f t h e m o i s t u r e c o n t e n
i t e d . L e w i s s i t e s a p p e a
B r r f n s t e d s i t e s ( 6 7 ) , a n d " d r y " c l a y s may e x h i b i t p r o p e r t i e s o f a 
s u p e r a c i d , s u c h a s H F / S b F ^ ( 2 2 ) . 

B r ^ n s t e d a c i d i t y i n t h e a b s e n c e o f w a t e r h a s b e e n a t t r i b u t e d t o 
p r o t o n s o f s t r u c t u r a l h y d r o x y l g r o u p s (6^, 6 9 ) . The a c i d s t r e n g t h o f 
s u c h h y d r o x y l g r o u p s a p p e a r s t o be e n h a n c e d by t h e p r e s e n c e o f a d j a 
c e n t e l e c t r o n s w i t h d r a w i n g A l i o n s ( 2 2 ) . I n 2 : 1 c l a y s w i t h no i s o -
morphous s u b s t i t u t i o n , i . e . , w i t h no i o n - e x c h a n g e c a p a c i t y , one 
p r o t o n i s c o o r d i n a t e d by a n o x y g e n o f t h e o c t a h e d r a l l a y e r . When 
i s o m o r p h o u s s u b s t i t u t i o n w i t h c a t i o n s o f a l o w e r c h a r g e t a k e s p l a c e 
i n t h e o c t a h e d r a l l a y e r , i . e . , Me f o r A l 3 + , two p r o t o n s a r e a s s o 
c i a t e d w i t h t h i s o x y g e n . When i s o m o r p h o u s s u b s t i t u t i o n t a k e s p l a c e 
i n t h e t e t r a h e d r a l l a y e r ( i . e . , Me f o r S i ), a p r o t o n i s a s s o c i 
a t e d w i t h a n o x y g e n o f t h e t e t r a h e d r a l l a y e r . D a v i t z ( 6 9 ) h a s shown 
o n t h e b a s i s o f k i n e t i c d a t a t h a t t h e c a t a l y t i c a c i d a c t i v i t y i s 
a s s o c i a t e d w i t h c h a r g e o f t h e t e t r a h e d r a l l a y e r . I n c o n t r a s t , o c t a 
h e d r a l s i t e s were f o u n d to be i n a c t i v e , p e r h a p s due t o s h i e l d i n g o f 
t h e p r o t o n s ( 6 9 ) . 

T a b l e I I I s u m m a r i z e s t h e p a r a m e t e r s t h a t a f f e c t B r ^ n s t e d a c i d -
c a t a l y z e d s u r f a c e r e a c t i o n s . The r a n g e o f r e a c t i o n c o n d i t i o n s 
i n v e s t i g a t e d v a r i e s w i d e l y , f r o m e x t r e m e d e h y d r a t i o n a t h i g h t e m p e r 
a t u r e s i n s t u d i e s o n t h e u s e o f c l a y m i n e r a l s a s i n d u s t r i a l c a t a 
l y s t s , t o f u l l y s a t u r a t e d a t a m b i e n t t e m p e r a t u r e s . T a b l e IV l i s t s 
r e a c t i o n s t h a t h a v e b e e n shown o r s u g g e s t e d t o be p r o m o t e d by 
B r ^ n s t e d a c i d i t y o f c l a y m i n e r a l s u r f a c e s a l o n g w i t h r e p r e s e n t a t i v e 
e x a m p l e s . S t u d i e s h a v e b e e n c o n c e r n e d w i t h t h e h y d r o l y s i s o f 
o r g a n o p h o s p h a t e p e s t i c i d e s ( 7 0 - 7 2 ) , t r i a z i n e s ( 7 3 ) , o r c h e m i c a l s 
w h i c h s p e c i f i c a l l y p r o b e n e u t r a l , a c i d - , a n d b a s e - c a t a l y z e d h y d r o l y 
s i s ( 7 4 ) . O t h e r r e a c t i o n s h a v e b e e n s t u d i e d i n t h e c o n t e x t o f d i a -
g e n e s i s o r c a t a g e n e s i s o f b i o l o g i c a l m a r k e r s ( 2 2 - 2 4 ) o r o f c h e m i c a l 
s y n t h e s i s u s i n g c l a y s a s t h e c a t a l y s t s ( 3 4 , 3 6 ) . M e c h a n i s t i c i n t e r 
p r e t a t i o n s o f s u c h r e a c t i o n s c a n be f o u n d i n t h e c o m p r e h e n s i v e 
r e v i e w by S o l o m o n and H a w t h o r n e ( 3 7 ) . 

R e a c t i o n s may be i n i t i a t e d by p r o t o n a t i o n o f f u n c t i o n a l g r o u p s 
o f a s u b s t r a t e t o f o r m a r e a c t i v e i n t e r m e d i a t e . The t e n d e n c y f o r 
p r o t o n a t i o n d e c r e a s e s w i t h d e c r e a s i n g b a s i c i t y , i . e . , w i t h d e c r e a s 
i n g p K a o f t h e c o n j u g a t e d a c i d . Q u a l i t a t i v e l y , t h e t e n d e n c y t o 
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% L 
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% Moisture on Kaolin 

F i g u r e 3 . D e p e n d e n c e o f t h e s u r f a c e a c i d i t y o f k a o l i n i t e on i t s 
m o i s t u r e c o n t e n t . ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 6 7 . 
C o p y r i g h t 1971 M a r c e l D e k k e r . ) 
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T a b l e I I I . P a r a m e t e r s C o n t r o l l i n g R e a c t i o n s P r o m o t e d by B r ^ n s t e d 
S i t e s o f C l a y M i n e r a l s 

T y p e o f B r l b s t e d S i t e 
- s t r u c t u r a l h y d r o x y l g r o u p s 
- w a t e r c o o r d i n a t e d t o e x c h a n g e t r a n s i t i o n m e t a l c a t i o n s 
- s u r f a c e - b o u n d w a t e r 
- f r e e w a t e r i n t h e i n t e r l a m e l l a r r e g i o n 

C l a y P r o p e r t i e s 
- e x c h a n g e c a t i o n s , t y p e , d e g r e e o f e x c h a n g e 
- c h a r g e d e n s i t y 
- i n t e r l a y e r s p a c i n g 
- c l a y s t r u c t u r e 

S u b s t r a t e P r o p e r t i e s 
- s i z e 

- P R

a . P K b 
- s t a b i l i t y o f c a r b o n i u

R e a c t i o n C o n d i t i o n s 
- m o i s t u r e 
- p o l a r i t y o f o r g a n i c c o - s o l u t e s 
- h u m i c a c i d , o r g a n i c m a t t e r 
- i n o r g a n i c c o - s o l u t e s 
- t e m p e r a t u r e 
- i o n i c s t r e n g t h o f r e a c t i o n medium 

a c c e p t a p r o t o n d e c r e a s e s i n t h e o r d e r a m i n e s > ^i"^2 a l c o n ° l s > 
w a t e r > k e t o n e s > h i g h e r a l c o h o l s , e s t e r s , e t h e r s > h y d r o c a r b o n s 
( 3 9 ) . Unde r e x t r e m e c o n d i t i o n s p r o t o n a t i o n o f d o u b l e bonds may 
o c c u r ( 7 5 ) . P r o t o n a t i o n o f h y d r o x y l g r o u p s may l e a d t o d e h y d r a t i o n 
o f t h e p r o t o n a t e d s p e c i e s and t o t h e f o r m a t i o n o f a c a r b o n i u m i o n . 
E x a m p l e s a r e t h e r e v e r s i b l e t r a n s f o r m a t i o n o f u n s u b s t i t u t e d a n d 
s u b s t i t u t e d t r i p h e n y l c a r b i n o l t o t h e c o r r e s p o n d i n g t r i p h e n y l c a r -
b o n i u m by m o n t m o r i l l o n i t e ( 7 6 , 7 7 ) . The r e a c t i o n c a n be r e v e r s e d by 
a d d i n g w a t e r t o t h e s y s t e m ( E q u a t i o n 1 0 ) : 

OH 

( 10 ) 

H y d r o l y s i s R e a c t i o n s . H y d r o l y s i s r e a c t i o n s i n v o l v e c l e a v a g e o f a 
s i n g l e bond by r e a c t i o n w i t h w a t e r , a h y d r o n i u m , o r a h y d r o x i d e i o n 
( 7 8 ) . The b o n d i s t y p i c a l l y p o l a r i z e d b e t w e e n a n e l e c t r o n - d e f i c i e n t 
a t o m (C i n c a r b o n y l , Ρ i n o r g a n o p h o s p h a t e s ) a n d a n e l e c t r o n - r i c h 
a t o m ( 0 , C I , B r ) . The r e a c t i o n may be n e u t r a l , b a s e - , o r a c i d -
p r o m o t e d , d e p e n d i n g on t h e s u b s t r a t e p r o p e r t i e s and t h e r e a c t i o n 
c o n d i t i o n s , s u c h a s p H , t e m p e r a t u r e , a n d i o n i c s t r e n g t h ( 7 8 , 7 9 ) . 
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T a b l e I V . O r g a n i c R e a c t i o n s A f f e c t e d by S u r f a c e B r ^ n s t e d - A c i d i t y o f 
C l a y M i n e r a l s 

R e a c t i o n E x a m p l e s R e f e r e n c e s 

9. 

10. 

11. 

12. 

D é m e t a l l â t i o n o f 
o r g a n o m e t a l l i c 

compounds 
H y d r o l y s i s o f 
c a r b o x y l a c i d e s t e r s 
e p o x i d e s 

s t i t u t e d 2 , 3 - e p o x y p r o p a n e 
by Μ, Κ t o g l y c o l s 

t i n - t e t r a p y r i d y l - p o r p h y r i n 
by Η, Μ, Β 

e t h y l a c e t a t e by M and Κ 
c y c l o h e x e n e o x i d e and s u b -

c a r b a m a t e s N - m e t h y l - p - t o l y l c a r b a m a t e 
by Μ, Κ t o c r e s o l a n d 
m e t h y l - a m i n e 

a l k y l h a l i d e s 
N - h e t e r o c y c l e s 
o r g a n o p h o s p h a t e s 

phosmet by Κ a n d M 
H y d r o g e n E x c h a n g e o f 
a r o m o m a t i c h y d r o 

c a r b o n s 

C o n d e n s a t i o n o f 
NH^ s a l t s o f c a r 

b o x y l i c a c i d s 

A l k e n e F o r m a t i o n by 
d e h y d r a t i o n o f 

a l c o h o l s 

A d d i t i o n t o D o u b l e Bonds 

(73) 
i s o p r o p y l b r o m i d e by Μ, Κ 
s - t r i a z i n e s by M 

d e t r i t i a t i o n o f n a p h t h a l e n e 
by Β 

ammonium a c e t a t e by Β t o 
a c e t a m i d e 

c h o l e s t a n o l by Κ a n d M 
t o c h o l e s t e n e 

o f 
w a t e r t o e t h y l e n e by M t o e t h y l 

a l c o h o l (81) 

a c e t i c a c i d t o 2 - m e t h y l p r o p e n e by A l - B 
t o 2 - m e t h y l - p r o p y l - 2 - a c e t a t e 

D o u b l e Bond I s o m e r l z a t i o n i n 
a l k e n e s l i m o n e n e by M 
s t e r e n e s 

K e t a l F o r m a t i o n f r o m 
c y c l i c k e t o n e s c y c l o h e x a n o n e and m e t h a n o l by 

A l - B t o d i m e t h y l k e t a l 
R e a r r a n g m e n t s o f 
s t e r o l s 

D i m e r i z a t i o n o f 
u n s a t u r a t e d f a t t y 

a c i d s 
a l k e n e s 

P o l y m e r i z a t i o n o f 
2 - b u t e n e 
s t y r e n e 

I n v e r s i o n o f 
s u g a r s 

d i a m e r i z a t i o n o f c h o l e s t a n o l 

d i c a r b o x y l i c a c i d f o r m a t i o n 
f r o m u n s a t u r a t e d f a t t y a c i d s 

p r o p e n y l b e n z e n e s 

s u c r o s e by H + - B 

(74) 

(74) 

(74) 
(73) 

(23) 

d > 

22, 34, 35) 

(75) 

(20) 
(26) 

(75) 

(22) 

(1) 
(33) 

(38) 

(80) 

M : m o n t m o r i l l o n i t e ; K : k a o l i n i t e ; H : h e c t o r i t e ; B : b e n t o n i t e . 
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B o t h a c i d - and b a s e - p r o m o t e d r e a c t i o n s may be a f f e c t e d by a c i d i c 
s u r f a c e s a n d , h e n c e , by t h e f a c t o r s w h i c h i n f l u e n c e t h e s u r f a c e 
a c i d i t y . K i n e t i c e v i d e n c e f o r i n c r e a s e d B r ^ n s t e d a c i d i t y a t c l a y 
s u r f a c e s h a s b e e n p r e s e n t e d by M c A u l i f f e a n d C o l e m a n ( 80 ) who s t u 
d i e d t h e h y d r o l y s i s o f e t h y l a c e t a t e and t h e i n v e r s i o n o f s u c r o s e . 
T h e y n o t e d t h a t p o t e n t i o n m e t r i e pH m e a s u r e m e n t s d i d n o t e x p l a i n t h e 
c a t a l y t i c a l l y e f f e c t i v e H - c o n c e n t r a t i o n a t t h e c l a y s u r f a c e . 

R a t e d a t a f o r h y d r o l y s i s r e a c t i o n s i n homogeneous aqueous s o l u 
t i o n s have b e e n r e v i e w e d ( 7 9 ) , b u t a p p l i c a t i o n o f t h e s e d a t a t o 
e n v i r o n m e n t a l c o n d i t i o n s i n v o l v i n g m i n e r a l s u r f a c e s r e m a i n s d i f f i 
c u l t due t o t h e unknown e f f e c t s s o r p t i o n may h a v e . S e v e r a l s t u d i e s 
h a v e d e m o n s t r a t e d t h a t a c i d - c a t a l y z e d r e a c t i o n s a r e p r o m o t e d i f t h e 
s u b s t r a t e i s s o r b e d a t c l a y s u r f a c e s ( 7 0 - 7 4 ; and o t h e r wo rks 
r e v i e w e d by T h e n g , 8 ) , bu t i n h i b i t i o n may a l s o o c c u r i f s u b s t r a t e 
h y d r o l y s i s i s b a s e - p r o m o t e d ( 7 4 ) . 

E l - A m a m y and M i l l ( 74 ) d e t e r m i n e d t h e h y d r o l y s i s r a t e s a t 25°C 
o f s e v e r a l s u b s t r a t e s w i t h d i f f e r e n t h y d r o l y s i s c h a r a c t e r i s t i c s 
( n e u t r a l , a c i d - , and b a s e - p r o m o t i o n )
2 , 3 - e p o x y p r o p a n e , e t h y
b r o m i d e i n s u s p e n s i o n s o f m o n t m o r i l l o n i t e a n d / o r k a o l i n i t e . F o r 
c y c l o h e x e n e o x i d e a n d i s o p r o p y l b r o m i d e , t h e y f o u n d no s i g n i f i c a n t 
d i f f e r e n c e b e tween t h e r a t e s d e t e r m i n e d a t 4 .5% (wt/wt ) c l a y -
s u s p e n s i o n a n d t h o s e i n homogeneous b u f f e r s . F o r e t h y l a c e t a t e , 
o n l y a s l i g h t i n c r e a s e was f o u n d . The s m a l l e f f e c t s were p r o b a b l y 
due t o l i m i t e d i n t e r a c t i o n w i t h t h e c l a y s u r f a c e b e c a u s e a s i g n i f i 
c a n t p r o m o t i n g e f f e c t was o b s e r v e d f o r t h e l e s s p o l a r and more 
s t r o n g l y s o r b i n g l - ( 4 - m e t h o x y p h e n y l ) - 2 , 3 - e p o x y p r o p a n e . 

F o r N - m e t h y l - p - t o l u y l c a r b a m a t e , a c h e m i c a l s u s c e p t i b l e t o 
n e u t r a l a n d b a s e - p r o m o t e d d e c o m p o s i t i o n , t h e r a t e s o f h y d r o l y s i s o n 
N a - m o n t m o r i l l o n i t e and k a o l i n i t e were s l o w e r t h a n i n a q u e o u s s o l u 
t i o n o f t h e same b u l k p H . A p o s s i b l e e x p l a n a t i o n i s t h e l o w e r pH a t 
t h e c l a y s u r f a c e ( 7 4 ) . The f o l l o w i n g h y d r o l y s i s m e c h a n i s m i n 
aqueous s o l u t i o n was p r o p o s e d : 

O H " _ — 
C H 3 N H C 0 0 C 6 H 4 C H 3 -> C h ^ N C O O C ^ C ^ > CH 3N=C=0 + O C ^ C h ^ ( 11 ) 

H + 

C H 3 N = O 0 + H 2 0 -> C 0 2 + C H 3 N H 2 ( 12 ) 

The H + a n d NH^ fo rms o f h o m o i o n i c m o n t m o r i l l o n i t e p r o m o t e t h e 
h y d r o l y s i s o f c h l o r o - s - t r i a z i n e s t o t h e h y d r o x y a n a l o g s ( h y d r o x y - s -
t r i a z i n e s ) ( 7 3 ) . A p p a r e n t l y , t h e s u r f a c e a c i d i t y o f t h e s e c l a y s was 
e x t r e m e l y h i g h , s i n c e no d e g r a d a t i o n was o b s e r v e d i n c o n t r o l e x p e r i 
ments c o n d u c t e d a t pH 3 . 5 i n homogeneous aqueous s o l u t i o n . R u s s e l l 
e t a l . ( 73 ) s u g g e s t e d t h a t t h e h y d r o x y - s - t r i a z i n e p r o d u c t s were 
s t a b i l i z e d i n t h e p r o t o n a t e d f o r m a t t h e s i l i c a t e s u r f a c e . The IR 
s p e c t r a o f t h e s e s u r f a c e c o m p l e x e s a g r e e d w i t h t h e s p e c t r a o b t a i n e d 
i n 6N H C 1 , a n d i t was i n f e r r e d t h a t t h e pH a t t h e c l a y s u r f a c e was 3 
t o 4 u n i t s l o w e r t h a n t h a t m e a s u r e d i n s u s p e n s i o n . 

S e v e r a l s t u d i e s h a v e p r e s e n t e d k i n e t i c e v i d e n c e t h a t t h e B r f i 
s t e d s u r f a c e a c i d i t y i n c r e a s e s w i t h d e c r e a s i n g m o i s t u r e c o n t e n t . 
The e x t r e m e a c i d i t y a t t h e s u r f a c e o f a i r - d r i e d m o n t m o r i l l o n i t e a t 
room t e m p e r a t u r e i s d e m o n s t r a t e d by t h e d e m e t a l l a t i o n o f S n ( I V ) -
t e t r a p y r i d y l p o r p h y r i n c o m p l e x e s . I n c o n t r a s t , i n homogeneous 
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s o l u t i o n s d e m e t a l l a t i o n o f s u c h c o m p l e x e s i s n o t p o s s i b l e , e v e n i n 
100% s u l f u r i c a c i d . I f t o o much w a t e r i s p r e s e n t a t t h e c l a y s u r 
f a c e , t h e S n ( I V ) - t e t r a p y r i d y l p o r p h y r i n i s n o t d e m e t a l l a t e d . Weaker 
c o m p l e x e s , h o w e v e r , s u c h a s F e ( I I I ) - t e t r a p h e n y l p o r p h y r i n , a r e i r r e 
v e r s i b l y d e m e t a l l a t e d and p r o t o n a t e d u n d e r s i m i l a r c o n d i t i o n s ( 8 1 ) . 

D e c r e a s i n g m o i s t u r e c o n t e n t i n c r e a s e s a c i d - c a t a l y z e d h y d r o l y s i s 
r a t e s , b u t i f m o i s t u r e i s t o t a l l y a b s e n t , t h e r e a c t i v i t y due t o 
B r o n s t e d a c i d i t y o f t h e s u r f a c e may d i s a p p e a r ( 7 0 , 7 1 , 7 4 ) . The 
h y d r o l y s i s r a t e s o f t h e o r g a n o p h o s p h a t e s p a r a t h i o n and m e t h y l p a r a -
t h i o n o n N a - , C a - , a n d A l - k a o l i n i t e a t r oom t e m p e r a t u r e were d e t e r 
m i n e d by S a l t z m a n e t a l . ( 7 1 ) . F i g u r e 4 i s a p l o t o f t h e p e r c e n t 
p a r a t h i o n r e m a i n i n g o n k a o l i n i t e a f t e r 15 d a y s v e r s u s t h e k a o l i n i t e 
w a t e r c o n t e n t . The f i g u r e shows t h a t , f o r N a - k a o l i n i t e , t h e d e g r a 
d a t i o n r a t e was v e r y s l o w up t o a w a t e r c o n t e n t o f a b o u t 0 . 8 % . 
I n c r e a s i n g t h e m o i s t u r e c o n t e n t f u r t h e r , up t o 2% w a t e r , r e s u l t e d i n 
a v e r y s h a r p i n c r e a s e i n t h e d e g r a d a t i o n r a t e . L i t t l e change i n t h e 
r a t e o c c u r r e d b e t w e e n 2 and 11 .2% m o i s t u r e . M o i s t u r e c o n t e n t o f 2% 
c o r r e s p o n d s to s a t u r a t i o
h y d r a t i o n s h e l l , whe r ea
i c a l l y b ound w a t e r . A s l i g h t i n c r e a s e i n t h e w a t e r c o n t e n t a bove 
11% r e s u l t e d i n a s t e e p d e c r e a s e o f t h e h y d r o l y s i s r a t e . The p r e s 
e n c e o f f r e e w a t e r h i n d e r e d a l m o s t c o m p l e t e l y t h e c a t a l y t i c e f f e c t 
o f t h e c l a y s u r f a c e . S i m i l a r t r e n d s were r e p o r t e d by E l -Amamy and 
M i l l ( 7 4 ) f o r t h e h y d r o l y s i s o f l - ( 4 - m e t h o x y p h e n y l ) - 2 , 3 - e p o x y p r o p a n e 
o n N a - m o n t m o r i l l o n i t e . 

A q u a l i t a t i v e l y s i m i l a r r e l a t i o n s h i p was o b s e r v e d f o r t h e 
h y d r o l y s i s o f p a r a t h i o n o n C a - a n d A l - k a o l i n i t e ( F i g u r e 4 ) . I n 
o r d e r t o e x p l a i n t h e l o w e r h y d r o l y s i s r a t e o f p a r a t h i o n a t A l -
k a o l i n i t e t h a n a t N a - k a o l i n i t e s u r f a c e s , i t was s u g g e s t e d ( 7 0 ) t h a t 
s t e r i c h i n d r a n c e may f o r c e t h e p a r a t h i o n m o l e c u l e i n t o a p o s i t i o n o r 
c o n f o r m a t i o n l e s s f a v o r a b l e t o h y d r o l y s i s . On t h e o t h e r h a n d , t h e 
h y d r o l y s i s r a t e f o r m e t h y l p a r a t h i o n on t h e A l - c l a y was h i g h e r t h a n 
t h e one o n t h e N a - c l a y ( 7 1 ) , p r o b a b l y due t o t h e s m a l l e r s i z e o f t h e 
m e t h o x y g r o u p a s compa red t o t h a t o f t h e e t h o x y g r o u p o f p a r a t h i o n 
( 7 0 ) . 

T h e e x p e r i m e n t a l f i n d i n g s o f S a l t z m a n e t a l . ( 7 1 ) s u g g e s t t h a t 
s o r b e d w a t e r m o l e c u l e s s e r v e a s a d s o r p t i o n a n d d e g r a d a t i o n s i t e s f o r 
p a r a t h i o n . S o r b e d w a t e r may be a s s o c i a t e d w i t h s u r f a c e o x y g e n a toms 
o r h y d r o x y l g r o u p s , edge s i t e s o f t h e l a t t i c e , o r a s a l i g a n d w i t h 
t h e e x c h a n g e c a t i o n s . Work by M i n g e l g r i n e t a l . ( 7 0 ) showed t h a t 
t h e h y d r o l y s i s o f p a r a t h i o n , a n d o t h e r o r g a n o p h o s p h o r o u s e s t e r s , i n 
g e n e r a l , o c c u r s t h r o u g h the a t t a c k o f a l i g a n d w a t e r m o l e c u l e o f a n 
e x c h a n g e c a t i o n a t t h e P - 0 b o n d . The a d s o r b e d p h o s p h a t e m o i e t y c a n 
i n h i b i t t h e r e a c t i o n by b l o c k i n g t h e r e a c t i v e s i t e s . The a t t a c k o f 
t h e l i g a n d w a t e r m o l e c u l e i s e n h a n c e d by t h e c a t i o n - l i g a n d i n t e r a c 
t i o n s , w h i c h p o l a r i z e t h e w a t e r and weaken t h e Η0-Η bond ( 7 0 ) . 

S a n c h e z Camazano a n d S a n c h e z M a r t i n ( 7 2 ) s t u d i e d t h e r e a c t i o n 
mechan i sm and t h e f a c t o r s t h a t i n f l u e n c e t h e c a t a l y t i c h y d r o l y s i s o f 
phosmet ( o , o - d i m e t h y l - S - ( N - p h t h a l i m i d o m e t h y l ) d i t h i o p h o s p h a t e ) by 
m o n t m o r i l l o n i t e a t 3 0 ° C . The m o n t m o r i l l o n i t e was s a t u r a t e d w i t h t h e 
f o l l o w i n g c a t i o n s : Ca , Ba , Cu , Mg , a n d N i . I t was f o u n d 
t h a t a f t e r 24 h o u r s a t pH 6 , the h y d r o l y s i s o f phosmet i n a q u e o u s 
s u s p e n s i o n o f C a - m o n t r a o r i l l o n i t e was more t h a n 60% c o m p l e t e , a s 
c o m p a r e d t o 3% i n homogeneous aqueous s o l u t i o n . The e x t e n t o f 
h y d r o l y s i s d e p e n d e d o n t h e e x c h a n g e c a t i o n a n d d e c r e a s e d i n t h e 
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o r d e r C a ^ (60%) , B a ^ (40%) , C u z + (23%) , M g z + (14%) , and N i z + 

( 3 . 2 % ) . 
E x p e r i m e n t s w i t h a s e r i e s o f m i n e r a l s o f t h e m o n t m o r i l l o n i t e 

g r o u p ( m o n t m o r i l l o n i t e , n o n t r o n i t e , h e c t o r i t e ) a l l i n t h e C a - f o r m , 
b u t o f d i f f e r e n t l a y e r c h a r g e , showed t h a t t h e h i g h e s t r a t e o f 
h y d r o l y s i s c o r r e s p o n d e d t o c l a y s w i t h a l ow t o t a l c h a r g e o r w i t h a 
p a r t i c u l a r l y low t e t r a h e d r a l c h a r g e . I t a p p e a r s t h a t t h e t y p e o f t h e 
e x c h a n g e c a t i o n a n d t h e i n t e r l a y e r c h a r g e ( t o t a l o r t e t r a h e d r a l ) 
c o n t r o l t h e a c c e s s i b i l i t y o f t h e r e a c t i o n s i t e s t o t h e o r g a n i c m o l e 
c u l e ( 7 2 ) . I t was p o s t u l a t e d t h a t t h e l o w r e a c t i v i t y o f t h e Cu , 
N i + , and t h e Mg + e x c h a n g e d c l a y s was due t o s t r o n g a t t r a c t i o n o f 
t h e c l a y i n t e r l a y e r s , w h i c h may h i n d e r t h e i n t e r c a l a t i o n o f t h e 
o r g a n i c compounds t o t h e r e a c t i o n s i t e s . 

The h y d r o l y s i s o f phosmet i n a n aqueous s o l u t i o n t a k e s p l a c e by 
n u c l e o p h i l i c a t t a c k o f a n O H " g r o u p on t h e p h o s p h o r o u s a t o m , c a u s i n g 
f i s s i o n o f t h e P - S b o n d . 

( 13 ) 

The c a t a l y t i c h y d r o l y s i s by m o n t m o r i l l o n i t e i s t h e r e s u l t o f t h e 
f o r m a t i o n o f a b i d e n t a t e c o m p l e x , i n w h i c h i n t e r a c t i o n w i t h t h e 
e x c h a n g e c a t i o n t a k e s p l a c e s i m u l t a n e o u s l y t h r o u g h t h e s u l f u r a t o m 
o f t h e P=S g r o u p and t h e o x y g e n o f t h e O=0 g r o u p . T h i s i n t e r a c t i o n 
i n c r e a s e s t h e e l e c t r o p h i l i c c h a r a c t e r o f p h o s p h o r o u s , t h u s f a c i l i 
t a t i n g t h e n u c l e o p h i l i c a t t a c k by t h e O H " g r o u p and p r o d u c i n g 
h y d r o l y s i s o f t h e P - S b o n d . 

H y d r o l y s i s o f phosmet i n t h e p r e s e n c e o f m o n t m o r i l l o n i t e o c c u r s 
i n two s t a g e s , b o t h w i t h a p p a r e n t f i r s t - o r d e r k i n e t i c s . The f i r s t 
s t a g e i s o f s h o r t d u r a t i o n and h a s a h i g h h y d r o l y s i s r a t e c o n s t a n t . 
The r a t e v a r i e s a s a f u n c t i o n o f t h e l a y e r c h a r g e a n d e x c h a n g e a b l e 
c a t i o n s o f t h e c l a y . The s e c o n d s t a g e , w h i c h i s a l s o a f u n c t i o n o f 
t h e same p a r a m e t e r s , h a s a much s l o w e r r a t e c o n s t a n t . I n some 
c a s e s , i t s m a g n i t u d e i s v e r y c l o s e t o t h e h y d r o l y s i s c o n s t a n t o f 
phosmet i n aqueous s o l u t i o n . A t t h e e n d o f t h e f i r s t s t a g e , most o f 
t h e a c c e s s i b l e s i t e s i n t h e c l a y have b e e n r e a c h e d ( 7 2 ) . 

A d d i t i o n t o D o u b l e Bonds a n d E l i m i n a t i o n R e a c t i o n s . B o t h L e w i s a n d 
B r ^ n s t e d a c i d i t y o f m i n e r a l s u r f a c e s c a n p r o m o t e a d d i t i o n a n d 
e l i m i n a t i o n r e a c t i o n s ( 3 7 ) . E q u a t i o n 14 shows an e x a m p l e f o r a n 
a d d i t i o n / e l i m i n a t i o n e q u i l i b r i u m c a t a l y z e d by B r r f n s t e d a c i d i t y : 

H + 

2 R - C H 2 - C H = C H 2 + 2 R ' - 0 H R - C H 2 - C H 0 R f - C H 3 + R - C H O R 1 - C H 2 - C H 3 ( 1 4 ) 

where R f may be a p r o t o n , a n a l k y l o r a n a c y l g r o u p . E l i m i n a t i o n o f 
w a t e r f r o m a l c o h o l s ( d e h y d r a t i o n ) c a t a l y z e d by s u r f a c e a c i d i t y may 
be a c c o m p a n i e d by o t h e r r e a c t i o n s , s u c h a s r e a r r a n g e m e n t o f t h e 
i n t e r m e d i a t e c a r b o c a t i o n t o f o r m m i x t u r e s o f i s o m e r i c a l k e n e s , 
i n t r a - m o l e c u l a r a n d i n t e r - m o l e c u l a r d e h y d r a t i o n t o f o r m o l i g o m e r i c 
a n d c y c l i c p r o d u c t s , r e s p e c t i v e l y ( 7 5 ) , and p o l y m e r i z a t i o n ( 3 7 ) . 
A l k y l a m i n e s a n d a l k y l t h i o l s may u n d e r g o s i m i l a r e l i m i n a t i o n a n d 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



22. VOUDRIAS A N D REINHARD Abiotic Organic Reactions 479 

c o n d e n s a t i o n r e a c t i o n s ; N H 3 and H 2 S c a n r e a c t i n a s i m i l a r f a s h i o n 
a s H 2 0 w i t h a l k e n e s t o f o r m a l k y l a m i n e s and a l k y l t h i o l s ( 3 7 , 7 5 ) . 

C a t i o n - e x c h a n g e d b e n t o n i t e s have b e e n shown t o be e f f e c t i v e 
c a t a l y s t s f o r a d d i t i o n o f w a t e r , a l c o h o l s , and c a r b o x y l i c a c i d s t o 
c a r b o n - c a r b o n d o u b l e bonds u n d e r r e l a t i v e l y m i l d c o n d i t i o n s ( 7 5 , 
8 2 ) . F o r i n s t a n c e , 2 - m e t h y l p r o p e n e r e a c t e d w i t h a c e t i c a c i d a t 18°C 
i n t h e p r e s e n c e o f A l - b e n t o n i t e t o f o rm t h e e s t e r p r o d u c t ( 7 5 ) . 
I o n - e x c h a n g e d b e n t o n i t e s a r e a l s o e f f i c i e n t c a t a l y s t s f o r f o r m a t i o n 
o f k e t a l s f r o m a l d e h y d e s o r k e t o n e s . C y c l o h e x a n o n e r e a c t e d w i t h 
m e t h a n o l i n t h e p r e s e n c e o f A l - b e n t o n i t e a t room t e m p e r a t u r e t o g i v e 
33% y i e l d o f d i m e t h y l k e t a l a f t e r 30 m i n o f r e a c t i o n t i m e . On a d d i 
t i o n o f t h e same c l a y t o t h e m i x t u r e o f c y c l o h e x a n o n e a n d t r i m e t h y l 
o r t h o f o r m a t e a t r o o m - t e m p e r a t u r e , t h e e x o t h e r m i c r e a c t i o n c a u s e d t h e 
l i q u i d t o b o i l a n d r e s u l t e d i n a n a l m o s t q u a n t i t a t i v e y i e l d o f t h e 
d i m e t h y l k e t a l i n 5 m i n . When N a - i n s t e a d o f A l - b e n t o n i t e i s u s e d , 
t h e same r e a c t i o n d i d n o t t a k e p l a c e ( 7 5 ) . S o l o m o n and H a w t h o r n e 
( 37 ) s u g g e s t t h a t e l i m i n a t i o n r e a c t i o n s may have b e e n i n v o l v e d i n 
t h e g e o c h e m i c a l t r a n s f o r m a t i o
i n t o p e t r o l e u m d e p o s i t s

H y d r o g e n - E x c h a n g e R e a c t i o n s . Bronsted o r L e w i s a c i d i t y may p r o m o t e 
h y d r o g e n - e x c h a n g e r e a c t i o n s ( 3 7 ) . B o t h a r o m a t i c ( 23 ) a n d a l i p h a t i c 
( 24 ) h y d r o g e n e x c h a n g e h a s b e e n r e p o r t e d . H y d r o g e n - e x c h a n g e r e a c 
t i o n s b e t w e e n t h e a c i d i c c l a y s u r f a c e a n d n a p h t h a l e n e d e r i v a t i v e s 
were o b s e r v e d i n a q u e o u s s l u r r i e s o f h o m o i o n i c b e n t o n i t e s a t l ow 
t e m p e r a t u r e s ( 7 0 ° C ) . I n c o n t r a s t , h y d r o g e n e x c h a n g e ( m e a s u r e d as 
d e t r i t i a t i o n o r d e u t e r a t i o n ) b e t w e e n a l k y l g r o u p s and a c i d i c c l a y 
s u r f a c e s were o b s e r v e d a t h i g h t e m p e r a t u r e s ( 1 6 0 ° C ) a n d l o n g r e a c 
t i o n t i m e s ( 670 h ) . A m e c h a n i s m s i m i l a r t o e l e c t r o p h i l i c a r o m a t i c 
s u b s t i t u t i o n was i n v o k e d t o r a t i o n a l i z e t h e a r o m a t i c H - e x c h a n g e 
r e a c t i o n . 

The m e c h a n i s m o f a l k y l h y d r o g e n e x c h a n g e was n o t c l a r i f i e d , b u t 
a p o s s i b l e m e c h a n i s m was p o s t u l a t e d . P a r t i a l h y d r i d e a b s t r a c t i o n by 
a L e w i s a c i d s i t e may have o c c u r e d f o r m i n g a c a r b o c a t i o n - l i k e s p e 
c i e s f o l l o w e d by e x c h a n g e o f a p r o t o n a t a β - c a r b o n . S u c h a m e c h a 
n i s m p r e d i c t s e x c h a n g e t o o c c u r p r e f e r e n t i a l l y a t m e t h y l g r o u p s 
a d j a c e n t t o t h e mos t s t a b l e c a r b o c a t i o n s ( b e n z y l i c > 3 ° > 2 ° > 1 ° ) . 
T h i s i s c o n s i s t e n t w i t h t h e o b s e r v e d r e l a t i v e r a t e s o f e p i m e r i z a t i o n 
o f s t e r a n e s d u r i n g t h e r m a l m a t u r a t i o n o f s e d i m e n t s ( 8 3 ) . 

The R o l e o f S o i l O r g a n i c M a t t e r . Humic compounds p r e s e n t i n t h e 
s e d i m e n t o r s o i l may compe te f o r r e a c t i o n s i t e s o r b l o c k them a l t o 
g e t h e r . In s o i l s w i t h m o d e r a t e o r g a n i c m a t t e r c o n t e n t , c a t a l y t i c 
e f f e c t s on h y d r o l y s i s may be s m a l l e r t h a n i n s o i l s w i t h l ow o r g a n i c 
m a t t e r ( 7 4 ) . The a d d i t i o n o f h u m i c a c i d t o c l a y r e d u c e d h y d r o l y s i s 
r a t e s o f l - ( 4 - m e t h o x y p h e n y l ) - 2 , 3 - e p o x y p r o p a n e by c o a t i n g t h e s u r f a c e 
a n d , p e r h a p s , by s o r b i n g t h e o r g a n i c i n t o t h e l i p o p h i l i c p h a s e o f 
t h e s o i l o r g a n i c m a t t e r . Y a r o n ( 84 ) showed t h a t p a r a t h i o n d e g r a d a 
t i o n d e c r e a s e d w i t h an i n c r e a s e i n t h e s o i l o r g a n i c m a t t e r c o n t e n t . 
T h i s was a t t r i b u t e d t o i n a c t i v a t i o n o f t h e r e a c t i v e s i t e s a v a i l a b l e 
f o r t h e p a r a t h i o n d e c o m p o s i t i o n . 
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O x i d a t i o n o f O r g a n i c Compounds by O x i d e s and P r i m a r y M i n e r a l s 

C e r t a i n M n ( I V ) - a n d F e ( I I I ) - o x i d e s c a n p r o m o t e t h e o x i d a t i o n o f 
o r g a n i c compounds ( 1 4 , 1 6 ) . S i n c e b o t h F e ( I I I ) - a n d M n ( I V ) - o x i d e s 
a r e u b i q u i t o u s i n e a r t h m a t e r i a l s ( 8 5 ) , t h e i r r o l e i n a b i o t i c a l l y 
t r a n s f o r m i n g o r g a n i c compounds may be i m p o r t a n t . The mode o f a c t i o n 
f o r some m e t a l o x i d e s i s t o a c c e p t e l e c t r o n s f r o m o r g a n i c m o l e c u l e s 
( i . e . , a c t a s L e w i s a c i d s ) . F o r e x a m p l e , M n ( I V ) - o x i d e s may i n d u c e 
t h e o x i d a t i v e p o l y m e r i z a t i o n o f p h e n o l i c compounds t o a h u m i c a c i d 
l i k e p r o d u c t ( 1 5 , 8 6 ) , a n e f f e c t s i m i l a r t o t h a t o b s e r v e d w i t h c e r 
t a i n enzymes ( 8 7 - 8 9 ) . When g l y c i n e was a d d e d t o t h e r e a c t i o n 
m i x t u r e , n i t r o g e n o u s p o l y m e r s a n d ammonia were f o r m e d ( 1 6 ) . The 
v a r i o u s M n ( I V ) - o x i d e s s t u d i e d were e f f e c t i v e a t p r o m o t i n g p o l y m e r 
i z a t i o n ( m e a s u r e d a s i n c r e a s e d a b s o r p t i o n a t 600 nm) , much more t h a n 
F e ( I I I ) - o x i d e s . The r a t e o f p o l y m e r i z a t i o n d e p e n d e d on t h e s t r u c 
t u r e o f t h e p h e n o l a n d d e c r e a s e d i n t h e o r d e r h y d r o q u i n o n e > 
r e s o r c i n o l > c a t e c h o l , f o r 7 d a y s r e a c t i o n t i m e a t pH 6 ( 1 5 ) . A l 
a n d S i - o x i d e s d i d n o t s i g n i f i c a n t l
a p r e v i o u s s t u d y h a s i n d i c a t e
g r o u n d s i l i c a may p r o m o t e h y d r o x y l a t i o n a n d , p r e s u m a b l y , p o l y m e r i z a 
t i o n o f a r o m a t i c s ( 1 3 ) . 

S i m i l a r l y t o M n ( I V ) - and F e ( I I I ) - o x i d e s , some p r i m a r y m i n e r a l s 
were shown t o p r o m o t e p o l y m e r i z a t i o n o f h y d r o q u i n o n e ( 1 9 ) . O l i v i n e s , 
p y r o x e n e s , and a m p h i b o l e s a c c e l e r a t e d t h e p o l y m e r i z a t i o n r e a c t i o n t o 
a g r e a t e r e x t e n t t h a n m i c a s a n d f e l d s p a r s . M i c r o c l i n e a n d q u a r t z 
we re i n e f f e c t i v e . The e f f e c t was g r e a t e s t f o r t e p h r o i t e , a m a n g a 
n e s e - b e a r i n g s i l i c a t e w i t h t h e i d e a l c h e m i c a l f o r m u l a M ^ S i O ^ . 
F a y a l i t e , t h e c o r r e s p o n d i n g F e ( I I ) a n a l o g ( F e 2 S i 0 4 ) , was e f f e c t i v e , 
bu t t o a l e s s e r e x t e n t . 

S i m i l a r r e s u l t s were r e p o r t e d p r e v i o u s l y by L a r s o n and H u f n a l 
( 1 4 ) who s t u d i e d t h e o x i d a t i v e p o l y m e r i z a t i o n t o h u m i c - l i k e m a t e r i 
a l s o f m o d e l o r g a n i c compounds , s u c h a s c a t e c h o l , p y r o g a l l o l , and 
t h e i r d e r i v a t i v e s , i n t h e p r e s e n c e o f s e d i m e n t s , c l a y s , t r a n s i t i o n 
m e t a l o x i d e s ( M n 0 2 , ZnO , CuO) a n d c a t i o n s (Μη , F e ) . I n s t r e a m 
w a t e r , t h e r a t e o f t r a n s f o r m a t i o n o f c a t e c h o l t o b r o w n i s h - g r e e n 
p o l y m e r p r o d u c t s was i n c r e a s e d when compa red t o a d i l u t e p h o s p h a t e 
b u f f e r o f c o m p a r a b l e p H , p r o b a b l y b e c a u s e o f t h e p r e s e n c e o f t r a n s i 
t i o n m e t a l c a t i o n s w h i c h c a n p r o m o t e p o l y m e r i z a t i o n . A d d i t i o n o f 
s e d i m e n t s o r c l a y s i n c r e a s e d t h e r a t e o f p o l y m e r i z a t i o n , w h e r e a s 
a d d i t i o n o f EDTA o r l o w e r i n g o f t h e pH r e d u c e d i t . The e f f e c t o f 
EDTA was e x p l a i n e d by c o m p l e x a t i o n o f s o l u b l e t r a n s i t i o n m e t a l i o n s , 
s u c h a s Fe a n d Μη , w h i c h p r o m o t e d p o l y m e r i z a t i o n . I n g e n e r a l , 
M n 0 2 was t h e most e f f e c t i v e c a t a l y s t , b u t i t was f o u n d i n c a p a b l e o f 
p r o m o t i n g p o l y m e r i z a t i o n o f p h e n o l s w i t h o u t a d j a c e n t h y d r o x y l 
g r o u p s . The s u p e r i o r c a t a l y t i c a c t i v i t y o f M n 0 2 , a s c o m p a r e d t o 
o t h e r m e t a l o x i d e s , was a l s o r e p o r t e d by S h i n d o and Huang ( 1 5 ) , b u t 
no e x p l a n a t i o n was g i v e n . The p o l y m e r i z a t i o n r e a c t i o n s were r a t i o 
n a l i z e d by a m e c h a n i s m i n v o l v i n g h y d r o p e r o x y l r a d i c a l s , * 0 0 H . T h e s e 
r a d i c a l s c a n be f o r m e d f r o m d i s s o l v e d o x y g e n a n d Fe s i t e s i n 
n a t u r a l s i l i c a t e s , a s shown i n F i g u r e 5 . 

The h y d r o p e r o x y l r a d i c a l f o r m e d , * 0 0 H , h a s a p K a o f 4 . 7 5 a n d 
e x i s t s i n w a t e r a s a s u p e r o x i d e r a d i c a l a n i o n 0 2 · E i t h e r s p e c i e s i n 
w a t e r d i s m u t a t e s t o p r o d u c e 0 2 and h y d r o g e n p e r o x i d e , H 2 0 2 , o r , p o s 
s i b l y , r e a c t w i t h d i s s o l v e d o r a d s o r b e d p h e n o l . D i l u t e H 2 0 2 d o e s 
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Moisture content CM 

F i g u r e 4 . D e g r a d a t i o n o f p a r a t h i o n on k a o l i n i t e a s a f u n c t i o n o f 
t h e c l a y m o i s t u r e c o n t e n t . ( R e p r o d u c e d f r o m R e f . 7 1 . C o p y r i g h t 
1976 A m e r i c a n C h e m i c a l S o c i e t y . ) 

F i g u r e 5 . F o r m a t i o n o f h y d r o p e r o x y l r a d i c a l s by e l e c t r o n t r a n s f e r 
f r o m a c l a y s u r f a c e t o d i s s o l v e d o x y g e n . ( R e p r o d u c e d f r o m R e f . 14 . 
C o p y r i g h t A m e r i c a n C h e m i c a l S o c i e t y . ) 
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F i g u r e 6 . R e a c t i o n scheme f o r t h e a t t a c k o f p h e n o l by "OH 
r a d i c a l s ( a f t e r R e f . 9 0 ) . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



22. VOUDRIAS A N D REINHARD Abiotic Organic Reactions 483 

n o t a t t a c k c a t e c h o l r a p i d l y i n t h e a b s e n c e o f o x i d i z a b l e o r r e d u c i 
b l e c a t i o n s , bu t i n t h e i r p r e s e n c e , i t i s c a t a l y t i c a l l y decomposed 
t o f o r m h y d r o x y l o r h y d r o p e r o x y l r a d i c a l s ( F e n t o n r e a c t i o n ) : 

H 2 ° 2 + μ Π + — > " 0 H + 0 H ~ + M ( n + 1 ) + ( 15 ) 

H 2 0 2 + M ( n + 1 ) + -> *00H + H + + M n + ( 16 ) 

2 H 2 ° 2 > " 0 H + , 0 0 H + H 2 ° ( 1 7 ) 

The *0H c a n r e a c t w i t h c a t e c h o l , by h y d r o g e n a b s t r a c t i o n o r 
a d d i t i o n t o t h e a r o m a t i c r i n g , t o p r o d u c e t h e r e s o n a n c e - s t a b i l i z e d 
r a d i c a l . The l a t t e r c o u l d c o u p l e w i t h o t h e r c a t e c h o l m o l e c u l e s o r 
o x y g e n t o e v e n t u a l l y f o r m p o l y m e r i z e d , h i g h l y c o l o r e d m a t e r i a l s , 
a c c o r d i n g t o t h e scheme p r o p o s e d f o r p h e n o l by V o u d r i a s ( 9 0 ) ( F i g 
u r e 6 ) . 

Summary and C o n c l u s i o n

A b i o t i c o r g a n i c r e a c t i o n s s u c h a s h y d r o l y s i s , e l i m i n a t i o n , s u b s t i t u 
t i o n , r e d o x a n d p o l y m e r i z a t i o n w h i c h a r e i n f l u e n c e d by t h e s u r f a c e s 
o f c l a y m i n e r a l s , p r i m a r y m i n e r a l s , and m e t a l o x i d e s h a v e b e e n r e 
v i e w e d . S t r u c t u r a l o r e x c h a n g e a b l e t r a n s i t i o n m e t a l c a t i o n s o n 
c l a y s c a n a c t a s L e w i s a c i d s i t e s by a c c e p t i n g e l e c t r o n s f r o m 
o r g a n i c c o m p o u n d s . T h i s e l e c t r o n t r a n s f e r may l e a d t o f o r m a t i o n o f 
c h a r g e t r a n s f e r c o m p l e x e s o r r a d i c a l c a t i o n s . A r o m a t i c r a d i c a l 
c a t i o n s c a n r e a c t f u r t h e r w i t h o t h e r a r o m a t i c r i n g - c o n t a i n i n g c o m 
p o u n d s t o f o r m d i m e r s , t r i m e r s , o r p o l y m e r s . I f o x y g e n i s p r e s e n t , 
t h e r e d u c e d c l a y c a n be r e o x i d i z e d a n d a c t a s a c a t a l y s t . 

T h e d i s s o c i a t i o n o f w a t e r c o o r d i n a t e d t o e x c h a n g e a b l e c a t i o n s 
o f c l a y s r e s u l t s i n B r r f n s t e d a c i d i t y . A t l o w m o i s t u r e c o n t e n t , t h e 
B r ^ n s t e d s i t e s may p r o d u c e e x t r e m e a c i d i t i e s a t t h e c l a y s u r f a c e . 
As a r e s u l t , a c i d - c a t a l y z e d r e a c t i o n s , s u c h as h y d r o l y s i s , a d d i t i o n , 
e l i m i n a t i o n , and h y d r o g e n e x c h a n g e , a r e p r o m o t e d . B a s e - c a t a l y z e d 
r e a c t i o n s a r e i n h i b i t e d a n d n e u t r a l r e a c t i o n s a r e n o t i n f l u e n c e d . 
M e t a l o x i d e s and p r i m a r y m i n e r a l s c a n p r o m o t e t h e o x i d a t i v e p o l y m e r 
i z a t i o n o f some s u b s t i t u t e d p h e n o l s t o h u m i c a c i d - l i k e p r o d u c t s , 
p r o b a b l y t h r o u g h *0H r a d i c a l s f o r m e d f r o m t h e r e a c t i o n b e tween d i s 
s o l v e d o x y g e n a n d F e 2 + s i t e s i n s i l i c a t e s . I n g e n e r a l , c l a y m i n e r 
a l s p r o m o t e many o f t h e r e a c t i o n s t h a t a l s o o c c u r i n homogenous a c i d 
o r o x i d a n t s o l u t i o n s . H o w e v e r , r a t e s a n d s e l e c t i v i t y may be d i f f e r 
e n t and d i f f i c u l t t o p r e d i c t u n d e r e n v i r o n m e n t a l c o n d i t i o n s . T h i s 
p r o b l e m m e r i t s f u r t h e r s t u d y . 
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Mn(II) Oxidation in the Presence of Lepidocrocite: 
The Influence of Other Ions 

Simon H. R. Davies1 

Environmental Engineering Science, California Institute of Technology, Pasadena, 
CA 91125 

Mn(II) oxidation is enhanced in the presence of lepido
crocite (γ-FeOOH). The oxidation of Mn(II) on γ-FeOOH 
can be understoo
coordination processe
Ca2+, Mg2+, Cl - , SO 4

2 -, phosphate, silicate, salicylate, 
and phthalate affect Mn(II) oxidation in the presence of 
γ-FeOOH. These effects can be explained in terms of the 
influence these ions have on the binding of Mn(II) 
species to the surface. Extrapolation of the laboratory 
results to the conditions prevailing in natural waters 
predicts that the factors which most influence Mn(II) 
oxidation rates are pH, temperature, the amount of 
surface, ionic strength, and Mg2+ and Cl- concentrations. 

Manganese i s an important element i n the aquat i c environment. I t i s 
an e s s e n t i a l m i c r o n u t r i e n t U,^) and i s the subjec t of much i n t e r e s t 
because i t s oxides scavenge other heavy metals (3 ) · Of p a r t i c u l a r 
i n t e r e s t are ferromanganese nodules , which are abundant i n the 
aqua t i c environment. These nodules con ta in high concen t ra t i ons of 
c o b a l t , n i c k e l , copper and other heavy metals (4 ) . 

Manganese can e x i s t i n a number of o x i d a t i o n s t a t e s . The I I , 
I I I , and IV o x i d a t i o n s t a t e s are found i n the aquat i c environment. 
Mn(I I I ) and Mn(IY) are e s s e n t i a l l y i n s o l u b l e i n water , whereas, 
Mn(II ) i s r e l a t i v e l y s o l u b l e . Because of the wide ly d i f f e r i n g s o l 
u b i l i t i e s of Mn(II ) and the higher o x i d a t i o n s ta tes the behaviour of 
manganese i n the aquat i c environment i s s t r ong l y i n f luenced by redox 
c o n d i t i o n s . The r e l a t i v e s t a b i l i t y of the d i f f e r e n t o x i d a t i o n s t a t e s 
depends upon pH, the o x i d a t i o n p o t e n t i a l and the concen t ra t i on of 
complexing l i g ands present {5). While the I I I o x i d a t i o n s t a t e i s 
found i n manganese minera ls (6, 7)9 aqueous Mn(I I I ) probably does 

7Current address: Swiss Federal Institute for Water Resources and Water Pollution 
(EAWAG), CH-8600 Dubendorf, Switzerland. 
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not occur i n na tura l waters , as i t i s thermodynamical ly uns tab le and 
d i s p r o p o r t i o n a t e s (8) : 

2 M n 3 + + 2H 20 = M n 2 + + Mn0 2 + 4H + K= 10 9 (1) 

At the pHs found i n na tura l waters Mn(II ) i s thermodynamical ly 
s t a b l e i n reduc ing environments. In ox i c environments, Mn(IY) i s the 
s t a b l e form, y e t Mn(II ) i s found i n these environments (9, J O ) . The 
pe r s i s t ence of Mn(II ) can be exp la ined by the r educ t i on of Mn( I I I ) 
and Mn(IV) oxides by n a t u r a l l y o c c u r r i n g organics (2911) and by the 
slow o x i d a t i o n of Mn(II ) (8 ) . 

The ra tes of Mn(II) o x i d a t i o n i n na tura l waters , a l though s low, 
are t y p i c a l l y orders of magnitude f a s t e r than the ra t e of o x i d a t i o n 
of Mn(II) i n s o l u t i o n (8 ,12 ) . I t has been suggested tha t the enhanc
ed ra te of Mn(II ) o x i d a t i o n i n na tura l waters i s due e i t h e r to 
b a c t e r i a l o x i d a t i o n (13-16
sur faces such as metal oxide
suggests tha t i n c e r t a i n environments b a c t e r i a l mediat ion of the 
r e a c t i o n i s important (13-15) . But i n many cases the r e l a t i v e 
importance of b a c t e r i a l and a b i o t i c " c a t a l y s i s " i n na tura l waters 
has not been c l e a r l y de f ined . 

I t has been suggested tha t many sur faces i n c l u d i n g T i ( I V ) , 
S i ( I V ) , Sn ( IY ) , F e ( I I I ) , Mn ( I I I ) , and Mn(IV) ox ides , c a l c i t e , c l a y 
m i n e r a l s , and f e l dspars a cce l e ra t e the o x i d a t i o n of Mn(II) (8, 
20-25 ) . The i n t e r p r e t a t i o n of a number of these i n v e s t i g a t i o n s i s 
d i f f i c u l t because Mn(II ) o x i d a t i o n was s tud i ed under c o n d i t i o n s 
where the concen t ra t i on of manganese was greater than the concen-
e n t r a t i o n of sur face s i t e s . Where the sur face i s not i n cons ide rab l e 
excess , i t i s d i f f i c u l t to determine whether the sur face i t s e l f o r 
o x i d i z e d manganese depos i ted on the sur face a cce l e ra t e s the ra t e of 
Mn(II ) o x i d a t i o n . Another d i f f i c u l t y w i th the i n t e r p r e t a t i o n of some 
of these i n v e s t i g a t i o n s i s tha t the systems s tud i ed were g r e a t l y 
oversa tura ted w i th respect to p y r o c h r o i t e , Mn(0H) 2 or r h o d o c r o c i t e , 
MnC0 3 . I f these s o l i d s p r e c i p i t a t e , the system may behave very 
d i f f e r e n t l y from an undersaturated system. 

Objectives 

This paper d i scusses the o x i d a t i o n of Mn(II ) i n the presence o f 
l e p i d o c r o c i t e , γ-FeOOH. This s o l i d was chosen because e a r l i e r work 
(18, 26) had shown tha t i t s i g n i f i c a n t l y enhanced the ra te of Mn(II ) 
o x i d a t i o n . The in f luence of C a 2 + , M g 2 + , C I " , S 0 H

2 " , phosphate, s i l 
i c a t e , s a l i c y l a t e , and phtha la te on the k i n e t i c s of t h i s r e a c t i o n i s 
a l s o cons ide red . These ions are e i t h e r important c o n s t i t u e n t s i n 
na tura l waters or s imple models f o r n a t u r a l l y o c c u r r i n g o r g a n i c s . To 
t r y to i d e n t i f y the f a c t o r s tha t i n f luence the ra te of Mn(II ) o x i d 
a t i o n i n na tura l waters the sur face e q u i l i b r i u m and k i n e t i c models 
developed us ing the l abo ra t o r y r e s u l t s have been used to p r e d i c t the 
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t ime sca l es f o r Mn(II) o x i d a t i o n i n na tura l waters . These pred
i c t i o n s are compared w i th the ra tes of manganese removal observed i n 
na tura l waters . 

Exper imental 

General Remarks. The d e t a i l s of the exper imental procedures are 
desc r ibed i n Davies (26). De ion ized d i s t i l l e d water was used to 
prepare a l l s o l u t i o n s . A l l reagents were a n a l y t i c a l grade unless 
o therwise noted. The gases used were f i l t e r e d and scrubbed i n a 
Dreschel b o t t l e . The glassware and p l a s t i c w a r e were c leaned i n a 
s t rong detergent (A lconox ) , soaked i n 4M n i t r i c a c i d , and r i n s e d 
w i th de ion i zed d i s t i l l e d water . The s o l u t i o n s used i n the adso rp t i on 
and o x i d a t i o n exper iments , o ther than those prepared from s t rong 
a c i d s , were f i l t e r e d . 

P r epara t i on and C h a r a c t e r i z a t i o
c h a r a c t e r i z a t i o n of the bulk and sur face p r o p e r t i e s of the γ-FeOOH 
s tud i ed i s descr ibed i n Davies (26)» The sur face p r ope r t i e s of the 
oxide are given i n Table I . 

Table I . Sur face P rope r t i e s of γ-FeOOH. 

Batch LI Batch L2 

BET Surface Area , m 2/g 142 ND1 

F" Exchange Capac i t y , mmoles/g 2.27 2.58 
Surface A c i d i t y Constants 2 

pKa x 6.4 , 6.05 3 5.65 
pKa 2 8.32 , 8.14 3 8.13 

1 ND Not Determined 
2 In 0.1M NaC10 4 , 25°C 
3 Dup l i ca t e experiments 

pH Measurements. The pH measurements were made us ing a g lass e l e c 
t rode and a double j u n c t i o n re ference e l e c t r o d e ; the outer compart
ment of the re ference e l e c t rode was f i l l e d w i t h 0.1 M NaClO^. The 
e l e c t r ode was c a l i b r a t e d us ing NBS buf f e rs (pHydrion or Radiometer ) . 
Accurate pH measurements i n the suspensions were d i f f i c u l t to make 
because the e l e c t r ode p o t e n t i a l d r i f t e d s lowly w i th time apparent ly 
due to the coa t ing of the e l e c t rodes w i th an oxide f i l m . To ob ta in 
s e l f c o n s i s t e n t r e s u l t s , p o t e n t i a l readings were taken a f t e r a set 
time (5 minutes ) . 
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A n a l y t i c a l Procedures. Mn was determined by atomic absorp t i on 
spectrophotometry (AAS) or the formal dioxime method (27^)· Ca, Mg and 
Fe were determined by AAS. S i l i c a t e , phosphate, su lphate and 
c h l o r i d e were determined us ing techniques descr ibed i n Standard 
Methods (28) . The m o l y b d o s i l i c a t e method was used for s i l i c a t e . 
Phosphate was determined us ing the vanadomolybdophosphoric a c i d 
method. Sulphate was determined by BaSO^ grav imet ry . Ch l o r i d e was 
determined by the mercur ic c h l o r i d e method. S a l i c y l a t e and ph tha la t e 
were determined by UV spectrophotometry. 

Adsorp t ion Exper iments . The adsorp t i on experiments were performed 
a t 25±0.2"C i n 0.1 M NaClO^. Mn adsorp t i on experiments were per 
formed under a n i t rogen atmosphere a t a t o t a l Mn(II) c oncen t ra t i on 
of 50μΜ. F i l t e r a b l e concen t ra t i ons were determined by ana l y z ing 0.22 
micron ( M i l l i p o r e Type GWSP) f i l t e r e d samples. The f i r s t 5 mL of the 
f i l t r a t e was d i s ca rded . Adsorbe
d i f f e r ence ( i . e . adsorbe

Ox ida t i on S t u d i e s . These s tud i e s were performed a t 25±0.2°C i n a 
carbonate buf fered 0.1 M NaClO^ s o l u t i o n . The bu f f e r was e q u i l i 
bra ted w i th a i r or an 0 2 / C 0 2 gas mixture f o r a t l e a s t 24 hours . The 
pH was adjusted to 8.3 us ing HCIO^ NaOH, or N a 2 C 0 3 . Where γ-FeOOH 
was present the suspension was deaerated by bubb l ing N 2 /C0 2 f o r 1 
hour, the Mn(II) was added and was a l lowed to e q u i l i b r a t e w i th the 
s o l i d f o r 30 minutes and then the o x i d a t i o n was commenced by s w i t c h 
ing to 0 2 / C 0 2 or a i r bubb l i ng . Where no s o l i d was present the 
s o l u t i o n was not deaerated. The rate of o x i d a t i o n was monitored by 
f o l l o w i n g the l o s s of f i l t e r a b l e Mn. 

E q u i l i b r i u m C a l c u l a t i o n s . The computer program SURFEQL (29) was 
used to c a l c u l a t e the e q u i l i b r i u m d i s t r u b u t i o n of chemicaT"spec ies . 
The constant capac i tance model (30, 31_) was used f o r the sur face 
e q u i l i b r i a c a l c u l a t i o n s . The e q u i l i b r i u m constants used i n these 
c a l c u l a t i o n s are g iven i n Davies (26) . 

Results and Discussion 

Elsewhere (26) I have shown tha t the o x i d a t i o n of Mn(II) i n the 
presence of four metal ox ides (a-Fe00H, γ-FeOOH, amorphous s i l i c a , 
and 6 - A l 2 0 3 ) can be understood i n terms of the coup l ing of sur face 
c o o r d i n a t i o n processes and redox r eac t i ons on the metal oxide 
su r f a ce . These r e s u l t s are not d i scussed here , but the conc lus i ons 
w i th regard to γ-FeOOH are summarized. 

Mn(II ) adso rp t i on on metal ox ide s u r f a c e s . The b ind ing of Mn(II) on 
γ-FeOOH can be understood i n a sur face c o o r d i n a t i o n chemical frame
work. The sur face groups on a metal oxide are amphoteric and the 
h y d r o l y s i s r eac t i ons can be w r i t t e n : 
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EFeOH 2
+ = =FeOH + H + K a i (2) 

=FeOH = =FeO~ + H + K a 2 (3) 

where ΞFeOH i s a sur face hydroxyl group. The adsorp t i on of M n 2 + can 
be descr ibed i n terms of the compet i t i on w i th protons for sur face 
s i t e s . Equat ions 4 and 5 descr ibe examples of such r e a c t i o n s . 

EFeOH + M n 2 + = =FeOMn+ + H + * K X (4) 

=FeOH =FeO 
I + M n 2 + = j Μη + 2H + * β 2 (5) 

=FeOH =Feo' 

As shown i n F i gure 1, the adsorp t ion of Mn(II) on γ-FeOOH can 
be s u c c e s s f u l l y descr ibe
these c a l c u l a t i o n s the hydro lysed sur face complex =FeO-Mn-OH was not 
cons ide red . The reason fo r not c ons i d e r i ng both the b identa te 
(^S0) 2Mn and hydro lysed sur face spec ies i s tha t both have v i r t u a l l y 
the same pH dependence, so i t i s imposs ib l e us ing the a v a i l a b l e data 
to make anything other than an a r b i t r a r y cho ice about the r e l a t i v e 
p ropo r t i ons of these two spe c i e s . Based on the model c a l c u l a t i o n s , 
i n the pH range 8-9 , the predominant Mn(II ) spec ies on the γ-FeOOH 
sur face i s the b identa te sur face complex or the hydro lysed sur face 
complex. 

Mn(II ) o x i d a t i o n on metal o x i d e s . The ra te of o x i d a t i o n of Mn(I I ) 
i n the presence of γ-FeOOH can be descr ibed by the f o l l o w i n g 
equat ion (26) : 

d [Mn(I I ) ] {EFeOH} [Mn 2 + ] 
- = k — a p 0 2 (6) 

dt [ H + ] 2 

where {EFeOH} i s the concen t ra t i on of sur face hydroxyl groups i n 
moles/g of ox ide , a i s the concen t ra t i on of oxide i n g/L, and p 0 2 i s 
the p a r t i a l pressure of oxygen i n atmospheres. The pH dependence of 
the r e a c t i o n suggests the r e a c t i v e sur face spec ies i s the b identa te 
sur face complex or the hydro lysed surface complex. A l t e r n a t i v e 
f o rmula t i ons of the ra te express ion are : 

d [Mn(I I ) ] 

d t 

d [Mn(I I ) ] 

dt 

= k" {(=FeO)2Mn} a p 0 2 or (7) 

= k" {EFeOMnOH} a p 0 2 (8) 
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One p o s s i b l e mechanism fo r the o x i d a t i o n of Mn(II) on an oxide 
sur face i s shown i n F i gure 2. The b ind ing of Mn(II ) to the sur face 
may f a c i l i t a t e the e l e c t r o n t r a n s f e r from Mn(II) to 0 2 (32) · The 
sur face groups on the metal ox ide , i f app rop r i a t e l y cooord ina ted , 
w i l l exer t a r e p u l s i v e e f f e c t on the e l e c t r o n i n the manganese d z 

o r b i t a l , making i t e a s i e r f o r the 0 2 bound to the manganese atom to 
remove t h i s e l e c t r o n . The nature of the products was not c h a r a c t e r 
i z ed so the o v e r a l l r e a c t i o n s t i och iomet ry i s unknown. 

The e f f e c t of o ther i ons on Mn(II ) o x i d a t i o n i n the presence o f 
γ-FeQOH. This s e c t i on d i scusses the e f f e c t of C a ^ + , Mg 2 i " , C I " , 
phosphate, S O ^ 2 - , s i l i c a t e , p h t h a l a t e , and s a l i c y l a t e on Mn(II ) 
o x i d a t i o n i n the presence of γ-FeOOH. C a 2 + , M g 2 + , C I " , and S O ^ 2 " are 
major components of na tura l waters . Prev ious s tud i e s have shown tha t 
these ions b ind to i r o n oxide sur faces (33, 34) . Phosphate and 
s i l i c a t e both i n t e r a c t s t r ong l y w i th i r o n oxide sur faces (33) . 
S a l i c y l a t e and phtha la te
o c c u r r i n g o r g a n i c s . Po la r organic compounds (35-37) and n a t u r a l l y 
o c c u r r i n g organics (38-41) are adsorbed on oxide sur f aces . The 
e f f e c t of these ions on the manganese o x i d a t i o n ra te i n homogeneous 
s o l u t i o n , a t the concen t ra t i ons used i n the o x i d a t i o n s tud i e s where 
γ-FeOOH i s present (see Table IV ) , i s not s i g n i f i c a n t . At pH 8 . 3 , 
the p s e u d o - f i r s t order ra te constant k x f o r r e a c t i o n i n homogeneous 
s o l u t i o n i s , i n a l l cases s t u d i e d , l e s s than 4x 1 0 " 5 m i n " 1 . S ince 
the ra te of Mn(II) o x i d a t i o n i n s o l u t i o n i s s low, r eac t i ons which 
d i s p l a c e Mn(II ) from the sur face w i l l i n h i b i t i t s o x i d a t i o n . The 
sur face c oo rd ina t i on model presented e a r l i e r may be genera l i z ed to 
cons ide r the i n t e r a c t i o n s of other ions w i th the sur face and the 
format ion of s o l u t i o n complexes. Some examples of the p o s s i b l e 
r eac t i ons are g iven below: 

Formation of sur face complexes 

EFeOH + M g 2 + = =FeOMg+ + H + (9) 
L igand exchange 

=FeOH + S0 t +
2 "+ H + = =Fe-S0 H " + H 2 0 (10) 

Formation of s o l u t i o n complexes 

M n 2 + + C I " = M n C l + (11) 

The r e s u l t s found i n the adsorp t i on s tud i e s are g iven i n Table I I . 
From these r e s u l t s the sur face e q u i l i b r i u m constants f o r the 
r ea c t i ons given i n Table I I I were determined us ing the SURFEQL 
program. In these c a l c u l a t i o n s i t i s assumed tha t the C a 2 + , M g 2 + , 
C I " , S 0 4

2 " , phosphate and s i l i c a t e sur face spec ies are those found 
p r e v i o u s l y to occur on the α-FeOOH sur face (33, 34) . The phtha la t e 
and s a l i c y l a t e complexes =FeA" and EFeAH (where A 7 " i s phtha la te or 
s a l i c y l a t e ) were cons idered i n these c a l c u l a t i o n s . 

I f , where the other ions are present , the Mn(II ) o x i d a t i o n ra t e 
i s s t i l l descr ibed by equat ion 7 (or 8) then the p s u e d o - f i r s t order 
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«=' 30 

1 20 

I ι 

5.13m Μχ- FeOOH 
pN2 = 1.0 atm y / X 

" 0.1 M Na CIO4 J £ X — 

25 °C / 

/x 
/x 

1 1 I 1 1 1 

F i g u r e 1. M n ( I I ) a d s o r p t i o n a s a f u n c t i o n o f p H . The s o l i d 
l i n e s a r e c a l c u l a t e d u s i n g t h e c o n s t a n t c a p a c i t a n c e m o d e l . 

= S-0H 2 + =S-0\ 
I + Μη , ^ I ^Mn(ll) Metal Complexation 

=S-OH =S-0 

=S-Ov v = S-0>. Formation of 

s ' _ 0 ^ M n ( l , ) + ° 2 4 _ 0 ^ M n ( l , ) - ° 2 Mn(ll)-02 Complex 

=S-Ov ^S-Ov _ Formation of 

4_0^Mn(ll)-02 = ^ 0 / Μ η ( Ι Ι Ι ) - 0 2 · Μη{Μ|)-Superoxide 
Complex 

=S-0\ 
I .Mn(lll)-Oo > PRODUCTS 

=S-0 2 

F i g u r e 2 . A p o s s i b l e m e c h a n i s m f o r t h e o x i d a t i o n o f M n ( I I ) 
a m e t a l o x i d e s u r f a c e . 
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Table I I . Adsorpt ion of an ions , C a 2 + , and M g 2 + on the γ-FeOOH 
sur f a c e . 

Ion ic Medium 1 PH % Adsorbed 

10- 3 M C a f C l O ^ 8.30 11.3 
10" 3 M M g i C l O ^ 8.30 39.5 
10" 3 M s a l i c y l a t e 8.29 15.2 
10~ 3M s a l i c y l a t e 7.02 7.0 
10" 3 M phtha la te 8.30 <2 
10" 3 M phtha la te 7.00 75 
10 ' 3 M Na 2S0 1 + 

10" 3 M Na 2HP0 l + 

10" 3 M s i l i c a t e 8.3 35 
10" 3 M s i l i c a t e 7.0 57 

1 A l l experiments i n 10 mM γ-FeOOH, 0.1M NaC10 u at 25°C. 

Table I I I . I n t e r a c t i ons of an ions , C a 2 + , and M g 2 + w i th the γ-FeOOH 
sur f ace . 

l o g ^ K 1 

E Fe0H + C a 2 + + H 2 0 ^FeOCaOH + 2H + -14 .5 
= Fe0H + M g 2 + + H 2 0 ^FeOMgOH + 2H + -13.7 
=Fe0H + s a l 2 " + 2H + ^FesalH + H 2 0 23.7 
EFeOH + s a l 2 " + H + E F e s a l " + H 2 0 15.6 
E Fe0H + p h t h 2 " + 2H + = EFephthH + H 2 0 17.2 
EFeOH + p h t h 2 " + H + EFephth" + H 2 0 <9.5 2 

E Fe0H + S O ^ " + H + ^FeS0 4 - + H 2 0 8.4 
=Fe0H + P 0 4

3 - + H + ^ F e P O ^ " + H 2 0 25.7 
E Fe0H + H 2 S i 0 1 +

2 " + H + = ^ F e S i O ^ " + H 2 0 18.2 
=Fe0H + H 2 S i O i +

2 " + 2H + = =FeSiO i +H 3 + H 2 0 25.1 

s a l 2 " s a l i c y l a t e 
p h t h 2 " ph tha la t e 

1 Κ i s the i n t r i n s i c constant a t 25°C i n 0.1M NaClO^. 
2 Th is spec ies does not e x i s t at s i g n i f i c a n t concen t ra t i ons i n the 

pH range s t u d i e d . 
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ra te constant k x f o r Mn(II) o x i d a t i o n can be c a l c u l a t e d us ing the 
exp r ess i on : 

k" {(=FeO) 2Mn} 0 a p 0 2 

[ M n ( I I ) X 
(12) 

ο 

(or the appropr ia te express ion obtained from equat ion 8) where 
[Mn ( I I ) ] 0 i s the i n i t i a l concen t ra t i on of Mn(II) and {(^FeO)2Mn} 
the i n i t i a l c oncen t ra t i on of the b identa te sur face complex. The 
concen t ra t i on of the b identa te complex present i n i t i a l l y can be 
c a l c u l a t e d us ing the SURFEQL program. In Table IV the r a t i o k 1 / ( k 1 , 
c o n t r o l ) f o r the experimental r e s u l t s and those c a l c u l a t e d us ing 
equat ion 12 are compared. The con t ro l experiments were i n 0.1M 
NaClO^, at pH 8 . 3 , i n a suspension of the same γ-FeOOH concen
t r a t i o n . 

Table IV. Comparison of the experimental and c a l c u l a t e d values o f 
the r a t i o k j L / k i , c o n t r o l . 

Ionic Medium 1 Experimental 

c o n t r o l 2 

C a l c u l a t e d 

10" 2 M Ca(C10 1 + ) 2 0.35 0.73 
10" 2 M Mg(C10 H ) 2 0.07 0.28 
10~ 3M s a l i c y l a t e 0.36 0.80 
5x 10" 3 M s a l i c y l a t e 0.13 0.64 
10" 3 M phtha la te 1.11 1.00 
l O ^ M phosphate 0.77 0.60 
10" 3 M phosphate 0.32 0.17 
1 0 _ 3 M s i l i c a t e 0.12 0.56 
0.33M N a ^ 0.68 0.73 

1 A l l i n 0.1M NaC10H 

2 Phosphate and s i l i c a t e experiments 
experiments i n 2.5 mM γ-FeOOH. A l l 

i n 0.98 mM γ-FeOOH. Sulphate 
other experiments i n l.OmM 

γ-FeOOH. 

A l l the ions s t u d i e d , except ph tha l a t e , i n h i b i t the o x i d a t i o n of 
Mn(II ) to some degree. The r e l a t i v e extent to which these ions (at 
the concent ra t i ons i nd i ca t ed ) a f f e c t the rate of Mn(II ) o x i d a t i o n i s 
as f o l l o w s : 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



496 G E O C H E M I C A L P R O C E S S E S A T M I N E R A L S U R F A C E S 

10" 2 M M g 2 + > 10~ 3M s i l i c a t e ~ 5 x l 0 " 3 M s a l i c y l a t e > 
10- 3 M phosphate ~ 10" 3 M s a l i c y l a t e ~ 0.7M NaCl - 1(Τ2Μ Ca 2 + > 

.033M Hâ2S0h > phosphate > 10" 3 M p h t h a l a t e . 

As shown i n Table IV, g ene ra l l y the agreement between the e x p e r i 
menta l l y obta ined and c a l c u l a t e d r a t i o s i s not q u a n t i t a t i v e . However 
the model p r e d i c t s tha t the r e l a t i v e e f f e c t of the added ions should 
be: 

10" 3 M phosphate > 10" 2 M M g 2 + > 
10" 3 M s i l i c a t e - 5 x l 0 " 3 M s a l i c y l a t e - lO '^M phosphate > 

10" 2 M C a 2 + ~ .033M N a ^ ~ 10~ 3M s a l i c y l a t e > 10" 3 M p h t h a l a t e . 

wh ich , except f o r the r e s u l t s obta ined i n the phosphate s o l u t i o n s , 
i s v i r t u a l l y the same order as found by exper iment. R e a l i z i n g the 
l i m i t a t i o n s of the mode
s to i ch i ome t ry under the exper imenta
( i i ) the e q u i l i b r i u m constants are not a c cu ra t e l y determined 
(est imated from s i n g l e adsorp t i on po in t s us ing the assumed s t o i c h i o 
metry ) , ( i i i ) the e l u c i d a t i o n of the e f f e c t s of the e l e c t r i c 
p r o p e r t i e s of s o l i d - w a t e r i n t e r f a c e i s d i f f i c u l t , and ( i v ) the 
p o s s i b l e format ion of t e rnary complexes i s not cons ide red , i t i s not 
s u r p r i s i n g tha t only q u a l i t a t i v e agreement i s obta ined between the 
model c a l c u l a t i o n s and experimental r e s u l t s . That the model 
c a l c u l a t i o n s and experimental r e s u l t s agree q u a l i t a t i v e l y suggests 
t h a t the conceptual bas i s f o r the model i s r e a l i s t i c , tha t i s , the 
e f f e c t tha t these ions have on the ra te of Mn(II) o x i d a t i o n can be 
exp la ined i n terms of the e f f e c t they have on Mn(II ) b ind ing to the 
s u r f a c e . I t i s p o s s i b l e tha t the p r e c i p i t a t i o n of i r o n phosphate on 
the oxide sur face occurs when phosphate i s present i n s o l u t i o n (43, 
44 ) . Should t h i s occur then the number of s i t e s on the oxide sur face 
a v a i l a b l e f o r Mn(II ) b ind ing would be greater than tha t p r e d i c t e d 
us ing the compet i t i ve b ind ing model. Th i s cou ld e x p l a i n the f a c t 
tha t i n the experiments where phosphate i s present the ra te o f 
o x i d a t i o n of Mn(II ) i s f a s t e r than tha t p r ed i c t ed us ing the 
compet i t i ve b ind ing model (and equat ion 12) . Whatever the e x p l a n 
a t i o n f o r the r e s u l t s i n phosphate s o l u t i o n s , i t i s l i k e l y tha t a t 
the concen t ra t i ons found i n na tura l waters (~ 10~ 6M) the e f f e c t of 
phosphate on Mn(II ) o x i d a t i o n i s m in ima l , because i n 10' 1 +M phosphate 
the Mn(II) o x i d a t i o n ra te i s only 20% l e s s than when no phosphate i s 
p resen t . 

As shown i n Table V the ra te of Mn(II ) o x i d a t i o n i n 0.7M NaCl 
i s about 3 t imes slower than i n 0.7M NaClO^, but the amount o f 
Mn(II ) adsorbed i s only about a t h i r d l e s s i n the c h l o r i d e s o l u t i o n . 
In the absence of sur face complexat ion constants i n these e l e c t r o 
l y t e matr ices no model c a l c u l a t i o n s can be made. 
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Table V. Mn(II ) Adsorpt ion and Ox ida t i on i n 0.7M NaClO^ and 0.7M 
NaCl . 

Ionic Medium M n a d s ' μ Μ k 1 $ min 

0.7M NaClO^ 29.2 .0098 
0.7M NaCl 18.3 .0035 

A l l experiments pH 8 .30 , lOmM FeOOH, 25°C 

Mn(II) Oxidation in Natural Waters: Implications of Experimental 
Studies 

In the s tud i es descr ibed above the exper imental c o n d i t i o n s were 
chosen f o r experimental convenience, so they may d i f f e r g r e a t l y from 
those found i n na tura l waters
might i n f luence Mn(II) o x i d a t i o
waters , the sur face e q u i l i b r i a and k i n e t i c models developed above 
can been used to p r e d i c t the time sca l es f o r Mn(II) o x i d a t i o n i n 
these wate rs . 

I t has been shown elsewhere (26) tha t i n na tura l waters the 
degree of enhancement of Mn(II) o x i d a t i o n p r ed i c t ed on the bas i s of 
model c a l c u l a t i o n s i s as f o l l ows : γ-FeOOH > a-Fe00H > s i l i c a > 
a lumina . I t has a l so been shown tha t the rate of Mn(II) o x i d a t i o n i s 
s t r ong l y in f luenced by pH, γ-FeOOH c o n c e n t r a t i o n , temperature and 
i o n i c s t r e n g t h . Depending on the c o n d i t i o n s , the p r ed i c t ed h a l f - l i f e 
( τ ι/2 = 1 n 2 / k i ) f o r M n ( H ) o x i d a t i o n may vary from a few days to 
thousands of y e a r s . By way of example, a t pH 8, p 0 2 0.21 atm, 25°C 
i n waters c on ta in ing 4μΜ γ-FeOOH and 0.2μΜ Mn( I I ) , the h a l f - l i f e f o r 
o x i d a t i o n i s about 30 days. 

In f luence of o ther i o n s . Two examples are cons idered to i l l u s t r a t e 
the importance of other ions i n na tura l waters on Mn(II) o x i d a t i o n 
k i n e t i c s . In the f i r s t example the i o n i c composi t ion of the s o l u t i o n 
i s t y p i c a l of tha t found i n freshwaters and i n the second example 
the composi t ion of the s o l u t i o n i s t y p i c a l of tha t found i n the low 
s a l i n i t y reg ion of an estuary (I ~0 .1M) . The composi t ion of these 
s o l u t i o n s i s given i n Davies (26 ) . The c a l c u l a t e d o x i d a t i o n h a l f -
l i v e s based on the model g iven above f o r these systems are shown i n 
Table V I . 

In f reshwater , Mn(II) o x i d a t i o n i s s l i g h t l y slower than i n 
0.1M NaClO^. The d i f f e r ence between the Mn(II) o x i d a t i o n ra te i n 
freshwater and 0.1M NaClO^ i s g rea tes t at pH 8 . 5 , a t t h i s pH the 
rate of Mn(II) o x i d a t i o n i s only 40% lower i n the freshwater than i n 
0.1M NaC10 1 +. In the es tuar ine -wa te r at pH 8.5 the ra te of Mn(II) 
o x i da t i on i s 20 times slower than i n 0.1M NaClO^. The s p e c i a t i o n 
c a l c u l a t i o n s i n d i c a t e why the model p r e d i c t s the o x i d a t i o n i s s lower 
than i n na tura l waters (see, f o r example Table V I I ) . 
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Table V I . P r ed i c t ed h a l f - l i v e s fo r Mn(II) o x i d a t i o n i n f reshwater , 
e s tuar ine -wate r and 0.1M NaC10 u . =Fe0HT = 2 x l 0 " 6 M , 
25 U C. 

H a l f - l i f e , days 

PH 

7.5 
8.0 
8.5 

Freshwater Es tuar ine -wa te r 0.1M NaC10 L 

290 
37 

5 

470 
94 
57 

240 
25 

3 

Table V I I . C a l c u l a t e d s p e c i a t i o
0.1M NaClO^

% Tota l EFeOH or Mn(II ) 

Freshwater Es tuar ine -wa te r 0.1M NaClO^ 

Surface spec i es 
EFeOH 
EFeO" 
EFeOMgOH 
EFeOCaOH 
^FeH 3 S iO j 4 " 

Major Mn spec i 
Mn 2 + 

Mn0H + 

MnHC0 3
+ 

MnSO, 
MnCr 
MnCl 2 

)2 

es 

I'll IVy ι 2 

(=FeO)2Mn 

54 
10 
21 
10 
3 

89 
1 
3 

<1 
4 

<1 
1 

6 
4 

86 
3 
3 

66 
<1 
2 
6 

25 
1 

<1 

85 
15 
0 
0 
0 

97 
1 
0 
0 
0 
0 
2 

In the freshwater C a 2 + and M g 2 + have d i sp l a c ed Mn(II ) from the 
su r f a c e , wh i l e i n the es tuar ine -wa te r the i n h i b i t i o n of Mn(II ) 
o x i d a t i o n i s l a r g e l y due to M g 2 + a d s o r p t i o n . The complexat ion of 
M n 2 + by C I " a l s o d i sp l a c e s some Mn(II ) from the su r f a ce . Accord ing 
to the model c a l c u l a t i o n s about 25% of the Mn(II) i s present as C l _ 

complexes. 
In seawater the e f f e c t of the other ions on Mn(II) o x i d a t i o n i s 
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s i g n i f i c a n t , but i t i s d i f f i c u l t to quant i f y t h i s e f f e c t . A c a l c 
u l a t i o n , neg l e c t ing any e f f e c t s tha t i o n i c s t rength may have on the 
sur face e q u i l i b r i a , i n d i c a t e s tha t i n seawater the o x i d a t i o n of 
Mn(II ) on γ-FeOOH i s about 100 times slower than i n 0.1M NaClO^. 

Mn(II ) Ox ida t i on i n Natura l Waters: A Comparison w i th P r e d i c t i o n s 
Based on Laboratory Data. The ra tes of manganese removal observed 
i n some natura l waters are summarized i n Table V I I I . These es t imates 
f o r the ra te of manganese removal have been obta ined by var ious 
means and thus i t i s d i f f i c u l t to make a d i r e c t comparison between 
these da ta . For example, the data given are i n some cases based on 
the ra tes of manganese removal from the water column (see, e . g . 
re ference 49) and i n other cases the data given are based on observ
a t i ons of manganese removal from s o l u t i o n us ing samples taken from 
na tura l water bodies (see, e .g . re ference _15). Despite these prob
lems the data given i n t h i
s ca l e s for the net remova
d i f f i c u l t to compare these data w i th the r e s u l t s from the l abo ra t o r y 
o x i d a t i o n s t u d i e s , f o r i n general the sur face p rope r t i e s of p a r t 
i c l e s i n na tura l waters are not known. A l s o , i n na tura l waters the 
r e l a t i v e importance of o x i d a t i v e removal , a d s o r p t i o n , b i o l o g i c a l 
uptake, and r educ t i v e d i s s o l u t i o n i s unknown. 

Table V I I I . Removal times f o r manganese i n na tura l wa t e r s . 

Source of Water Temperature 
U C 

PH H a l f - l i f e 
days 

Reference 

Groundwater 30 6 .9-8 .25 10-40 (45) 
Lake Mendota 22 8.5 12 (46) 
Gr ie fensee ( f i l t e r e d ) 20 8.8 100 (47) 
Black Sea 8.5 7.7 2000 (48) 
Open Ocean Ambient 8.1 10000 (49) 
Sche ld t estuary 20 - 7 . 5 3-8 (50) 
Tamar estuary 20 - 7 . 5 5-30 (19) 
Onieda Lake 18 8 .0 -8 .4 1-4 (15) 
Saanich I n l e t 9 7.4 2 (14) 
MERL microcosm Ambient - 8 4 (51) 
Esthwai te Water 10 6 .5 -7 .5 1-2 ( Ï 6 ) 

The ra tes of manganese removal observed i n some na tura l waters 
( e .g . Lake Mendota) compare favourably w i th the ra tes f o r Mn(II ) 
o x i d a t i o n p r ed i c t ed on the bas i s of l abo ra to ry s t u d i e s . In o ther 
cases the p r e d i c t i o n s from the l abo ra to ry s tud i e s are d i f f i c u l t to 
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r e c o n c i l e w i th the f i e l d obse r va t i ons . For example, i n a sample 
taken from Esthwai te Water, a t pH 6.5 and 10°C v i r t u a l l y a l l the 
manganese was removed (from s o l u t i o n ) w i t h i n 2 days (16) . Th is 
removal ra te i s severa l orders of magnitude f a s t e r than would be 
expected on the bas i s of the r e s u l t s presented i n t h i s paper. 
P robab ly , manganese o x i d i z i n g b a c t e r i a p lay an important r o l e i n the 
geochemistry of manganese i n t h i s lake (16) . 

The importance of b a c t e r i a i n mediat ing Mn(II ) o x i d a t i o n i n 
c e r t a i n environments i s e v i d en t . But , the mechanisms whereby 
b a c t e r i a o x i d i z e Mn(II) are poor ly understood. Some b a c t e r i a 
syn thes i z e p r o t e i n s or other m a t e r i a l s tha t enhance the ra t e of 
Mn(II ) o x i d a t i o n (J>2). Other s t r a i n s of b a c t e r i a r equ i r e o x i d i z e d 
manganese to o x i d i z e Mn(II) (53) , suggest ing tha t they may c a t a l y s e 
the o x i d a t i o n of Mn(II) on the manganese oxide su r f a ce . Other 
b a c t e r i a may c a t a l y s e the o x i d a t i o n of Mn(II) on i r o n oxide 
su r f a c e s , as i r o n i s a ssoc i a t ed w i th manganese depos i t s on b a c t e r i a 
c o l l e c t e d i n the eas ter

Summary and Conc lus ions 

The o x i d a t i o n of Mn(II) i n the presence of γ-FeOOH can be desc r ibed 
by the equat ion : 

. d [Mn(I I ) ] = k {EFeOH} [Mn2+] a ( 1 3 ) 

dt [ H + ] 2 

The pH dependence of t h i s r e a c t i on suggests tha t Mn(II) i s 
r e a d i l y o x i d i z i b l e i f i t i s bound to the surface as a b identa te or 
hydro lysed complex. 

The in f luence of C a 2 + , M g 2 + , C I " , S O ^ 2 " , phosphate, s i l i c a t e , 
p h t h l a t e , and s a l i c y l a t e on the o x i d a t i o n of Mn(II) i n the presence 
of γ-FeOOH can be e xp l a in ed , a t l e a s t q u a l i t a t i v e l y , i n terms of the 
e f f e c t these ions have on the b ind ing of Mn(II) to the γ-FeOOH 
sur f a c e . The f a c t o r s tha t most s t r ong l y i n f luence Mn(II) o x i d a t i o n 
on γ-FeOOH are pH, temperature, γ-FeOOH c o n c e n t r a t i o n , i o n i c 
s t r e n g t h , [Mg 2 + ] and [ C I " ] . 

The ra tes of Mn(II) removal i n some natura l waters are s i m i l a r 
to the Mn(II) o x i d a t i o n ra tes p r ed i c t ed on the bas i s of these 
l abo ra t o r y s t u d i e s . However, i n other cases the ra te of manganese 
removal i n na tura l waters i s much f a s t e r than tha t expected on the 
bas i s of t h i s work. In these systems s i g n i f i c a n t manganese removal 
may occur as the r e s u l t of a d s o r p t i o n , b a c t e r i a l l y mediated 
o x i d a t i o n , or b i o l o g i c a l uptake. 
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Interaction of Co(II) and Co(III) Complexes 
on Synthetic Birnessite: Surface Characterization 

John G. Dillard and Catherine V. Schenck 
Department of Chemistry, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 24061 

The interaction of Co(H2O)6

2+ and Co(III) 
complexes; Co(NH
NH2CH2CH2NH2) with syntheti
studied as a function of pH. The chemical nature 
of the birnessite sample surface was characterized 
using X-ray photoelectron spectroscopy (XPS) and 
secondary ion mass spectrometry (SIMS). Sorption 
of Co(H2O)6

2+ on birnessite in the pH range 4-7 

results in the oxidation of Co(II) to Co(III) as 
shown by XPS results. Interaction of the Co(III) 
complexes with the birnessite surface occurs by 
loss of coordinated ligand, yielding Co(II) and 
Co(III) species from Co(NH3)6

3+, while Co(III) is 
the dominant cobalt state following the reaction of 
Co(en)3

3+ with birnessite. 

The interaction and sorption of metal ions with metal oxide and 
clay surfaces has occupied the attention of chemists, s o i l 
scientists, and geochemists for decades (1 -4). Transition metal 
oxides receiving particular emphasis have included various 
oxides of manganese and iron (5). Interest in sorption 
phenomena is promoted by the desire to better understand 
incorporation of metals into minerals, especially marine 
deposits (5), the removal of trace metal pollutants and 
radionuclides from rivers and streams, via sorption and/or 
precipitation phenomena (1,6), and the deposition of metals on 
solid substrates in the preparation of catalysts (7,8). 

An important and significant task in sorption studies is the 
effort to identify the chemical form(s) of the sorbed metal ion. 

0097-6156/86/0323-0503S06.00/0 
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Among t h e q u e s t i o n s t h a t a r i s e a r e t h e f o l l o w i n g , a t l e a s t , i s 
t h e m e t a l p r e s e n t a s a s o r b e d / h y d r a t e d s p e c i e s ? , were t h e 
c o n d i t i o n s o f m e t a l i n c o r p o r a t i o n s u c h t h a t p r e c i p i t a t i o n o f 
m e t a l - c o n t a i n i n g s p e c i e s o c c u r r e d ? , i f a m e t a l - o r g a n i c compound 
was p r e s e n t , wha t i s t h e c h e m i c a l f o r m o f t h e s o r b e d c o m p l e x ? 
A n s w e r s t o s u c h q u e s t i o n s h a v e b e e n p r o v i d e d i n p a r t f r o m 
t h e r m o d y n a m i c s t u d i e s ( 1 - 4 , 9 ) a n d f r o m a v a r i e t y o f 
s p e c t r o s c o p i c t e c h n i q u e s ( 1 0 - 1 2 ). 

M a n g a n e s e o x i d e s p l a y a s i g n i f i c a n t r o l e i n c o n c e n t r a t i n g 
t r a c e m e t a l s t h a t h a v e p o t e n t i a l e c o n o m i c a n d s t r a t e g i c 
i m p o r t a n c e ( 1 3 ) . S t u d i e s o f t h e f o r m a t i o n p r o c e s s e s o f 
manganese o x i d e s u n d e r a v a r i e t y o f c o n d i t i o n s h a v e b e e n 
p u b l i s h e d ( 1 4 , 1 5 ) . I t was n o t e d t h a t t h e i n i t i a l s o l i d s t a t e 
s p e c i e s f o r m e d by t h e o x i d a t i o n o f M n ( I I ) was M n

3 0 ^ ( h a u s m a n i t e ) 

a n d t h a t d i s p r o p o r t i o n a t i o n o r f u r t h e r o x i d a t i o n p r o c e s s e s 
o c c u r r e d d e p e n d i n g o n t h e c o n d i t i o n s o f t h e e x p e r i m e n t s . I n t h e 
r e a c t i o n o f F e ( I I ) w i t h b i r n e s s i t e a s a f u n c t i o n o f pH ( 1 6 ) , i t 
was f o u n d t h a t a t pH<4 t h
s u r f a c e r e a c t i o n s a t v a c a n c i e s i n t h e MnO^ o c t a h e d r a l s h e e t s . 
R e a c t i o n s a t pH>4 p r o c e e d e d a t a s l o w e r r a t e p r e s u m a b l y b y t h e 
f o r m a t i o n o f a FeOOH p r e c i p i t a t e o n s u r f a c e a c t i v e s i t e s . T h e 
r e a c t i o n o f A s ( I I I ) w i t h m a n g a n e s e ( I V ) o x i d e was f o u n d t o y i e l d 
A s ( V ) w i t h a b o u t 19% o f t h e Mn ( IV ) r e d u c e d t o M n ( I I ) ( 1 7 ) . 
U n d e r s i m i l a r c o n d i t i o n s A s ( I I I ) was n o t o x i d i z e d on F e ( I I I ) 
o x i d e . A l t h o u g h s u c h an o x i d a t i o n i s f a v o r e d t h e r m o d y n a m i c a l l y , 
i t was r e a s o n e d (17) t h a t t h e k i n e t i c s o f t h e p r o c e s s on t h e 
F e ( I I I ) o x i d e a r e t o o s l o w . T h e r o l e o f manganese d i o x i d e i n 
t h e m e t h y l a t i o n o f t i n ( I I ) and m e t h y l t i n ( I V ) i o n s h a s b e e n 
s t u d i e d ( 1 8 ) . I t was f o u n d t h a t S n ( I I ) and S n ( I V ) f o r m m e t h y l 
t i n i o n s b y C H 3 t r a n s f e r . O f p a r t i c u l a r i m p o r t a n c e was t h e 

r e s u l t t h a t manganese d i o x i d e d i m i n i s h e d t h e y i e l d o f a l l m e t h y l 
t i n s p e c i e s . T h e d e c r e a s e d p r o d u c t i o n o f t h e s e i o n s was 
a t t r i b u t e d t o t h e a d s o r p t i o n o f S n ( I I ) on manganese d i o x i d e 
w h i c h p r e v e n t e d t h e f o r m a t i o n o f m e t h y l t i n i n t e r m e d i a t e s . I n 
a n i n v e s t i g a t i o n o f t h e a d s o r p t i o n o f C o ( I I ) o n b i r n e s s i t e t h e 
r o l e o f o x y g e n d i s s o l v e d i n s o l u t i o n a n d t h e n a t u r e o f t h e 
manganese s u r f a c e c h e m i s t r y on t h e s u r f a c e o x i d a t i o n s t a t e o f 
c o b a l t were s t u d i e d ( 1 9 ) . S u r f a c e a n a l y s i s r e s u l t s i n d i c a t e d 
t h a t c o b a l t ( I I ) was o x i d i z e d t o c o b a l t ( I I I ) u n d e r a n o x i c 
c o n d i t i o n s a n d s u r f a c e M n ( I I I ) was p r e s e n t on t h e b i r n e s s i t e 
s u r f a c e f o l l o w i n g t h e r e a c t i o n . T h e s e s t u d i e s i l l u s t r a t e t h e 
i m p o r t a n c e o f m i n e r a l s u r f a c e s i n i n f l u e n c i n g t h e r a t e s o r 
t h e r m o d y n a m i c s t a b i l i t y f o r r e a c t i o n s o f g e o c h e m i c a l i m p o r t a n c e . 

I n t h e p r e s e n t s t u d y t h e s u r f a c e c h e m i s t r y o f b i r n e s s i t e a n d 
o f b i r n e s s i t e f o l l o w i n g t h e i n t e r a c t i o n w i t h a q u e o u s s o l u t i o n s 
o f c o b a l t ( I I ) a n d c o b a l t ( I I I ) a m i n e c o m p l e x e s as a f u n c t i o n o f 
pH h a s b e e n i n v e s t i g a t e d u s i n g two s u r f a c e s e n s i t i v e 
s p e c t r o s c o p i c t e c h n i q u e s , X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y (XPS) 
a n d s e c o n d a r y i o n mass s p e c t r o m e t r y ( S I M S ) . T h e s i g n i f i c a n t 
c o n t r i b u t i o n t h a t s u c h an i n v e s t i g a t i o n c a n p r o v i d e r e s t s i n t h e 
i n f o r m a t i o n o b t a i n e d r e g a r d i n g t h e c h e m i c a l n a t u r e o f t h e n e a t 
m e t a l o x i d e and o f t h e m e t a l o x i d e / m e t a l i o n a d s o r b a t e s u r f a c e s , 
w i t h i n a b o u t t h e t o p 50 Â o f t h e m a t e r i a l s u r f a c e . The c h e m i c a l 
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nature of the surface includes information on the o x i d a t i o n 
s t a t e ( s ) of the metal ion, the extent of protonation of amine 
ligands, metal-ligand stoichiometry, and surface concentration 
of the constituent elements. This study i s the f i r s t attempt to 
obtain and compare the r e s u l t s gathered using XPS and SIMS f o r 
chemical a n a l y s i s and elemental s p e c i a t i o n f o r s o r p t i o n of metal 
ions on manganese-containing oxides. I t i s hoped that such 
i n v e s t i g a t i o n s can provide procedures and methods f o r a n a l y s i s , 
and generate information on the chemical nature of metal oxide 
surfaces and of adsorbates on substrates of geochemical 
importance. 

Methods and M a t e r i a l s 

The s o l i d substrate, sodium b i r n e s s i t e , was prepared from 
sodium-buserite. Na-buserite was prepared according to the 
method o u t l i n e d by Giovanoli et a l . (20). Conversion of Na-
buserite to Na-birnessit
at 120°C f o r 24 hrs i
b i r n e s s i t e e x h i b i t e d peaks at 7.3, 3.5, 2.4 and 1.4 Â . The 

2 
synthetic b i r n e s s i t e had a Ν Β.E.T. surface area of 27±2 m /gm 

2+ + and an ion exchange capacity (Ba exchange at pH 7 on Na 
saturated b i r n e s s i t e ) of 62±3 meq/100 gm N a - b i r n e s s i t e . Metal 
complexes were purchased from commercial sources or were 
prepared according to methods i n the l i t e r a t u r e (21-23). 

The sorption studies were c a r r i e d out at 25°C by suspending 
0.10 g N a - b i r n e s s i t e i n 20 mis of s o l u t i o n c o n t a i n i ng the 
adsorbate at pH's 4.0, 6.0, 7.0, 8.0, and 10.0. The solute 

-2 2+ 3+ 
s o l u t i o n concentrations were 10 M for Co(H.O)- , Co(NH.)_ 

3+ 2 6 ο 6 
and Co(en)^ . The s o l u t i o n pH was maintained at ±0.2 pH u n i t s 
by a d d i t i o n of 0.1 Μ HN03, 0.1 M NaOH or 0.5 M NaOH. pH 
measurements were made using a glass e l e c t r o d e . Sorption 
reactions were allowed to continue f o r approximately one day at 
which time the s o l u t i o n and s o l i d were separated by 
c e n t r i f u g a t i o n . Following c e n t r i f u g a t i o n , the s o l i d was washed 
at l e a s t three times with doubly d i s t i l l e d deionized water. The 
wash water pH was equal to that at which the sorption r e a c t i o n 
was c a r r i e d out. The s o l i d was re-suspended i n the cobalt 
complex s o l u t i o n to e f f e c t a d d i t i o n a l sorption. The sorption 
c y c l e was repeated three times. Samples were d r i e d i n a 
d e s i c c a t o r over P o0_. 

2 5 
Surface c h a r a c t e r i z a t i o n studies by X-ray photoelectron 

spectroscopy (XPS) were conducted using DuPont 650 and Perkin 
Elmer 5300 instruments. Samples were prepared by p l a c i n g s o l i d 
m a t e r i a l on double s t i c k adhesive tape, or by allowing solvent 
to evaporate from an acetone d i s p e r s i o n of a suspension placed 
on a s t a i n l e s s s t e e l probe. A magnesium anode was used as the 
X-ray source (hv = 1253.6 eV). The temperature of samples 
during the a n a l y s i s was approximately 30-40°C and the vacuum i n 
the a n a l y s i s chamber was about 10 t o r r . P o t e n t i a l 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



506 G E O C H E M I C A L PROCESSES AT MINERAL SURFACES 

decomposition processes induced by X-ray exposure i n the vacuum 
were i n v e s t i g a t e d by measuring the XPS spectra f o r the pure 
complexes and f o r the c o b a l t - t r e a t e d b i r n e s s i t e samples as a 
function of time of exposure to the X-ray beam and as a function 
of X-ray power. In these measurements no evidence f o r changes 
i n the chemical s t a t e of c o b a l t or of the elemental r a t i o s , 
p a r t i c u l a r l y N/Co, Co/Μη, or O/Co, was found. This evidence was 
obtained by examining the core l e v e l c o b a l t , nitrogen, oxygen 
and manganese binding energies and photopeak shapes as a 
f u n c t i o n of time at a given X-ray power and at a f i x e d time f o r 
a seri e s of X-ray power l e v e l s (150-300 watts). In these 
experiments i t was found that X-ray induced decomposition 
processes were not s i g n i f i c a n t and d i d not a f f e c t the spectra at 
power l e v e l s below about 225 watts. For these studies spectra 
were obtained at 200 watts. The time required to obtain 
reasonable core l e v e l spectra was not longer than one hour. 

The spectrometer binding energy scale was c a l i b r a t e d f o r 
each measurement using
energy was taken as 284.
c a l i b r a t e d against gold as a reference standard (24-26 ). Thus, 
any charging e f f e c t s were taken i n t o account for each 
measurement. The p r e c i s i o n of the binding energy measurements 
i s ±0.1 eV, while the accuracy i s approximately ±0.2 eV. 

The r e l a t i v e instrumental s e n s i t i v i t y f a c t o r s f o r cobalt and 
nitrogen were determined by measuring core l e v e l (Co 2p and Ν 
Is) XPS spectra f o r a s e r i e s of pure cobalt amine complexes of 
es t a b l i s h e d stoichiometry. To evaluate the core l e v e l photopeak 
i n t e n s i t i e s , peak areas, i n c l u d i n g shake-up s a t e l l i t e i n t e n s i t y 
were used. The p r e c i s i o n f o r the measurements of the nitrogen 
to c o b a l t atomic r a t i o i s ±10% while the accuracy i s 
approximately ±15%. A d d i t i o n a l d e t a i l s of the XPS measurements 
are contained i n the l i t e r a t u r e (24,25 ). 

Secondary ion mass spectra were measured using a Perkin-
Elmer +PHI 3500 instrument. Experiments were c a r r i e d out with 4 
kV Ar ions at beam currents of 3 and 300 nanoamps. Spectra 
were measured to at l e a s t 500 daltons (d). Samples were 
prepared i n the manner used f o r the XPS st u d i e s . For 
measurements on the pure complexes, sample charging occurred, as 
evidenced by the i n a b i l i t y to record secondary ion mass spe c t r a . 
To reduce charging, a low energy e l e c t r o n beam (50-400 eV) was 
rastered across the sample during SIMS a n a l y s i s . P o s i t i v e and 
negative ion SIMS spectra were recorded; however, only p o s i t i v e 
ion spectra are of i n t e r e s t f o r t h i s d i s c u s s i o n . In the spectra 
only u n i p o s i t i v e ions were detected, so that the mass numbers 
detected correspond to combinations of the various isotopes of 
the elements i n the i o n . Thus an ion at m/z 17 d i s assigned to 

16 1 + . the 0 H i o n . 
X-ray d i f f r a c t i o n , surface area, and cation exchange 

determinations were accomplished i n the manner reported 
p r e v i o u s l y (24,25). The bulk c o b a l t to manganese atomic r a t i o s 
were determined by d i s s o l v i n g the b i r n e s s i t e - t r e a t e d samples i n 
a c i d i c s o l u t i o n s , t y p i c a l l y 1.0 M HNC>3, and measuring the 
s o l u t i o n concentration for co b a l t and manganese by atomic 
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a b s o r p t i o n s p e c t r o s c o p y ( 2 4 , 2 5 ? . The a t o m i c a b s o r p t i o n r e s u l t s 
a r e t a k e n a s b u l k a n a l y s i s w h e r e a s t h e XPS a t o m i c r a t i o s 
c o r r e s p o n d t o s u r f a c e a n a l y s i s , i . e . , w i t h i n a b o u t t h e o u t e r 50 
Â o f t h e s o l i d s u r f a c e . 

R e s u l t s and D i s c u s s i o n 

XPS S t u d i e s / C h a r a c t e r i z a t i o n 

2+ 3+ 3+ 
The s o r p t i o n o f C o ( H 0 ) _ , C o ( N H _ ) _ and C o ( e n ) on N a -

2 6 3 6 3 
b i r n e s s i t e was s t u d i e d a s a f u n c t i o n o f p H . S u r f a c e a n a l y s i s b y 
XPS was u s e d t o d e t e r m i n e t h e e l e m e n t a l c o n t e n t a t t h e s u r f a c e , 
t o e s t a b l i s h t h e o x i d a t i o n s t a t e o r c h e m i c a l e n v i r o n m e n t o f 
c o b a l t , manganese a n d n i t r o g e n , a n d t o d e t e r m i n e t h e s u r f a c e 
c o n c e n t r a t i o n a s i n d i c a t e d by a d s o r b a t e e l e m e n t t o s u b s t r a t e 

2+ 
e l e m e n t r a t i o s . F o r Co (H 0 ) _ s o r p t i o n on N a - b i r n e s s i t e ( T a b l e 

2 6 

I ) , r e s u l t s s i m i l a r t

( 1 9 ) . I n T a b l e I t h e Co 2 P 3 ^ 2
 a n d M n 2 p 3 / 2 b i n d i n 9 e n e r g i e s a r e 

s u m m a r i z e d a n d t h e e n e r g y s e p a r a t i o n b e t w e e n t h e Co 2 Ρ · ^ / 2
 a n d C o 

^ 3 / 2 Ph ° " topeaks i s g i v e n . T h i s i n f o r m a t i o n i s u s e d t o 
e s t a b l i s h t h e c h e m i c a l n a t u r e o f c o b a l t a n d m a n g a n e s e . The 
Co/Μη a t o m i c r a t i o s p r e s e n t e d i n T a b l e I r e p r e s e n t t h e v a l u e a t 
t h e s u r f a c e . A t l o w pH v a l u e s , 4 . 0 , 6 . 0 , a n d 7 . 0 , C o ( I I ) i s 
o x i d i z e d t o C o ( I I I ) . E v i d e n c e f o r t h e p r e s e n c e o f C o ( I I I ) i s 
c o n t a i n e d i n t h e Co 2p s p e c t r a b y t h e a b s e n c e o f s h a k e - u p 
s a t e l l i t e f e a t u r e s on t h e h i g h b i n d i n g s i d e o f t h e m a i n 2p 
p h o t o p e a k s a n d by t h e 1 5 . 0 ± 0 . 1 (eV) s e p a r a t i o n o f t h e Co 2p . 
a n d Co 2 P 3 / 2 m a i n p e a k s ( 1 9 , 2 4 , 2 6 ) . A t pH 8 and 10 t h e XPS 

s p e c t r a f o r c o b a l t i n c l u d e i n t e n s e s h a k e - u p s a t e l l i t e f e a t u r e s 
and a d i f f e r e n c e i n t h e Co 2 P - j y 2 ~ Co 2 P 3 / 2 p h o t o p e a k s n e a r 

1 5 . 9 ± 0 . 1 e V . T h e s e s p e c t r a l f e a t u r e s a r e c o n s i s t e n t w i t h t h e 
p r e s e n c e o f c o b a l t a s C o ( I I ) ( 1 9 , 2 4 , 2 6 ) . T h e XPS r e s u l t s f o r 
t h e manganese c o r e l e v e l i n d i c a t e t h a t Mn ( IV ) i s t h e d o m i n a n t 
s u r f a c e s p e c i e s , i n t h a t t h e Mn 2 P 3 ^ 2 b i n d i n g e n e r g y i s e q u a l 

w i t h i n e x p e r i m e n t a l e r r o r t o t h e v a l u e f o r u n t r e a t e d b i r n e s s i t e 
( 1 9 ) . T h e v e r y l a r g e Co/Μη a t o m i c r a t i o s a t pH 7 , 8 , a n d 10 
s u g g e s t t h a t a n o n - u n i f o r m d e p o s i t i o n o f c o b a l t o c c u r s . I f 
c o b a l t were u n i f o r m l y d i s t r i b u t e d o v e r t h e b i r n e s s i t e s u r f a c e 
f o l l o w i n g t r e a t m e n t s a t pH 8 a n d 10 where t h e Co/Μη a t o m i c r a t i o 
i s 9 and 6 , r e s p e c t i v e l y , t h e c o b a l t c o n t e n t w o u l d be so g r e a t 
a s to o b s c u r e p h o t o e m i s s i o n f r o m m a n g a n e s e . A l t h o u g h no d i r e c t 
e v i d e n c e i s a v a i l a b l e f r o m t h i s s t u d y , t h e l a r g e Co/Μη a t o m i c 
r a t i o s a r e c o n s i s t e n t w i t h t h e n u c l e a t i o n o f a c o b a l t s o l i d 
p h a s e a t t h e s u r f a c e . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



508 G E O C H E M I C A L PROCESSES AT MINERAL SURFACES 

T a b l e I . C o ( I I ) / B i r n e s s i t e XPS D a t a 

B i n d i n g E n e r g y R e s u l t s (eV ) 

PH 
Co 2 p 3 / 2 Δ Co 2p * Mn 2 p 3 / 2 Co/Mn 

A t o m i c 
( ± 0 . 1 eV) ( ± 0 . 1 eV) ( ± 0 . 1 eV ) R a t i o 

4 7 8 1 . 0 1 5 . 0 6 4 2 . 6 0 . 0 8 
6 7 8 1 . 1 1 5 . 1 6 4 2 . 3 0 . 7 8 
7 7 8 1 . 2 1 5 . 1 6 4 2 . 4 2 . 7 5 
8 7 8 1 . 0 1 5 . 8 6 4 2 . 4 9 . 3 0 
10 7 8 1 . 0 1 5 . 9 6 4 2 . 5 6 . 1 2 
C o ( N 0 3 ) 2 - 6 H 2 0 
B i r n e s s i t e 

7 8 2 . 2 1 6 . 0 
6 4 2 . 5 

* Δ Co 2p = BE Co 2 p 1 /

T h e b i n d i n g e n e r g y r e s u l t s a t pH 7 and t h e Co 2p s p e c t r a l 

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

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

w i t h b i r n e s s i t e , t h e XPS r e s u l t s a r e more c o n s i s t e n t w i t h t h o s e f o r 

CoOOH when c o m p a r e d w i t h XPS d a t a f o r o t h e r C o ( I I I ) - c o n t a i n i n g 

o x i d e s , n a m e l y C o
2 ° 3 o r c ° 3 ° 4 e T n e c o r r e s p o n d i n g r e s u l t s a t pH 8 

a n d 1 0 , n a m e l y t h e p r e s e n c e o f s a t e l l i t e f e a t u r e s , t h e Co 2 P - j y 2 " 

Co 2 P 3 ^ 2 s p l i t t i n g * a n d t h e Co 2 p 3 ^ 2 b i n d i n g e n e r g y r e s u l t s , a r e 

e q u a l t o t h e r e s u l t s o b t a i n e d f o r C o ( 0 H ) 2 . U n d e r t h e c o n d i t i o n s o f 

t h e e x p e r i m e n t s a t pH 8 a n d 10 i t i s r e a s o n a b l e t h a t a C o ( 0 H > 2 -

l i k e s u r f a c e c o u l d be f o r m e d v i a d e p o s i t i o n o r p r e c i p i t a t i o n o f 
C o ( I I ) o n b i r n e s s i t e . 

T h e s o r p t i o n p r o c e s s e s f o r c o b a l t c o m p l e x e s c a n be c o m p l i c a t e d 
b y h y d r o l y s i s r e a c t i o n s o f t h e c o m p l e x i n s o l u t i o n , s u r f a c e i n d u c e d 
l i g a n d l o s s p r o c e s s e s , s o r p t i o n o f h y d r o l y s i s p r o d u c t s o f e i t h e r 
a m i n e , p r o t o n a t e d a m i n e , o r m i x e d a m i n e / a q u o c o b a l t c o m p l e x e s , and 
o x i d a t i o n / r e d u c t i o n p r o c e s s e s a s s o c i a t e d w i t h c o b a l t . T h e 
p r i n c i p a l o b j e c t i v e o f t h e XPS s t u d i e s was t o e v a l u a t e , t h e 
c h e m i c a l s t a t e o f c o b a l t and amine l i g a n d s , t h e s u r f a c e 
c o n c e n t r a t i o n o f t h e r e s p e c t i v e e l e m e n t s , a n d t h e l i g a n d t o c o b a l t 
r a t i o as i n d i c a t e d by t h e s u r f a c e n i t r o g e n t o c o b a l t a t o m i c r a t i o . 

3 + 
T h e XPS r e s u l t s f o r Co (NH ) s o r b e d on N a - b i r n e s s i t e a r e 

3 6 
s u m m a r i z e d i n T a b l e I I . In t h e t a b l e , c o r e l e v e l b i n d i n g e n e r g y 
r e s u l t s a r e p r e s e n t e d f o r n i t r o g e n , c o b a l t , a n d m a n g a n e s e ; c o b a l t 
2p s p l i t t i n g (Δ Co 2 p ) , a n d manganese 3s s p l i t t i n g (Δ Mn 3s ) d a t a 
a r e c o l l e c t e d ; t h e e l e m e n t a l a t o m i c r a t i o s e v a l u a t e d f r o m XPS 
m e a s u r e m e n t s f o r p r o t o n a t e d n i t r o g e n t o t o t a l n i t r o g e n , f o r c o b a l t 
t o m a n g a n e s e , a n d n o n - p r o t o n a t e d n i t r o g e n t o c o b a l t a t t h e s u r f a c e 
a r e p r e s e n t e d . The b u l k c o b a l t t o manganese a t o m i c r a t i o 
d e t e r m i n e d f r o m t h e a t o m i c a b s o r p t i o n m e a s u r e m e n t s f o r d i g e s t e d 
s a m p l e s i s s u m m a r i z e d . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



24. D I L L A R D A N D SCHENCK Interaction of Co(II) and Co(III) Complexes 509 

T a b l e I I . Co (NH ) 3 + / B i r n e s s i t e XPS D a t a 

B i n d i n g E n e r g y R e s u l t s ( eV ) 

pH 
N ( l ) I s N (2 ) I s 

C ° 2 p 3 / 2 
Δ Co 2p Mn 

2 p 3 / 2 
Δ Mn 3 s * 

( ± 0 . 1 eV) ( ± 0 .1 eV) ( ± 0 . 1 eV) ( ± 0 . 1 eV) ( ± 0 , .1 eV ) ( ± 0 . 1 eV) 
4 4 0 1 . 1 3 9 9 . 2 7 8 1 . 4 1 5 . 0 6 4 2 . 1 5 . 1 
6 4 0 1 . 1 3 9 9 . 1 7 8 0 . 9 1 5 . 5 6 4 2 . 0 5 . 1 
7 4 0 1 . 1 3 9 9 . 2 7 8 0 . 6 1 5 . 6 6 4 2 . 0 5 .2 
8 4 0 1 . 1 3 9 9 . 3 7 8 0 . 8 1 5 . 7 6 4 2 . 0 5 . 0 
10 4 0 0 . 8 3 9 9 . 3 7 8 0 . 6 1 5 . 6 6 4 2 . 1 5 . 1 
Co (NH M C I ) , ~ 3 9 9 . 7 7 8 1 . 8 1 5 . 0 
B i r n e s s i t e —— — 6 4 2 . 5 4 . 7 

N ( l ) 
Co/Mn Co/Mn N ( 2 ) / C o 

pH N ( l ) + N ( 2 ) 
A t o m i c 
R a t i o ( S u r f a c e ) ( B u l k ) ( S u r f a c e ) 

4 0 . 3 1 0 . 0 2 . 0 2 4 2 . 7 
6 0 . 2 9 0 . 0 4 .033 1 .7 
7 0 . 2 8 0 . 0 4 . 0 3 7 1.3 
8 0 . 2 7 0 . 0 8 . 052 1 .2 
10 0 . 2 5 0 . 1 6 . 0 7 8 0 . 7 
C o ( N H 3 >,<C1> 3 - — — 6 . 0 
B i r n e s s i t e — — — 
N ( l ) = N H 4

+ - t y p e ; N (2 ) = NH^ - t y p e 

* Δ Mn 3s = manganese m u l t i p l e t s p l i t t i n g e n e r g y 

Two p h o t o p e a k s f o r n i t r o g e n a r e d e t e c t e d f o r Co (NH ) ° ~ r -
3 Ό 

b i r n e s s i t e s a m p l e s p r o d u c e d a t a l l pHs s t u d i e d , w h e r e a s o n l y one 
3+ 

p e a k i s d e t e c t e d f o r t h e p u r e Co (NH ) c o m p l e x . T h e Ν I s p e a k 
3 6 + 

w i t h a b i n d i n g e n e r g y a t 4 0 1 . 1 eV i s a t t r i b u t e d t o NH^ (ammonium 

i o n ) ( 2 6 ) , w h i l e t h e Ν I s peak w i t h a b i n d i n g e n e r g y a t 3 9 9 . 2 ± 0 . 1 
eV i s a t t r i b u t e d t o c o o r d i n a t e d ammonia ( a m i n e ) . T h a t two Ν I s 
p h o t o p e a k s a r e d e t e c t e d s u g g e s t s t h a t ammonia o r i g i n a l l y 
c o o r d i n a t e d t o c o b a l t ( I I I ) h a s become u n c o o r d i n a t e d and s o r b e d o n 

N a - b i r n e s s i t e a s N H ^ + . T h i s s u g g e s t i o n i s a l s o s u p p o r t e d by t h e 

N ( a m i n e ) / C o r a t i o w h i c h d e c r e a s e s f r o m 2 . 7 t o 0 . 7 a s t h e s o l u t i o n 
pH i s i n c r e a s e d f r o m 4 t o 1 0 . T h e Ν ( a m i n e ) / C o r a t i o r e p r e s e n t s a n 
u p p e r l i m i t f o r ammonia c o o r d i n a t e d t o c o b a l t ( I I I ) f o r t h e a d s o r b e d 
c o m p l e x , s i n c e i t i s l i k e l y t h a t ammonia c o o r d i n a t e d t o c o b a l t ( I I I ) 
and ammonia s o r b e d on N a - b i r n e s s i t e w o u l d have v e r y s i m i l a r Ν I s 
b i n d i n g e n e r g i e s , a n d t h u s , c o u l d n o t be e a s i l y d i s t i n g u i s h e d . T h e 
g r e a t e r s u r f a c e c o n c e n t r a t i o n o f p r o t o n a t e d amine c o m p a r e d t o n o n -
p r o t o n a t e d a m i n e a t l ow pHs i n d i c a t e s t h a t t h e s o l u t i o n pH p l a y s a 
r o l e i n d e t e r m i n i n g t h e e x t e n t o f ammonia p r o t o n a t i o n . H o w e v e r , 
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the very s l i g h t decrease i n the protonated amine to t o t a l amine 
r a t i o over the pH range 4 to 10, suggests that the mode of sorption 
on N a - b i r n e s s i t e may be a more important f a c t o r i n determining the 
chemical nature of sorbed ammonia. In the current study no attempt 
has been made to discover the f a c t o r s i n f l u e n c i n g ammonia or 
ammonium ion sorption on b i r n e s s i t e . 

The XPS r e s u l t s for c o b a l t at pH 4, p a r t i c u l a r l y the Co 2p 
s p l i t t i n g (15 eV) and the absence of shake-up s a t e l l i t e s t r u c t u r e , 
are i n d i c a t i v e of c o b a l t ( I I I ) . However, the N(amine)/Co atomic 
r a t i o of 2.7 i n d i c a t e s that some ammonia ligands have been 
di s p l a c e d . Since i t i s known (_27) that h y d r o l y s i s rates for 
c o b a l t ( I I I ) complexes are very slow, the presence of cobalt with a 
low number of coordinated amines, suggests that h y d r o l y s i s i s 
induced v i a an i n t e r a c t i o n with the b i r n e s s i t e surface. The cobalt 
to manganese r a t i o s f o r bulk and surface measurements are 
equivalent w i t h i n experimental e r r o r , a r e s u l t which i s consistent 
with a r e a c t i o n process o c c u r r i n g p r i m a r i l y at the surface. I t i s 

also noteworthy that th
Δ

f a c t o r of four lower than that measured i n the C o ( I I ) - b i r n e s s i t e 
sorption experiments. I t i s p o s s i b l e that the d i f f e r e n c e s i n the 
quantity of cobalt sorbed i s r e l a t e d to the h y d r o l y s i s rate f o r the 
c o b a l t - c o n t a i n i n g species at the b i r n e s s i t e surface. 

For Co(NH ) 3 + - b i r n e s s i t e samples prepared at pH 6 and 7 the 
3 6 

XPS r e s u l t s are very s i m i l a r . The Co 2p s p l i t t i n g values 15.5±0.1 
eV are equal within experimental e r r o r , the Ν(amine)/Co atomic 
r a t i o s are 1.7 and 1.3, r e s p e c t i v e l y , and the i n d i v i d u a l Co/Mn 
surface and bulk r a t i o s are approximately equal at each pH. This 
l a t t e r r e s u l t i n d i c a t e s that the s o r p t i o n process occurs 
predominately on the surface at pH 6 and 7. The Co 2p s p l i t t i n g 
r e s u l t s are intermediate between values measured f o r Co(III) and 
C o ( I I ) - c o n t a i n i n g compounds. To account f o r the Co 2p s p l i t t i n g 
r e s u l t , a c o b a l t m a t e r i a l with such an intermediate s p l i t t i n g or a 
mixture of the two cobalt o x i d a t i o n states must be present. A 
survey of representative c o b a l t - c o n t a i n i n g materials (19,24,26) 
reveals that Co 2p s p l i t t i n g s at about 15.5 eV are not common. 
This f a c t taken together with the r e s u l t that the N(amine)/Co 
atomic r a t i o i s s i g n i f i c a n t l y below that f o r the pure complex, and 
that some weak shake-up s a t e l l i t e s t r u c t u r e i s noted i n the Co 2p 
spectrum for the pH 7 m a t e r i a l (Figure l a ) , suggest that a mixture 
of cobalt o x i d a t i o n states i s present. The suggested presence of 
Co(II) i s d i f f i c u l t to r a t i o n a l i z e , when i t was found that aqueous 
Co(II) was oxidized to Co(III) during sorption on b i r n e s s i t e . 
Although the present r e s u l t s do not permit a d e f i n i t i v e 
explanation, a p o s s i b l e process could be suggested where a 
p a r t i a l l y hydrolyzed (and thus l a b i l e ) Co(III) ammonia complex (27) 
i s reduced to a Co(II) ammonia/aquo sorbed complex which i s not 
capable of being oxidized e i t h e r by manganese in b i r n e s s i t e or 
d i s s o l v e d s o l u t i o n gases. A l t e r n a t i v e l y , the c o b a l t could be i n 
the form of a hydroxy c o b a l t ( I I ) moiety which resembles a surface 
CofOHj^-like species, which i s not e a s i l y o x i d i z e d to a C o ( I I I ) -
containing species. Such a Co(II) hydroxy material could be 
s i m i l a r to the species produced at pH 8 and 10 i n the C o ( I I ) -
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b i r n e s s i t e s o r p t i o n experiments discussed e a r l i e r . C l e a r l y the XPS 
r e s u l t s alone are not s u f f i c i e n t to o f f e r a complete i n t e r p r e t a t i o n 
of cobalt(III)-ammonia sorption process at pH 6 and 7. 

The surface a n a l y s i s c h a r a c t e r i z a t i o n f o l l o w i n g sorption at pH 
8 and 10, demonstrates f u r t h e r the decrease i n sorbed c o b a l t -
ammonia complex species, while the surface Co/Μη atomic r a t i o 
increases tc values which are l a r g e r than the values at lower pH 
and the corresponding bulk r a t i o s . The Co 2p spectra a l s o e x h i b i t 
greater shake-up s a t e l l i t e i n t e n s i t y (Figure l b ) , a s p e c t r a l 
feature which can be associated with the presence of surface Co(II) 
components. The Co 2p s p l i t t i n g r e s u l t s are equivalent to the 
values measured f o r samples prepared at pH 6 and 7, and the r e s u l t s 
are i n d i c a t i v e of a Co(II)-Co(III) mixture on the surface. The Co 
2p s p e c t r a l features i n d i c a t e the presence of Co(III) probably as a 
mixture of cobalt-amine complex species and c o b a l t ( I I I ) 
oxyhydroxide c o n s t i t u e n t s . The cobalt surface chemistry i s c l e a r l y 
unlike that produced i n the r e a c t i o n of Co(II) with b i r n e s s i t e at 
these pHs. That only a
i s present cannot be c o r r e c t
shake-up s a t e l l i t e i n t e n s i t y are not equal to those found i n 
Co(OH) . The surface and bulk Co/Μη r a t i o s are not equal and 
i n d i c a t e some process leading to enhanced de p o s i t i o n of cobalt. 
Further, the Co/Μη surface r a t i o at pH 8 or 10 i s s i g n i f i c a n t l y 
l e s s than the value obtained i n the C o ( I I ) - b i r n e s s i t e sorption 
measurements, suggesting that p a r t i a l h y d r o l y s i s of the adsorbed 
Co(III) amine complex occurs and y i e l d s aquated or hydroxy Co(II) 
species v i a reduction {21) t or that s o r p t i o n / p r e c i p i t a t i o n of 
hydrolyzed and reduced Co(II) hydroxy consti t u e n t s from s o l u t i o n 
occurs on the b i r n e s s i t e surface. From the present r e s u l t s i t i s 
not p o s s i b l e to give a simple r e a c t i o n process, or to i n d i c a t e 
whether a combination of sorption/deposition r e a c t i o n s occurs i n 

3 + 
the Co(NH ) r e a c t i o n with b i r n e s s i t e at pH 8 and 10. 

6 3 + The surface c h a r a c t e r i z a t i o n r e s u l t s a f t e r Co(en)^ 

i n t e r a c t i o n with b i r n e s s i t e as a function of pH y i e l d a somewhat 
d i f f e r e n t p i c t u r e f o r the s o r p t i o n process. The XPS r e s u l t s f o r 

C o ( e n ) ^ 3 + sorbed on N a - b i r n e s s i t e (Table III) i n d i c a t e that the 
chemical nature of the sorbed species d i d not change with pH. Only 
a s i n g l e nitrogen photopeak was observed and the Ν Is binding 

energy i s i n the range for coordinated nitrogen. Also the Co 2P 3/2 
binding energy and the Co 2 P - j y 2 ~ C o 2 p3/2 s P 1 : " L t t i n 9 remained 
constant at 781.2±0.1 eV and 15.1±0.1 eV, r e s p e c t i v e l y . No 
s a t e l l i t e s t r u c t u r e was evident i n the Co 2p XPS spectra (Figure 
2). The Co 2p XPS data thus i n d i c a t e the presence of Co(III) on 
the b i r n e s s i t e surface at a l l pH values. The Ν(amine)/Co atomic 
r a t i o s , values at about 5.0, were i n v a r i a n t over the pH range 
studied, suggesting that one bidentate ligand was removed g i v i n g a 

3+ 3 + 
1:1 mole mixture of Co(en)^ and Co(en)^ sorbed on Na-
b i r n e s s i t e . This f i n d i n g could be interpreted to mean that a 
c r i t i c a l number of cobalt-amine bonds must be cleaved before 
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813 805 797 789 781 
Binding Energy (eV) 

773 

Figure 2. Co 2p XPS spectrum f o r b i r n e s s i t e treated at pH 10 with 
3 + Co(en). (aq.) 
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r e d u c t i o n o f C o ( I I I ) p r o c e e d s a t a r e a s o n a b l e r a t e t o p r o d u c e 
s u r f a c e C o ( I I ) s p e c i e s . I t i s a l s o f o u n d t h a t t h e q u a n t i t y o f 
c o b a l t - c o n t a i n i n g s p e c i e s s o r b e d , a s i n d i c a t e d by t h e Co/Mn a t o m i c 
s u r f a c e r a t i o s , i s a p p r o x i m a t e l y e q u a l a t pH v a l u e s o f 4 , 6 , a n d 7 , 
b u t o n l y s l i g h t l y l e s s t h a n t h e r a t i o s a t pH v a l u e s o f 8 a n d 1 0 . 
I f h y d r o l y s i s p l a y s a r o l e i n t h e s o r p t i o n p r o c e s s , t h e s l i g h t 
d i f f e r e n c e s f o r t h e Co/Mn r a t i o a t t h e h i g h e r pH c o u l d be r e l a t e d 
t o t h e r e l a t i v e l y l o w e r r a t e s f o r h y d r o l y s i s o f t h e c o b a l t 
e t h y l e n e d i a m i n e c o m p l e x a t low pH {21)· 

T a b l e I I I . C o ( e n ) 0
3 + / B i r n e s s i t e XPS D a t a 

B i n d i n g E n e r g y : R e s u l t s ( eV ) 
Ν I s Co 2 p 3 / 2 Δ Co 2p Mn Δ Mn 3 s 

PH ( ± 0 .1 eV) ( ± 0 , ,1 eVT ( ± 0 .1 eV) ( ± 0 . 1 e v ^ 2 ( ± 0 . 1 eV ) 

4 3 9 9 . 5 7 8 1 . 3 1 5 . 0 6 4 2 . 0 5 . 0 
6 3 9 9 . 5 
7 3 9 9 . 4 
8 3 9 9 . 5 7 8 1 . 3 1 5 . 2 6 4 2 . 1 5 .1 
10 3 9 9 . 5 7 8 1 . 2 1 5 . 2 6 4 2 . 0 5 . 1 
C o ( e n ) C I · 3 H 2 0 3 9 9 . 0 7 8 0 . 8 1 5 . 0 — — 
B i r n e s s i t e 6 4 2 . 5 4 . 7 

Co/Mn Co/Mn N/Co 
A t o m i c A t o m i c A t o m i c 
R a t i o R a t i o R a t i o 

( S u r f a c e ) ( B u l k ) ( S u r f a c e ) 

4 0 . 0 3 . 0 1 7 5 . 2 
6 0 . 0 4 . 0 1 7 5 . 0 
7 0 . 0 4 . 0 2 2 4 . 9 
8 0 . 0 6 . 0 2 0 5 .3 
10 0 . 0 8 . 0 2 9 5 . 2 
C o ( e n ) C I " 3H 0 — — 6 . 0 
B i r n e s s i t e 

T h e XPS r e s u l t s f o r manganese f o r t h e c o b a l t c o m p l e x - b i r n e s s i t e 
s a m p l e s r e q u i r e d i s c u s s i o n . T h e d e c r e a s e i n Mn 2 p ^ 2 b i n d i n g 

e n e r g y a n d t h e g r e a t e r Mn 3s s p l i t t i n g f o r t h e c o b a l t t r e a t e d 
s a m p l e s c o m p a r e d t o s o d i u m b i r n e s s i t e i n d i c a t e t h a t r e d u c e d 
manganese i s p r e s e n t ( 1 9 ) . R e d u c e d manganese s u g g e s t s t h a t 
m a n g a n e s e ( I V ) h a s o x i d i z e d a s o l u t i o n o r s u r f a c e s p e c i e s o r t h a t 
manganese i s r e m o v e d f r o m b i r n e s s i t e and r e a d s o r b e d a s M n ( I I ) . I f 
c o b a l t ( I I ) i s p r o d u c e d i n s o l u t i o n i n a s s o c i a t i o n w i t h t h e l i g a n d 
l o s s p r o c e s s , m a n g a n e s e ( I V ) c o u l d b e h a v e a s t h e o x i d i z i n g a g e n t 
y i e l d i n g s u r f a c e C o ( I I I ) u p o n c o b a l t s o r p t i o n . H o w e v e r , i f C o ( I I ) 
i s p r o d u c e d i n s o l u t i o n a t a l l pH v a l u e s s t u d i e d , t h e n t h e c h e m i c a l 
n a t u r e o f r e a d s o r b e d c o b a l t w o u l d n o t be e q u i v a l e n t ; C o ( I I I ) w o u l d 
b e e x p e c t e d a t l ow pH and C o ( I I ) a t h i g h e r p H . A l s o , one w o u l d 
e x p e c t c o b a l t a s c o b a l t ( I I ) h y d r o x i d e t o f o rm a t pH 8 a n d 10 v i a a 
p r o c e s s s i m i l a r t o t h a t n o t e d a b o v e f o r C o ( I I ) s o r p t i o n a t pH 8 o r 
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10. The XPS r e s u l t s do not i n d i c a t e s i g n i f i c a n t c o b a l t ( I I ) 
hydroxide formation f o l l o w i n g complex sorption at pH 8 or 10 f o r 

3+ 3+ 
Co(NH ) or at any pH for the Co(en). sorp t i o n s t u d i e s . Thus, 

3 6 3 
surface manganese reactions with reduced cobalt s o l u t i o n species 
seem not to occur. 

The p a r t i c i p a t i o n of surface manganese i n the reactions of 
sorbed c o b a l t species cannot be evaluated because of the i n a b i l i t y 
i n present experiments to present a complete and unique explanation 
f o r the presence of both Co(II) and Co(III) at the surface. As 
noted above, the presence of Co(II) species would require i n e r t 
Co(II) i n a unique sorbed chemical s t a t e . 

If reduction of manganese was not due to o x i d a t i o n of c o b a l t , 
2+ 

then another p o s s i b l e explanation i s that Mn ions were released 
i n t o s o l u t i o n from the [MnO_] octahedral layers during the 

6 2
adsorption process. Thes

the manganese dioxide surface. The presence of surface Mn would 
lower the composite Mn b i n d i n 9 energy and increase the Mn 3s 
s p l i t t i n g . However, d e f i n i t i v e experiments have not been conducted 
i n t h i s study to t e s t the various p o s s i b l e explanations. 
SIMS An a l y s i s 

Secondary ion mass spectrometry has become a valuable a n a l y t i c a l 
method f o r the a n a l y s i s of n o n - v o l a t i l e materials (28). The 
formation of secondary i o n i c species r e l a t e d to the composition of 
adsorbates has been demonstrated by several i n v e s t i g a t o r s (29-31), 
and such measurements should be valuable i n the study of mineral 
surfaces. In the attempt to provide evidence r e l a t e d to the 
chemical and molecular composition of sorbed c o b a l t species, 
secondary ion mass spectra were obtained for s e l e c t e d samples. 
Spectra were measured f o r Co(NH^) rCL, Co(en)^Cl^, Co(0H)„, CoOOH, 

3 6 3 3 3 2 
sodium- and c o b a l t - t r e a t e d b i r n e s s i t e and f o r samples obtained 

3+ 3+ 
f o l l o w i n g sorption of Co(NH ) and Co(en) at pH 7 and 10 on 

3 6 3 
b i r n e s s i t e . Spectra were obtained using equivalent instrumental 
conditions f o r a l l samples except as noted i n the experimental 
s e c t i o n . 

The SIMS spectrum for sodium saturated b i r n e s s i t e i s presented 
i n Figure 3. The assignment of chemical composition to a 
p a r t i c u l a r mass number i s s i m p l i f i e d by the f a c t that elemental 

55 59 
manganese and cobalt are monoisotopic; Mn and Co. The 
p r i n c i p a l ions are a l k a l i metal and manganese-containing specie^. 
The dominant ions i n the spectrum are the a l k a l i metal ions, Na 

+ + + m/z 23 and Κ m/z 39,41. The presence of intense Na and Κ ion 
s i g n a l s does not n e c e s s a r i l y i n d i c a t e that the surface i s dominated 

+ + 
by these ions. I t i s l i k e l y that the large Na and Κ i n t e n s i t y i s 
due to the greater i o n i z a t i o n p r o b a b i l i t y f o r the a l k a l i metals. 
Thus the s i g n a l s a r i s e from b i r n e s s i t e and trace i m p u r i t i e s i n the 
SIMS instrument. The i n t e n s i t i e s of these ions are not of i n t e r e s t 
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i n t h e p r e s e n t d i s c u s s i o n , a n d t h u s no a t t e m p t w i l l be made t o 
e v a l u a t e t h e r e l a t i o n s h i p b e t w e e n a l k a l i m e t a l i o n s a n d m a n g a n e s e -

+ 
c o n t a i n i n g s p e c i e s . T h e p r i n c i p a l manganese i o n s a r e Μη , 

+ + + + + 
MnO ,ΜηΟΗ , a n d t h e d i m a n g a n e s e s p e c i e s Mn^ , Mn^O , M n

2 ° 2 ' 

M n 2 0 2 H + . A s e r i e s o f i o n s a t m/z 1 0 4 , 1 2 1 , 1 3 8 , a n d 155 c a n b e 

f o r m u l a t e d a s M n O ^ O H ) ^ s p e c i e s (n = 1 - 4 ) . T h e f o r m a t i o n o f t h e s e 

s p e c i e s c a n o c c u r v i a s e v e r a l p r o c e s s e s i n c l u d i n g d i r e c t s p u t t e r i n g 
and i o n - m o l e c u l e r e a c t i o n s i n t h e s e l v e d g e r e g i o n a b o v e t h e s a m p l e 
s u r f a c e ( 2 8 , 2 9 ) . 

T h e SIMS s p e c t r a f o r b i r n e s s i t e s a t u r a t e d a t pH 7 a n d 10 w i t h 
C o ( I I ) a r e g i v e n i n F i g u r e 4 . The r e l a t i v e i n t e n s i t y f o r m/z 5 9 , 

C o + , c o m p a r e d t o m/z 5 5 , M n + i s g r e a t e r f o r t h e pH 10 s a m p l e , a n 
e x p e c t e d r e s u l t b a s e d on t h e XPS m e a s u r e m e n t s . The s p e c t r a e x h i b i t 
m a n g a n e s e - c o n t a i n i n g i o n s t h a t a r e s i m i l a r t o t h o s e n o t e d i n N a -

+ 
b i r n e s s i t e . The i m p o r t a n

+ + +
CoOH , a n d CoOH , a n d c o m b i n a t i o n i o n s MnCo , C o , Co Ο , a n d 

+ 2 2 1 

C o 2 0 H . 

The s p e c t r u m f o r t h e pH 7 C o ( I I ) / b i r n e s s i t e s a m p l e ( F i g u r e 4) 
e x h i b i t s i o n i c s p e c i e s s i m i l a r t o t h o s e f o u n d i n CoOOH ( F i g u r e 5 ) . 
T h e m/z 9 4 , 1 5 1 , a n d 152 s p e c i e s a t l ow a b u n d a n c e a n d t h e m a j o r 

+ + + . . 
i o n s CoO , CoOH , a n d CoOH , a r e d e t e c t e d a t a b u n d a n c e s s i m i l a r t o 
v a l u e s f r o m CoOOH ( F i g u r e 5 ) . T h e i o n a b u n d a n c e s a r e n o t i n e x a c t 
a g r e e m e n t , b u t t h e p r e s e n c e o f i o n s u n i q u e t o CoOOH s u p p o r t s t h e 
n o t i o n t h a t s u r f a c e c o b a l t i s s i m i l a r t o CoOOH. The n o n -
e q u i v a l e n c e o f t h e r e l a t i v e i n t e n s i t i e s c o u l d a r i s e i f a m i x t u r e o f 
v a r i o u s C o ( I I I ) s p e c i e s i s p r e s e n t on t h e s u r f a c e . A l t e r n a t i v e l y , 
t h e a b u n d a n c e s c o u l d a l s o be a f f e c t e d by s o - c a l l e d " m a t r i x e f f e c t s " 
o f t h e b i r n e s s i t e l a t t i c e on i o n y i e l d s ( 2 8 , 2 9 ) . 

T h e i n t e n s i t i e s f o r t h e h i g h mass manganese i o n s f o r t h e pH 10 
C o ( I I ) - b i r n e s s i t e m a t e r i a l a r e r e d u c e d compared t o i n t e n s i t i e s i n 
N a - b i r n e s s i t e , o r i n t h e pH 7 C o ( I I ) - b i r n e s s i t e s a m p l e , w h i l e t h e 
c o b a l t - c o n t a i n i n g s p e c i e s a r e t h e d o m i n a n t i o n s . The r e s u l t s 
i n d i c a t e a s u r f a c e c o a t i n g o f c o b a l t - c o n t a i n i n g s p e c i e s , p e r h a p s 
c o b a l t h y d r o x i d e o r c o b a l t o x y h y d r o x i d e . A c o m p a r i s o n o f t h e pH 10 
C o ( I I ) - b i r n e s s i t e r e s u l t s w i t h d a t a f o r t h e r e f e r e n c e c o b a l t 
compounds r e v e a l s i o n s s i m i l a r t o t h o s e f o u n d i n C o ( 0 H ) 2 and CoOOH 

( F i g u r e 5 ) . S e v e r a l f e a t u r e s o f t h e pH 10 C o ( I I ) - b i r n e s s i t e 
s p e c t r a a r e u n l i k e t h e s p e c t r a f o r CoOOH, i n t h a t i o n s a t m/z 9 4 , 

+ 
1 5 1 , a n d 152 a r e a b s e n t o r o f l ow a b u n d a n c e , a n d t h e CoOH a n d 

CoOH + i o n s a r e n o t i n t e n s e . On t h e o t h e r h a n d , i o n s d e t e c t e d a n d 
+ + + 

t h e r e l a t i v e i n t e n s i t i e s o f t h e m a j o r i o n s CoO , CoOH , a n d C o O H 2 , 
i n t h e s a m p l e a n d i n C o ( O H ) 2 c ompare f a v o r a b l y . T h i s r e s u l t 

s u g g e s t s t h a t t h e s u r f a c e c o b a l t s p e c i e s a t pH 10 i s much more l i k e 
C o ( 0 H ) 2 t h a n CoOOH. 

T h e c o m p a r i s o n o f t h e SIMS s p e c t r a and t h e i n t e r p r e t a t i o n o f 
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Birnessite 

F i g u r e 3 . P o s i t i v e i o

Co(ll)/Birnessite pH 7 

C o 0 2 H 3 

\ MnCo + /MnCoO* / MnCo0 2H+ 

\ \ C o 2
+ I J C o 2 0 + / j Mn0 2(OH) 4

+ 

Co(ll)/Birnessite pH 10 

MnOH £οΟΗ 
N 

MnCo* . 
\ Co 2

+ MnCoO 

- ' + / C°2° 
•-' ' I" M n , 0 , H + 

MnO,(OH) 4 

20 40 60 80 100 120 140 160 
m/z 

F i g u r e 4 . P o s i t i v e i o n SIMS s p e c t r a f o r b i r n e s s i t e t r e a t e d a t pH 7 

a n d 10 w i t h C o ( I I ) ( a q . ) . 
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m/z 

F i g u r e 5 · P o s i t i v e i o n SIMS s p e c t r a f o r Co(OH) a n d CoOOH. 
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the r e s u l t s support the XPS s t u d i e s , suggesting c o b a l t hydroxide 
and cobalt oxyhydroxide on the surface. However, the SIMS r e s u l t s 
do not appear to be s p e c i f i c with regard to the d i s t r i b u t i o n of 
species and the i d e n t i f i c a t i o n of cobalt oxidation s t a t e s . 

The SIMS spectra f o r b i r n e s s i t e on which Co(NH ) 3 + was sorbed 
3 6 

at pH 7 and 10 are presented i n Figure 6. Under the experimental 
conditions employed, Co(NH ) + , m/z 161, f o r the adsorbed complex 

3 6 
(pH 10) was detected. I t i s probable that the quantity of complex 
adsorbed at pH 7 was not s u f f i c i e n t to permit det e c t i o n of 
molecular ion type species i n that sample. The spectra (Figure 6) 
also e x h i b i t manganese-containing ions s i m i l a r to those noted f o r 
C o ( I I ) - b i r n e s s i t e samples. The r e l a t i v e amounts of cobalt detected 

+ + 
v i a SIMS, as i n d i c a t e d by the Co /Mn r a t i o s , follow a pattern 
s i m i l a r to r a t i o s found i n the XPS studies (Table IV)  The 
XPS/SIMS r e l a t i v e i n t e n s i t
spect a i n v o l v i n g a p a r t i c u l a
be used f o r q u a n t i t a t i v e detection of metal species sorbed on 
minerals, i f appropriate c a l i b r a t i o n f o r ion s p u t t e r i n g processes 
i s taken i n t o account. 

Table IV. Elemental Ratios - Surface A n a l y s i s - Co/Mn 
Cob a l t ( I I I ) Complexes/Birnessite 

Co/Mn Atomic Ratio 

Sorbate pH XPS SIMS XPS/SIMS 

3 >e 3 
Co(NH.J 3 + 7 .040 .017 2.4 

8 .080 .036 2.2 
10 .160 .063 2.5 

Co(en) 3 + 7 .040 .010 4.0 
10 .080 .025 3.2 

For the pH 7 and 10 samples, the p r i n c i p a l manganese ions 
+ + + + + include MnO , MnOH , Μη Ο , Μη Ο Η and MnCoOH species, χ = χ η 2 χ 2 χ η 

1,2; η = 1,2. The most abundant cobalt species occur at m/z 59, 
+ + + + + Co ; 76, CoOH or Co(NH 3) ; 118, Co 2 ; 144, Co(NH 3) 5 , f o r the pH 7 

sample, while a d d i t i o n a l important ions at m/z 134, C o 2 ( N H 2 ) + and 
+ 

135, Co 2(NH 3) appear f o r the sample prepared at pH 10. The 
i n t e n s i t i e s of the c o b a l t - c o n t a i n i n g ions are greater for the pH 10 
sample. This r e s u l t i s expected since a greater quantity of 

3+ 
Co(NH 3)^ was sorbed at pH 10. The SIMS spectra a l s o demonstrate 
that sorption of the cobalt complex does not y i e l d the same surface 
cobalt species as obtained f o r C o ( I I ) - b i r n e s s i t e samples even 
though Co(III) i s produced upon Co(II) s o r p t i o n . In p a r t i c u l a r the 
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+ + ion at m/z 76 i s a t t r i b u t e d to Co(NH^) rather than CoOH , 
according to the f o l l o w i n g reasoning. I t was shown (Figures 4 and 
5) that Co(OH) 2 and CoOOH surface or bulk components, y i e l d CoOH 
(m/z 76) and Co0H 2 (m/z 77) ions i n the SIMS spe c t r a . The absence 

of m/z 77 and the presence of Co 2NH^ + (where y = 2 or 3) type ions 

f o r Co complex-birnessite lead to the suggestion that m/z 76 i s 

Co(NH 3) +. 
C l e a r l y an unambiguous examination of the chemical nature of 

sorbed complexes using SIMS i n these measurements i s complicated by 
the presence of manganese and manganese-cobalt containing ions i n 
the spectra. The greater r e l a t i v e ion i n t e n s i t i e s and the 
i n t e n s i t y d i s t r i b u t i o n d i f f e r e n c e s for the pH 10 sample compared to 
the pH 7 m a t e r i a l , may a r i s e due to the presence of d i f f e r e n t 
surface amine species
r e l a t e d to d i f f e r e n t secondar
species. 

The SIMS spectrum for C o ( e n ) 3
3 + sorbed on b i r n e s s i t e at pH 10 

(Figure 7) provides evidence a l s o of cobalt-amine complex species. 
The SIMS spectrum for pure CoienJ^Cl^ shows important ions at m/z 
76, Co(NH 3) +; 94, HCo(NH 3) 2

+; 111, HCo(NH 3) 3
+; 144, C o ( N H 3 ) 5

+ ; 153 

C o ( e n ) ( N H 3 ) 2
+ ; 197, HCo(en) 2NH 3

+; 214, H C o ( e n ) 2 ( N H 3 ) 2
+ ; 240, 

HCo(en) 3
+. The abundant ions noted i n the C o ( e n ) 3 - b i r n e s s i t e 

sample occurred at m/z 76, 94, 111, 144, 153, 197, 213 and 214. I t 
i s assumed that ions from the C o ( e n ) 3 - b i r n e s s i t e sample are 
i d e n t i c a l i n composition to the ions detected at these m/z values 

+ 
i n the pure complex. The presence of m/z 213, Co(en) (NH ) i n 

3+ 
the pH 10 m a t e r i a l could be i n d i c a t i v e of adsorbed Co(en) 3 

Ions detected f o r the treated |ample i n the range m/z 151-154 could 
be a t t r i b u t e d to C o ( e n ) 2 ( N H 2 ) 2 (m/z 153) ions, with appropriate 
a d d i t i o n or l o s s of protons to give ions above or below m/z 153. 
Ions i n t h i s range and at m/z 134-138 could a l s o correspond to 
ΜηΟ (OH) + where η = 1, 2; m = 0-4; so that the ion s e r i e s 151-155 n m + 

would be produced by loss of hydrogen from the Mn0 2(0H)^ (m/z 155) 
ion. That the i n t e n s i t i e s of other unique c o b a l t - c o n t a i n i n g ions 
do not increase s i g n i f i c a n t l y at high pH, lends support to the 
assignment of the 151-155 and 134-138 ions as manganese-containing. 

Summary 

Surface c h a r a c t e r i z a t i o n of b i r n e s s i t e f o l l o w i n g the s o r p t i o n of 
Co(II) i n d i c a t e s the presence of oxidized cobalt (CoOOH) at pH 
values, 4-6, where p r e c i p i t a t i o n of Co(0H) 2 does not occur, and a 

surface coating of Co(OH) at pH 8 and 10. XPS and SIMS r e s u l t s 
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20 

Go(NH3)'V Birnessite pH 7 

Co* 

'3 '6 

MnOH + 

MnCo + 

Μη,Ο, 

|MnCoO Mn0 2 (0H)* 

Co(NH3)|+/Birnessite pH 10 

MnOH 
CpNH 3 

MnCo 

Co? 

40 60 80 100 
m/z 

Mn 2 0 

M n ° 2 ^ 3 7 Mn0 2 (OH); 

120 140 160 

F i g u r e 6. P o s i t i v e i o n SIMS s p e c t r a f o r b i r n e s s i t e t r e a t e d a t pH 7 

a n d 10 w i t h C o ( N H - ) , . 3 + , 
3 6 ( a q . ) 

_° 2 

κ* 

Co(en)3

3VBirnessite pH 10 

Mn0 2(OH) 3 

C0NH3 
, ΜηΝα K + M n 2
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/ 
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J Mn0 2 (0H)* 
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140 160 
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/ 7 

190 210 2 30~ 
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250 

F i g u r e 7. P o s i t i v e i o n SIMS s p e c t r u m f o r b i r n e s s i t e t r e a t e d a t pH 

3+ 
10 w i t h C o ( e n ) . 

( a q . ) 
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f o r c o b a l t a m i n e - b i r n e s s i t e s a m p l e s s u g g e s t t h e p r e s e n c e o f c o b a l t 
amine c o m p l e x e s a n d / o r h y d r o l y s i s p r o d u c t s on t h e s u r f a c e o f 
b i r n e s s i t e . T h e d i s t r i b u t i o n o f c o m p l e x s p e c i e s c o u l d n o t be 
e v a l u a t e d f r o m t h e r e s u l t s . The p o t e n t i a l v a l u e o f SIMS f o r 
q u a n t i t a t i v e a n a l y s i s o f s o r b e d m e t a l i o n s was i n d i c a t e d b u t n o t 
e x p l o r e d i n d e t a i l . 
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Ionic Solid Solutions in Contact with Aqueous Solutions 

Ferdinand C. M. Driessens 
Catholic University, Nijmegen, the Netherlands 

The knowledge that ionic solutions are mostly 
regular, if not ideal (1-3) was used to describe 
their solubility behavior in water. It appears that 
Roozeboom's class I solid solutions are ideal. In 
coprecipitation
where the distributio
tion of the solubility products of the pure components. 
Class II and class III solid solutions were found to 
be regular, having a positive and a negative heat of 
mixing respectively. Substitutional disorder in ideal 
solid solutions gives rise to class II solid solutions, 
whereas ordering related to a negative value for the 
heat of mixing gives rise to type III solid solutions. 

An i o n i c compound has a f i xed compos i t i on . It may c o n s i s t o f 
seve ra l c a t i on s (A, B, ...) and seve ra l anions (X, Y, ...) so that 
i t s genera l formula i s g iven by: 

Ak B i . . . X m Y n 0> 

i n such a way that k, 1, m and η are simple i n t e g e r s . 
An i o n i c s o l i d s o l u t i o n , on the other hand, i s o f v a r i a b l e 

compos i t i on . I t s chemical formula can not be wr i t t en i n simple 
in tege r r a t i o numbers. A t h e o r e t i c a l example i s that o f two 
compounds AX and BX which form a s o l i d s o l u t i o n o f the genera l 
formula: 

A l - x B x X (2) 

with 0 £ χ £ 1, i f AX and BX form a continuous s e r i e s o f s o l i d 
s o l u t i o n s . 

The e q u i l i b r i u m between an i o n i c compound l i k e that o f formula 
(1) and an aqueous s o l u t i o n can be descr ibed by a s o l u b i l i t y 
product def ined by: 

0097-6156/86/0323-0524$10.25/0 
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( a A ) k ( a e ) 1 . . . ( a X ) m ( a Y ) n = K s p (3) 

which i s a constant under g iven temperature and p r e s su re . In 
Equat ion (3) , a^ represents the a c t i v i t y i n the aqueous s o l u t i o n 
o f the ion i . For s i m p l i c i t y , the charge o f the ions i s omitted i n 
Equat ion (3) and subsequent express ions . However, e q u i l i b r i u m 
between a s o l i d s o l u t i o n l i k e that o f Formula (2) and an aqueous 
s o l u t i o n i s not cha r ac t e r i z ed by a constant s o l u b i l i t y product . In 
that case the fo l lowing two Equations apply (4 ) : 

AX 
<aA) (ax) = K s p a A x , s (4) 

and, 

BX 
(a B ) ( a x ) = K

where a A x ) S and agx s , r e s p e c t i v e l y , represent the a c t i v i t i e s 
o f the components A^ and BX i n the s o l i d s o l u t i o n o f Formula (2 ) , 
whereas and are the s o l u b i l i t y products o f pure AX and BX, 
r e s p e c t i v e l y . 

In most cases the study o f e q u i l i b r i a between s o l i d s o l u t i o n s 
and aqueous s o l u t i o n s con ta in ing t h e i r ions i s extremely d i f f i c u l t , 
s ince s o l i d s t a t e d i f f u s i o n i s v i r t u a l l y absent at o rd inary 
temperatures. Most i o n i c s o l i d s o l u t i o n s can be made homogeneous 
only at temperatures above 500°C, where s o l i d s t a t e d i f f u s i o n i s 
r e l a t i v e l y f a s t . 
Only i n c e r t a i n cases (a r e l a t i v e l y high s o l u b i l i t y o f both 
components) i s i t po s s i b l e to obta in e q u i l i b r i u m between a s o l i d 
s o l u t i o n o f known composit ion and an aqueous s o l u t i o n , because the 
s o l i d s o l u t i o n i s homogenized by a r e l a t i v e l y fast 
r e c r y s t a l l i z a t i o n . In other i n s t ance s , e q u i l i b r i u m develops between 
the sur face o f the p a r t i c l e s o f the s o l i d s o l u t i o n and the aqueous 
s o l u t i o n . 

The present paper i s intended to review the most important 
l i t e r a t u r e i n t h i s f i e l d and to extend the theory from the widely 
accepted i d e a l s o l i d s o l u t i o n s to the more genera l models o f 
regu lar s o l i d s o l u t i o n s Ç5), with and without o rder ing (6) or 
s u b s t i t u t i o n a l d i so rde r (2^ 3̂ , 1). 

The Roozeboom C l a s s i f i c a t i o n 
Roozeboom (J3) c l a s s i f i e d systems o f two isomorphous s a l t s , forming 
s o l i d s o l u t i o n s l i k e those o f Formula (2) which vary i n respect to 
on ly one i o n , such that they c o n s t i t u t e te rnary systems ( i n c l u d i n g 
water ) . Three types were d i s t i n g u i s h e d , depending on the r e l a t i v e 
d i s t r i b u t i o n o f the s a l t s between the aqueous and s o l i d phases, as 
shown schemat i ca l l y i n F igure 1a. Th i s diagram, commonly known as a 
Roozeboom diagram, g ives the mole f r a c t i o n o f one o f the s a l t s i n 
the aqueous phase ( d i s r ega rd ing the water i n t h i s phase) , e . g . 
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B(aq) 
A(aq)+B(aq) 

Figure l a . Roozeboom* s c l a s s i f i c a t i o n f o r the d i s t r i b u t i o n of the 
i o n i c compounds AX and BX over the s o l i d phase and the aqueous 
phase. 

H 2 0 H 2 0 

A X B X A X BX 
Type I] Type III 

Figure l b . Representation of type II and type I I I systems i n the 
usual ternary phase diagram. 
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BX aq (6) 

AX a q + BX a q 

as a funct ion o f i t s mole f r a c t i o n χ i n the s o l i d phase. ( i ) a q 
represents the molar concent ra t i on of the spec ies i i n the aqueous 
s o l u t i o n . 

The meaning o f types II and III can a l so be v i s u a l i z e d on a 
Gibbs t r i a n g u l a r diagram (See F igure 1b) . The l i n e s o f type II 
would tend to converge on the aqueous s o l u t i o n cu rve , l ead ing i n 
extreme cases , to the formation o f an i s o the rma l l y and i s o b a r i c 
i n v a r i a n t aqueous phase, i n e q u i l i b r i u m with two s o l i d phases, 
meaning d i s c o n t i n u i t y i n the s o l i d s o l u t i o n . The l i n e s o f type III 
systems would tend to converge on the s o l i d s o l u t i o n cu rve , l ead ing 
f i n a l l y to the formation o f a s o l i d compound with a d e f i n i t e 
composit ion l y i n g between the two components. 

D i s t r i b u t i o n Laws For Simpl
s o l u t i o n o f Formula (2) i s i n e q u i l i b r i u m with an aqueous phase 
(aq) , the d i s t r i b u t i o n o f A and Β ions between the aqueous phase 
and the s o l i d phase (s) can be represented by: 

AX (s) + B(aq) J A(aq) + BX (s) (7) 

and i s descr ibed by: 

a B X , s a B 
= D _ (8) 

a A X , s a A 

provided that the s o l i d phase i s homogeneous. The s o l i d s o l u t i o n o f 
Formula (2) i s i d e a l when t h e i r heat o f mixing i s zero and when 
t h e i r entropy o f mixing i s g iven by the r e l a t i o n 

S = 2.303R fx log χ + (1-x) log ( 1 - x ) J (9) 

In that case , 

a A X , s = 1 ~ x < 1 0 a ) 

and, 
a B X > s = x (10b) 

apply (2, 3). Assuming that the a c t i v i t y coefficients of the A and 
Β ions do not d i f f e r s i g n i f i c a n t l y , Equation (8) transforms to: 

[b>Js CBJaq 
= D (11) 
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where BX s and AX s represent the concent ra t i on o f BX and 
AX, r e s p e c t i v e l y , i n the s o l i d phase. Equat ion (10) i s known as the 
Be r the l o t -Ne rns t d i s t r i b u t i o n law for c o p r e c i p i t a t i o n (9 ) . It 
represents type I s o l i d s o l u t i o n s according to the c l a s s i f i c a t i o n 
o f Roozeboom. Th is i s i l l u s t r a t e d i n F igure 2 for two values o f D. 
The corresponding r e l a t i v e amounts o f AX and BX c o p r e c i p i t a t e d are 
g iven i n F igure 3 which i s modi f ied from Gordon (10) . 

I f the e q u i l i b r i u m expressed i n Equat ion (7) i s a t t a ined on ly 
between the c r y s t a l sur face and the aqueous s o l u t i o n , the 
e q u i l i b r i u m i s descr ibed by: 

a B X , c s = ae (12) 
a A X , c s aA 

where a n ^ c s and a /\χ c s represent the a c t i v i t i e s o f components 
BX and AX, r e s p e c t i v e l y , i n the c r y s t a l sur face l a y e r . In the case 
o f i d e a l s o l i d s o l u t i o n s , d BX c s and d AX c s , the increments 
o f the components i n th
l a y e r , are p ropo r t i ona l
i . e . 

d BX c s b 0 - b 
= (13) 

d AX c s a 0 - a 

provided that the a c t i v i t y c o e f f i c i e n t s o f the A and Β ions i n the 
aqueous s o l u t i o n do not d i f f e r s i g n i f i c a n t l y . In Equat ion (13) 
b 0 and a 0 represent the i n i t i a l q u a n t i t i e s o f BX and AX, 
r e s p e c t i v e l y , i n the aqueous s o l u t i o n . The symbols b and a 
represent the q u a n t i t i e s o f BX and AX, r e s p e c t i v e l y , which have 
been depos i ted i n the s o l i d . In teg ra t i on o f Equat ion (13) y i e l d s : 

Baq>i ^aq » i 
l og - l o g (14) 

Baq>f Aaq>f 

where the s u b s c r i p t s i and f denote the i n i t i a l and f i n a l 
concent ra t i ons i n the aqueous s o l u t i o n (10) . Equat ion (14) i s known 
as the Doerner-Hoskins d i s t r i b u t i o n law TT2) for c o p r e c i p i t a t i o n , 
a lthough i t was der ived f i r s t by Kroeker TT2). It a l so represents 
on ly Roozeboom's type I systems. 

The numerical va lues o f the d i s t r i b u t i o n c o e f f i c i e n t s λ and D 
have been der ived from experimental data for a l a rge number o f 
systems (e .g . (J_0, J M , _13). From the constancy o f e i t h e r λ or D 
va lues i t can be determined whether or not the system y i e l d ed 
homogeneous p r e c i p i t a t e s . In e i t h e r case , the numerica l value of λ 
or D should be equal t o : 

AX 

^sp 
λ = D = _ (15) 

BX 
Ksp 
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B(aq) 
A(aq)+B(aq) 

F i g u r e 2 . D i s t r i b u t i o n o f t h e i o n i c c o m p o n e n t s A X a n d B X o v e r t h e 
s o l i d c o m p o n e n t s A X a n d B X o v e r t h e s o l i d p h a s e a n d t h e a q u e o u s 
p h a s e f o r d i f f e r e n t v a l u e s o f t h e d i s t r i b u t i o n p a r a m e t e r D u n d e r 
t h e a s s u m p t i o n t h a t A X a n d B X f o r m i d e a l s o l i d s o l u t i o n s a n d t h a t 
t h e s o l i d p h a s e i s h o m o g e n e o u s . 

100BX(s) 

BX(s) + BX(aq) 

AX(s) + AX(aq) 

F i g u r e 3 . P e r c e n t c o p r e c i p i t a t i o n o f A X v s . t h a t o f B X f r o m a n 
a q u e o u s s o l u t i o n u n d e r t h e a s s u m p t i o n t h a t A X a n d B X f o r m i d e a l 
s o l i d s o l u t i o n s . M o d i f i e d f r o m G o r d o n e t a l . ( 1 0 ) . 
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which i s e a s i l y der ived from Equation (4) and (5 ) . By changing the 
exper imental c ond i t i ons some systems can be made to obey e i t h e r 
Equat ion (11) or Equat ion (14) (10) . In most cases , however, the 
behavior o f a system w i l l be somewhere between that descr ibed by 
Equat ion (11) or Equat ion (14) . 

D i s t r i b u t i o n Laws For Complex Idea l S o l i d S o l u t i o n s . Let A n X and 
B n X be two i o n i c compounds which form a s e r i e s o f s o l i d s o l u t i o n s 
o f the Formula: 

A n d - χ ) B n x X (16) 

In that case the entropy o f mixing i s : 

S = 2.303 Rn {x log χ + (1-x) log (1-x)} (17) 

so t h a t : 

and, 

a B X , s = x n (19) 
as long as the d i s t r i b u t i o n o f A and Β ions over t h e i r s u b l a t t i c e 
i s random (2 ) . Equat ions (8) through (14) remain v a l i d under these 
c o n d i t i o n s , so that on ly type I s o l i d s o l u t i o n s are found among 
these systems. It i s e a s i l y shown that i n t h i s case 

AX 
^sp 

BX 
^sp 

1/n 

(15a) 

which i s a more general express ion o f Equat ion (15) (14) . 

D i s t r i b u t i o n Laws And Regular S o l i d S o l u t i o n s . For s o - c a l l e d 
regu la r s o l i d s o l u t i o n s (J_5), Equat ion (9) s t i l l ho lds but by 
d e f i n i t i o n the express ion for t h e i r enthalpy o f mixing i s : 

H m = χ (1-x) W (20) 
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i n which W i s the parameter for A - Β ion i n t e r a c t i o n (2 ) . The 
a c t i v i t i e s o f the components AX and BX i n the s o l i d s o l u t i o n o f 
Formula (2) then becomes: 

a A X , s = (1-x) exp {X2w/(2.303 RT)} (21) 

and 

a B X , s = x exp {(1-x)2w/2.303 RT)} (22) 

In that case a p l o t o f log ( a A x ) S ) / ( 1 - x ) versus x 2 or o f 
log a B x ) S / x versus (1 -x ) 2 must y i e l d s t r a i g h t l i n e s with the 
same s l o p e , from which W can be c a l c u l a t e d . 
Under these cond i t i ons Equat ion (8) transforms t o : 

B X s B aq 
= D exp {-(1-2x) W/(2.303 RT)} (23) 

AX s A a q 

so that the apparent d i s t r i b u t i o n c o e f f i c i e n t (D i n Equat ion (10) , 
i s no longer constant but depends on x. K i r g i n t s e v and Trushnikova 
(16) have pub l i shed a general method to der ive a A x s and ββχ s 

from exper imental d i s t r i b u t i o n data , and they have'shown t h a i a 
number o f systems obey Equat ion (23) i n systems with high ra tes o f 
r e c r y s t a l l i z a t i o n . F igures 4 and 5 give an example o f d i s t r i b u t i o n s 
i n a system with vary ing va lues for W and D. Both type II and type 
III s o l i d s o l u t i o n s o f Roozeboom 1s c l a s s i f i c a t i o n are found i n such 
systems, depending on whether W has a p o s i t i v e or a negative va lue , 
r e s p e c t i v e l y . 

The va lues chosen for W/(2.303 RT) i n order to cons t ruct 
F i gures 4 and 5 are r e a l i s t i c ; for most regu la r i o n i c s o l i d 
s o l u t i o n s these va lues range from 1 to -2 Ç3).Due to the 
d i f f e r ence s i n s o l u b i l i t y products o f the components o f such s o l i d 
s o l u t i o n s , however, the value o f the d i s t r i b u t i o n c o e f f i c i e n t D can 
dev ia te s eve ra l orders o f magnitude from un i ty (see Equat ion 
(14a) ) . By e x t r a p o l a t i o n from F igures 4 and 5 i t can be shown that 
type II and type III systems are i n d i s t i n g u i s h a b l e from type I 
systems when the d i s t r i b u t i o n c o e f f i c i e n t D d i f f e r s by one order o f 
magnitude or more from u n i t y . In those cases , experimental data for 
the d i s t r i b u t i o n o f ions between the s o l i d s o l u t i o n and aqueous 
s o l u t i o n are not s u i t a b l e to der ive the nature o f the s o l i d 
s o l u t i o n s , as has been proposed by K i r g i n t s e v and Trushnikova 
(16) . At very smal l or very l a rge values o f D, even m i s c i b i l i t y 
gaps i n s o l i d s o l u t i o n s can not be detected by t h i s method. 
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B(aq) 
A(aq)+B(aq) 

Figure 4. D i s t r i b u t i o n of the i o n i c compounds AX and BX over the 
s o l i d phase and the aqueous phase f o r d i f f e r e n t values of the 
d i s t r i b u t i o n parameter D under the assumption that AX and BX form 
homogeneous regular s o l i d s o l u t i o n s with a negative value f o r the 
i n t e r a c t i o n parameter W. 

B(aq) 
A(aq)+B(aq) 

0 - f 1 1 1 1 1 
0 0.2 0.4 0.6 0.8 1.0 
AX x ^ BX 

Figure 5 . D i s t r i b u t i o n of the i o n i c compounds AX and BX over the 
s o l i d phase and the aqueous phase f o r d i f f e r e n t values of the 
d i s t r i b u t i o n parameter D under the assumption that AX and BX form 
homogeneous regular s o l i d s o l u t i o n s with a p o s i t i v e value f o r the 
i n t e r a c t i o n parameter W. 
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DISTRIBUTION LAWS AND SUBSTITUTIONAL DISORDER 
Dr iessens (2) has d i scussed the consequences o f s u b s t i t u t i o n a l 
d i so rde r on component a c t i v i t i e s i n s o l i d s o l u t i o n s . For example, 
s o l i d s o l u t i o n s o f the Formula: 

M n 2 ( 1 - x ) C o 2 x S i 0 4 (24) 

with the o l i v i n e s t r u c t u r e obeyed the r e l a t i o n s : 

0.5 In a C o 2 S i 0 4 > s = i n a C o S i 0 . 5 0 2 , s = In x - 0.2 ( 1 - x ) 2 (25) 

and 

0.5 In a M n 2 S i o 4 > s = In a M n S i 0 . 5 0 2 , s = l n ( 1 -x ) - ° · 2 χ 2 < 2 6) 

w i th in the l i m i t s o f experimenta
s o l u t i o n s appeared to be r e gu l a r . 
However, exchange o f C o 2 + and Mn2*** can occur between l a t t i c e 
s i t e s (4a) and (4c ) , r e s u l t i n g i n e q u i l i b r i u m accord ing to the 
r e a c t i o n : 

Co 2+ (4a) + Mn2+ (4c) t Co 2+ (4c) + Mn2+ (4a) (27) 

Let the d i so rde r parameter be z . Then the s t r u c t u r a l Formula o f 
these o l i v i n e s can be w r i t t en as : 

C o x + z M n i _ x _ z ( C o x _ z Μ η Ί _ χ + ζ ) S 1 O 4 (28) 

I f the law o f mass a c t i o n a p p l i e s to Equat ion (27) , the d i so rde r 
parameter can be est imated to a f i r s t approximation by: 

ζ = χ (1-x) ( 1 - K 2 7 ) ( 1 + K 2 7 H (29) 

where K 2 7 i s the e q u i l i b r i u m constant for the r e a c t i o n i n 
Equat ion (27) . Furthermore, the fo l lowing express ions are obtained 
for the a c t i v i t i e s o f the components: 

a C o 2 S i 0 4 , s = ( χ + ζ ) (x -z ) = x 2 

and 

a M n 2 S i 0 4 , s = O-x+z ) O - x - z ) 

From these express ions , one can der ive 

(30) 

= (1-x)2 - z 2 (31) 
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0.5 In a C o 9 S i 0 . s = In χ + 1/2 {V (1 -x ) 2 - 1/2 V 2 ( 1 - x ) 4 + ...} 

and 

0.5 In a M n 2 S i Q 4 > s = In (1-x)+1/2 (V x 2 -1/2 V 2 x 4 + ...} (33) 

where V w i l l be de f ined below i n Equat ion (34) . Equat ions (32) and 
(33) agree to a f i r s t approximation with the exper imental curves 
g iven by Formulas (25) and (26) . 

In t h i s way and by numerica l e v a l u a t i o n , Dr iessens (2) proved 
that the experimental a c t i v i t i e s cou ld be exp la ined on the bas i s o f 
s u b s t i t u t i o n a l d i s o r d e r , accord ing to Equat ion (27) , w i th in the 
l i m i t s o f experimental e r r o r . I t seems, t he r e f o r e , that 
measurements o f d i s t r i b u t i o n c o e f f i c i e n t s and the r e s u l t i n g 
a c t i v i t i e s c a l c u l a t e d by the method o f K i r g i n t s e v and Trushnikova 
(16) do not d i s t i n g u i s h between the regu lar charac te r o f s o l i d 
s o l u t i o n s and the p o s s i b i l i t
the l a t t e r can be d i scerne
NMR or magnetic measurements. I t can be shown that s u b s t i t u t i o n a l 
d i so rde r always r e s u l t s i n negat ive va lues o f the i n t e r a c t i o n 
parameter W due to the fact that 

W(2.303 R T ) " 1 = - 1/2 V = - 1/2 ( 1 - K 2 7 ) 2 O+K27) 2 (34) 

Th i s i s a l so v a l i d for the more complex s p i n e l s o l i d s o l u t i o n s o f 
Fe3Û4, Mn3Û4 and CO3O4, i n which e l e c t r o n exchange occurs i n 
a d d i t i o n to s u b s t i t u t i o n a l d i so rde r (2 ) . 

S u b s t i t u t i o n a l D i sorder In Regular S o l i d S o l u t i o n s . Most simple 
i o n i c s o l u t i o n s i n which s u b s t i t u t i o n occurs i n one s u b l a t t i c e on ly 
are not i d e a l , but regu la r (2 ,̂ 2). Most complex i o n i c s o l i d 
s o l u t i o n s i n which s u b s t i t u t i o n occurs i n more than one s u b l a t t i c e 
are not only regu la r i n the sense o f H i l deb r and ' s d e f i n i t i o n (15) 
but a l so e x h i b i t s u b s t i t u t i o n a l d i s o r d e r . The Equat ions d e s c r i b i n g 
the a c t i v i t i e s o f the components as a funct ion o f the composit ion 
o f t h e i r s o l i d s o l u t i o n s are rather complex (_7, W), and these 
can be eva luated best for each i n d i v i d u a l case . Both type II and 
type III d i s t r i b u t i o n s can r e s u l t from these c o n d i t i o n s . 

O rde r ing . New compounds which inc lude the i o n i c components AX and 
BX may be formed by o rder ing o f the s o l i d s o l u t i o n (6_). In that 
case , the entropy o f mixing may s t i l l be given by Equat ion 17, 
whereas the enthalpy o f mixing i s g iven by: 

H m = x n ( 1 - x ) n W (35) 
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in which W has a negative value. In this expression η i s the 
minimum number of units of AX and BX which unite to form a nucleus 
of the new compound Α ηΒ ηΧ2 η· The solubility behavior of solid 
solutions of CaCO.3 and MgCu*3 could be explained with this 
Equation under the assumption that η = 3 for dolomite, the new 
compound which forms between C a C Û 3 and MgC03. This value of η 
i s in agreement with the content of a lattice c e l l in the dolomite 
structure ( 6 ) . 

The appropriate expressions for the activities of the 
components become: 

aAX,s = (1-x) βχρ{χη(1-χ)η-1/Ί-η+(2η-1)χ7ν^}/(2.303 RT) (36) 

and, 
aBX,s = * exp{(1-x)n χη-1/η-(2n-1)xJW}/(2.303 RT) (37) 

Such systems belong to type III distributions because the value of 
W i s always negative. The system CaCû*3 - MgCu*3 - Η20 is given as an 
example in Figure 6. 

Comparison With Literature Data 
The distribution of components of binary solid solutions over the 
solid phase and the aqueous phase has been studied for a number of 
systems. Table I contains a summary of some of these systems with 
references. This literature review i s not complete; more data are 
available especially for rare earth and actinide compounds, which 
primarily obey type I Equations to a good approximation. In the 
following sections, the theory above w i l l be applied to some 
special systems which are relevant to the fields of analytical 
chemistry, inorganic chemistry, mineralogy, oceanography and 
biominerals. 

Application In Analytical And Inorganic Chemistry 
Knowledge about distribution coefficients i s used in analytical 
chemistry to determine the fe a s i b i l i t y of quantitative separation 
by precipitation. Therefore, D and λ are also called separation 
factors. In order to precipitate 99.8% or more of the primary 
substance, λ must be 3.2 χ 10~4 or smaller. For larger values of 
λ more than one precipitation step i s necessary, and the number of 
steps can be calculated when λ i s known. 

This straightforward application i s obvious for type I systems 
only, for which coprecipitation diagrams like Figure 3 can be 
calculated and experimentally verified. As can be seen from Figures 
4 and 5, the apparent distribution coefficient, λ , for systems of 
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T a b l e I . 

Eva lua t i on o f some systems o f s o l i d s o l u t i o n s according 
to t h e i r s o l u b i l i t y behavior 

AX BX Type D( )* Reference 

NaCl NaBr II K i r g i n t s e v and Trushnikova 
(16) 

KC1 KBr II K i r g i n t s e v and Trushnikova 
NH4CI ΝΗ4ΒΓ II K i r g i n t s e v and Trushnikova 
RbCl RbBr II K i r g i n t s e v and Trushnikova 
CsC l CsBr II K i r g i n t s e v and Trushnikova 
RbBr KBr 
KC1 NH4CI 
KBr NH 4Br ( I D F l a t t and Burkhardt 
AgCl AgBr I (?) 104 Yutzy and K o l t h o f f (21) 
TICI AgCl I Vaslow and Boyd (22) 
NH4AI (S04)2 KA1 (S04) 2 I 0.9 H i l l et a l (13) 
NH 4Cr (SG*4)2 KCr ( S 0 4 ) 2 I 1.6 H i l l et a l 
NH4AI (S04) 2 T1A1 ( S 0 4 ) 2 I 2.5 H i l l et a l 
KA1 ( S 0 4 ) 2 T1A1 ( S 0 4 ) 2 I 2.5 H i l l et a l 
Ca5(P04)3 OH Ca5(P04) 3 F (II ) Dr iessens 

AX BX Type D( )* Reference 

Cu (NH4 ) 2 ( S0 4 ) 2 Zn (NH 4 ) 2 ( S04 ) 2 II H i l l et a l (13) 
Zu(NH4)2(S04)2 Ni(NH4)2(S04)2 I 4 H i l l et a l 

Cu (NH 4 ) 2 ( S04 ) 2 Ni (NH4) 2 (S04 ) 2 I (?) 16 H i l l et a l 
Mg(NH4) 2 (504) 2 Cu(NH4)2(S04)2 II H i l l et a l 
CuK 2 ( S04 ) 2 NiK2(S04)2 II H i l l et a l 
CoK 2 ( S04 ) 2 CuK2(S04)2 II H i l l et a l 
RaCr04 BaCr04 I 5.5 Gordon et a l (10,23) 
RaS04 BaS04 I 1.2 Gordon et a l 
RaC03 BaC03 I 0.18 Gordon et a l 
SrS04 BaS04 I (?) 0.030 Gordon et a l 
RaBr 2 BaBr2 I 9.8 Gordon et a l 
R a C l 2 BaCl2 I 5.0 Gordon et a l 
Ra (N0 3 ) 2 Ba (N0 3 ) 2 I 2.0 Gordon et a l 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



25. D R I E S S E N S Ionic Solid Solutions and Aqueous Solutions 537 

Table I. (Continued) 

AX BX Type D( )* Reference 

Pb(N03) 2 Ra(N0 3 )2 I 3 Ratner (9) 
BaSO.4 PbSO.4 I (?) 0.08 K o l t h o f f and Noponen PbSO.4 

(24) 
PbCr0 4 PbMo04 I (?) 250 K o l t h o f f and Eggertsen 

(25) 
CaCU3 MgC0 3 ( I l l ) **** Driessens and Verbeeck MgC0 3 

BaHP0 4 SrHP04 I (?) 
MgNH4P04 MgNH4As04 I 5.7 K o l t h o f f and Carr (27) 
Sm-oxalate Nd-oxalate I 1.65 Weaver (22) 
Nd-oxalate P r - oxa l a t e I 1.37 Weaver 
Sm-oxalate Gd-oxa late I 1.66 Weaver 
Gd-oxalate Dy -oxa late I 2.09 Weaver 
Ce ( I I I ) - oxa l a te Nd-oxalate I 1.75 Gordon et a l (10, 23) 
Am-oxalate La -oxa l a te I 5.85 Gordon et a l 
Yb -oxa late Nd-oxalate I 0.69 Gordon et a l 
Fe ( I04 ) 3 Y ( I 0 4 ) 3 I (?) 0.001 Gordon et a l 
Th ( I0 4 )4 L a ( I 0 3 ) 3 ** 6.5 Gordon et a l 

The case of type I were D i s constant ra ther than are r a r e . 
In t h i s case r e l a t i o n (13) i s not v a l i d . A more appropr ia te 
r e l a t i o n was der ived by Gordon et a l (10) . 
(II ) means that the i n t e r a c t i o n parameter W i s so s t rong ly 
p o s i t i v e that a m i s c i b i l i t y gap occurs i n the s e r i e s o f s o l i d 
s o l i t i o n s . 
( I I I ) means that η i s so h igh and W i s so negat ive that a new 
compound i s formed under the simultaneous development o f two 
m i s c i b i l i t y gaps i n the s e r i e s of s o l i d s o l u t i o n s . 
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Mg(aq) 

Ca(aq)+Mg(aq) 

1.0 

Figure 6. D i s t r i b u t i o n of the i o n i c compounds CaC0 3 and MgCO^ 
over the s o l i d phase and the aqueous phase. Ordering occurs i n 
the s o l i d s o l u t i o n s around χ = 0.5. I t i s assumed that the s o l i d 
phase i s homogeneous. 
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regu la r s o l i d s o l u t i o n s or with s u b s t i t u t i o n a l d i so rde r or o rder ing 
depends on the i n i t i a l molar r a t i o o f the components i n the aqueous 
s o l u t i o n . Thus, the c a l c u l a t i o n o f c o p r e c i p i t a t i o n diagrams for 
type II and type III systems i s meaningless, except for t h e o r e t i c a l 
purposes. 

There i s evidence that the value o f λ for type I systems 
depends on the degree o f supe r sa tu ra t i on dur ing the p r e c i p i t a t i o n 
process with a somewhat be t t e r separa t ion being reached at lower 
ra tes o f p r e c i p i t a t i o n , and hence, at lower degrees o f 
supe r sa tu ra t i on (29) . Th i s may mean that the events at the 
i n t e r f a c e o f s o l i d phase and l i q u i d phase are not complete ly 
descr ibed by Equat ion (12), e . g . adsorpt ion might a l so be i n v o l v e d . 

The importance o f adsorpt ion i s e s p e c i a l l y c l e a r from s tud i e s 
o f i on entrapment, a phenomenon whereby o c c l u s i o n o f adsorbed 
fore ign ions occurs by overgrowth o f a p r e c i p i t a t e (30) . Occ lus ion 
o f c h l o r i d e i n a BaSO^ p r e c i p i t a t e can be d iminished by adding 
barium c h l o r i d e to the s u l f a t e s o l u t i o n ra ther than the r eve r s e . It 
i s we l l known that the amoun
the speed o f formation o
formed c r y s t a l s produced from r e l a t i v e l y concentrated s o l u t i o n s 
have a higher rate o f r e c r y s t a l l i z a t i o n dur ing aging due to t h e i r 
smal l p a r t i c l e s i z e . Thus, i t i s adv i sab le i n a n a l y t i c a l procedures 
to p r e c i p i t a t e r a p i d l y at room temperature fol lowed by aging at 
s l i g h t l y higher temperatures (31) . 

As has been observed by many authors and as seen from Table I, 
there are only a few type I systems for which the d i s t r i b u t i o n 
c o e f f i c i e n t D i s cons tant . U sua l l y λ i s constant which means that 
p r e c i p i t a t e s are not homogeneous but conta in l oga r i thmic 
concent ra t ion g r ad i en t s . Taking i n t o account that for type II and 
III systems the s i t u a t i o n i s even more complex, one comes to the 
conc lu s i on t h a t , i n gene ra l , the p r e c i p i t a t e o f a s o l i d s o l u t i o n 
w i l l not be homogeneous, un less the concent ra t i ons o f the ions i n 
the aqueous s o l u t i o n are he ld constant dur ing the p r e c i p i t a t i o n 
process . The g rad ients i n the s o l i d s o l u t i o n w i l l be more 
pronounced for more extreme values o f D and W. As observed by 
Dr iessens (2, 3_, 7), i d e a l s o l i d s o l u t i o n s are an except ion rather 
than a ru l e among i o n i c s o l i d s o l u t i o n s . There fo re , p reparat ion o f 
homogeneous i o n i c s o l i d s o l u t i o n s by p r e c i p i t a t i o n from aqueous 
s o l u t i o n s can i n genera l on ly be reached by ted ious i t e r a t i v e 
procedures , provided that techniques are developed to keep the 
concent ra t i on o f a l l ions i n the aqueous s o l u t i o n constant dur ing 
the p r e c i p i t a t i o n process . For obvious reasons, the d i s t r i b u t i o n 
c o e f f i c i e n t D must not d i f f e r much from un i t y i f one aims to 
prepare such s o l i d s o l u t i o n s over a wide range o f χ v a lue s . 
Fo r tuna t e l y , high-temperature techniques , i . e . hydrothermal or 
s o l i d - s t a t e chemical methods, can provide more d i r e c t methods to 
prepare homogeneous i o n i c s o l u t i o n s for many systems, because they 
may be operated at temperatures at which d i f f u s i o n i n the s o l i d 
s o l u t i o n s becomes s u f f i c i e n t l y f a s t . 
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The System CaCO-^ - MqCQ-s 
In the system CaC03-MgC03-H2Û seve ra l s o l i d phases can 
occu r . The compound CaC03 e x i s t s i n three polymorphs under 
atmospheric p ressure : c a l c i t e , aragonite and v a t e r i t e . V a t e r i t e i s 
the l e a s t s t ab l e and w i l l not be cons idered fu r ther here . C a l c i t e 
i s s l i g h t l y more s tab l e than aragonite (32) at most earth sur face 
c o n d i t i o n s . For MgCÛ3, magnesite i s the s t ab l e s o l i d phase, 
except at low p a r t i a l pressures o f COo where hydromagnesite 
(Mg4(C03)3(0H)2.3H20) becomes s t ab l e (33) . Between the 
extreme composit ions dolomite (Ca 0 e 5Mgo e 5C03) i s found as a 
s t ab l e s o l i d phase (33) . The s t r u c t u r e o f dolomite i s that of an 
ordered c a l c i t e , whereas magnesite i s i s o s t r u c t u r a l with c a l c i t e 
(34) . Natura l dolomites conta in between 40 and 51 mol-?o MgCÛ3 
(35-38) . In c a l c i t e sediments, up to about 6 mol-% MgCÛ3 i s 
found, whereas aragonite sediments conta in very l i t t l e MgCÛ3 (37, 
38 ) . 

The s o l u b i l i t y o f dolomite i s l e s s than that o f e i t h e r c a l c i t e 
or magnesite (39) . E q u i l i b r i u
with no added M g 2 + i ons
t h i n c a l c i t e l aye r onto the dolomite p a r t i c l e s (40) , whereas 
e q u i l i b r a t i o n o f c a l c i t e with aqueous s o l u t i o n s conta in ing M g 2 + 

ions r e s u l t s i n the formation o f a t h i n l aye r o f dolomite on the 
c a l c i t e p a r t i c l e s (41, 42 ) . In both cases these sur face l aye r s 
become the c o n t r o l l i n g s o l i d phase i n s o l i d - l i q u i d phase e q u i l i b r i a 
(43) . Under c e r t a i n cond i t i on s c a l c i u m - r i c h dolomite appears to be 
more so lub l e than c a l c i t e (44) . The most so lub l e seems to be a 
s o l i d s o l u t i o n con ta in ing conta in ing between 20 and 30 mol-?o MgCÛ3 
(45) . Aqueous s o l u t i o n s e q u i l i b r a t e d with c a l c i u m - r i c h dolomites 
can become supersaturated with a ragon i te , which can then 
p r e c i p i t a t e and become the s o l i d phase c o n t r o l l i n g the s o l u b i l i t y 
o f Ca 2+ (46) . 

In p r e c i p i t a t i o n s tud i e s (47, 49) i t has been shown t h a t , 
below a c e r t a i n Mg/Ca concent ra t i on r a t i o i n the aqueous s o l u t i o n , 
the ra te o f nuc l ea t i on o f c a l c i t e was f a s te r than that o f 
a r agon i te . Above that Mg/Ca r a t i o the order was reversed . Th i s was 
exp la ined by the e f f ec t o f Mg2+ ions on the i n t e r f a c i a l t ens ion 
between the s o l u t i o n and p r e c i p i t a t e , which apparent ly i s l a r ge r 
for c a l c i t e than for aragonite (49) . At s t i l l h igher Mg/Ca r a t i o s 
dolomite can be formed (50) . Such low temperature p r e c i p i t a t e s o f 
dolomite conta in o rder ing de f ec t s . The number o f de fects increases 
when p r e c i p i t a t i o n proceeds i n a shor te r time i n t e r v a l or at lower 
temperatures (51) . 

The s o l u b i l i t y , d i s s o l u t i o n and p r e c i p i t a t i o n behavior i n the 
system CaC03-MgC03~H20 can be descr ibed by the fo l l ow ing 
model. Let the genera l Formula o f the Ca-Mg-carbonate be 
represented by: 

C a i _ x M g x C 0 3 (38) 
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The free energy o f mixing o f such a s o l i d s o l u t i o n i s g iven by: 

GM = G - (1-x) GO C a C { ] 3 - χ G o M g C 0 3 (39) 

i n which G and G? represent the free energy o f the s o l i d s o l u t i o n 
and that o f the pure component i r e s p e c t i v e l y . On the other hand, 
the free energy o f mixing a l so equa l s : 

GM = (1-x) GcaC0 3 + x % C 0 3 (*0) 

i n which G^ i s the p a r t i a l f ree energy o f mixing o f component i . 
When a s o l i d s o l u t i o n o f Formula (38) i s i n e q u i l i b r i u m with an 
aqueous s o l u t i o n o f i t s
descr ibed by the r e a c t i o n s : 

2_ 

CaC0 3 ( ss ) t Ca2+(aq) + C 0 3 (aq) (41) 

and 
CaC0 3 ( ss ) + Mg2+(aq) Z MgC0 3 (ss) + Ca 2+(aq) (42) 

where (ss ) represents the s o l i d s o l u t i o n . The e q u i l i b r i a (41) and 
(42) are def ined by the r e spec t i v e r e l a t i o n s : 

M 

GCaC0 3 = 2.303 RT ( log I C a C o 3 - l og K C a C 0 3 ) (^) 

and 
M M 

a C a G C a C 0 3 - G MgC0 3
 K C a C 0 3 

l og = + log (44) 
aMg 2.303 RT K MgC0 3 

where 
I r j a co 3 i s the i on a c t i v i t y product (arj a) (aco3)> 

Kr»rn-* i s the s o l u b i l i t y product o f pure c a l c i t e 
( 1 0 - 8 . 4 2 ) L a L U 3 

and g KMgC03 i s the s o l u b i l i t y product o f pure magnesite 

Dr iessens and Verbeeck (£ ) de r i ved the fo l l ow ing a n a l y t i c a l 
express ion for G^: 
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GM = 2.303 R l/ (1 -x ) l og (1 -x ) + x log xj + x 3 ( 1 - x ) 3 W (45) 

i n which the most appropr ia te value for the i n t e r a c t i o n parameter W 
i s - 858 kJ mole" ' ' , when the o rder ing o f the Ca and Mg ions i n 
the s t r u c t u r e i s i d e a l . Th i s i s based on the s t a b i l i t y ranges for 
the s o l i d s o l u t i o n s mentioned above and on the experimental 
formation energy o f we l l - o rde red do lomi te . 

The g r a p h i c a l form o f GM as a funct ion o f χ i s g iven i n 
F igure 7. For 0 < χ < x^j, c a l c i t e i s s t a b l e , whereas for 
Χ1 < χ < X2 c a l c i t e i s metastab le . S o l i d s o l u t i o n s between 
X2 and X3 are uns t ab l e . In the range X3 < χ < X4 and X4 < χ < 
( I - X 4 ) do lomites are metastab le , and s t a b l e , r e s p e c t i v e l y . 

Th i s model for the system CaCÛ3-MgC03 app l i e s on ly for 
i d e a l o rder ing o f Mg and Ca ions i n the dolomite s t r u c t u r e . Idea l 
o rde r ing occurs only i n p r e c i p i t a t e s of dolomite formed at 
temperatures above about 250°C. Studies i n the l abora tory (_52) show 
that d o l o m i t i z a t i o n (the development o f o rde r ing i n the Mg and Ca 
d i s t r i b u t i o n i n the c a l c i t
o rd ina ry temperatures. There fore
a p p l i c a b l e to p r e c i p i t a t e d dolomites i s : 

G M = 2.303 RTf (1 -x ) log (1 -x ) + χ log xj+ x 3 ( 1 - x ) 3 aW (46) 

where i s an o rder ing parameter which t h e o r e t i c a l l y can vary from 
0 to 1. The r e s u l t i n g express ion for ^ becomes: 

G C a C 0 3 

M 

G C a C 0 3 = 2.303 R T l o 9 C - x ) + x 3 ( 1 - x ) 2 ( 5 x-2) aW (47) 

whereas 

M M 9 , x 9 , 
G CaC03" GMgC03 = 2.303 RT log x - l o g O - x ) + 3x z ( 1 - xK (1+2x ) aW 

(48 ) 

In t ab l e II the va lues o f x, through X4 are g iven for c e r t a i n 
va lues o f the o rder ing parameter α . 

Table I I . 

Values o f x>j through X4 as a funct ion o f the o rde r ing parameter 
α for s o l i d s o l u t i o n s o f the composit ion Ca>j_xMgxC03 at 25°C 

α 1 0.5 0.25 

χι 7.6 χ Ι Ο " 7 4.3 χ 10-4 1.2 χ 10-2 

x 2 0.03 0.06 0.10 

X3 0.28 0.28 0.27 

X4 0.38 0.37 0.31 
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Figure 7 . Proposed form f o r the curve of the f r e e energy of mixing 
i n the system CaCO^ - MgCO^. The curve was c a l c u l a t e d with the 
i n d i c a t e d values f o r the parameters η and W according to the 
proposed model of subregular s o l i d s o l u t i o n s . 
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Accord ing to Equat ion 48 c a l c i t e should p r e c i p i t a t e from waters 
having a Mg/Ca r a t i o below a c e r t a i n va lue , whi le dolomite should 
p r e c i p i t a t e from waters having a Mg/Ca r a t i o above that c r i t i c a l 
v a l ue . Th i s r u l e i s obeyed under c o n d i t i o n s o f p r e c i p i t a t i o n from 
very s l i g h t l y supersaturated aqueous s o l u t i o n s l i k e those occu r r ing 
i n c e r t a i n areas o f the ocean. Ocean water i s c l o s e to e q u i l i b r i u m 
with both c a l c i t e and dolomite (53) . 

When p r e c i p i t a t i o n occurs under c o n d i t i o n s o f h igh super -
s a t u r a t i o n , k i n e t i c f ac to r s become important as w e l l . Then c a l c i t e , 
a ragoni te and dolomite can form from s o l u t i o n s having Mg/Ca r a t i o s 
i n i n c r e a s i n g order o f magnitude. Th i s i s the main reason why not 
on ly c a l c i t e and do lomite , but a l so aragonite i s found among 
b i o l o g i c a l l y induced carbonatat ions (53) . I n t e r e s t i n g i n t h i s 
respect i s that ca lc ium and pH homeostasis i n s n a i l s (54, 55) and 
frogs (56) was shown to r e f l e c t a constant i o n i c product for 
c a l c i t e , which a f t e r proper c o r r e c t i o n for a c t i v i t y c o e f f i c i e n t s 
was equal to that o f the s o l u b i l i t y p roduct . 

The System Hydroxyapat i te - F l u o r a p a t i t e 
Most c a l c i um, con ta in ing a p a t i t e s i n nature are h e a v i l y carbonated. 
The only except ion i s formed by the minera l i n the sur face o f tooth 
enamel which c o n s i s t s mainly o f hydroxyapat i te (Ca5(P04)30H). 
Most foods and d r i n k i n g waters conta in enough f l u o r i d e to r e s u l t i n 
the i n c o r p o r a t i o n o f s i g n i f i c a n t amounts o f f l u o r i d e i n to t h i s 
minera l whereby the s o l u b i l i t y decreases . There fo re , the system 
h y d r o x y a p a t i t e - f l u o r a p a t i t e i s p r i m a r i l y o f importance for the 
prevent ion o f denta l c a r i e s . However, i n t h i s context i t s 
t h e o r e t i c a l treatment i s important for geochemists who may be 
confronted with s o - c a l l e d subregular s o l i d s o l u t i o n s . 

The logar i thm o f the s o l u b i l i t y product for hydroxyapat i te i s 
- 58 .6 and that o f f l u o r a p a t i t e (Ca5(P04) 3 F) i s - 60 .6 (57) , 
and thus , D = 0.01 i n favour o f f l u o r i d e i n c o r p o r a t i o n i n t o the 
s o l i d a p a t i t e p r e c i p i t a t e . Acco rd ing l y , i t should be d i f f i c u l t to 
prepare s o l i d s o l u t i o n s o f these compounds by p r e c i p i t a t i o n from 
aqueous s o l u t i o n and i f prepared batchwise, they are expected to 
conta in l o ga r i thmic g rad ients i n t h e i r i n t e r n a l compos i t i on . Yet , 
Moreno et a l . ( 58 ) report l i n e a r changes i n the l a t t i c e parameters 
o f such s o l i d s o l u t i o n s . They a l so determined t h e i r s o l u b i l i t y 
behav ior . 
Given the formula as : 

t h e i r s o l u b i l i t y behavior has been eva luated (58) by us ing the 
s o l u b i l i t y products 

Ca5(P04)30 H x F 1-x (49) 

Κ ( χ ) = a 5 

C a 2 + PO4 
a .1-x 
F-

(50) 
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On the other hand, Wier et al (59) have shown that fluoride ions 
react with the surface of hydroxyapatite particles so that a state 
of equilibrium i s reached as i f the aqueous solution i s in 
equilibrium with pure fluorapatite, provided that enough fluoride 
ions occur in the aqueous solution. Therefore, one should expect, 
that particles of solid solutions of hydroxyapatite and 
fluorapatite w i l l react similarly with fluoride ions from an 
aqueous solution, and that a surface layer i s formed which has a 
composition closer to that of pure fluorapatite than that of the 
original solid solution. 

This solid solution s t i l l makes up the bulk of the solid 
particles after equilibration in an aqueous solution (59), since 
solid state diffusion is negligible at room temperature in these 
apatites (60), which have a melting point around 1500°C. These 
considerations and controversial results justify a thermodynamic 
analysis of the solubility data obtained by Moreno et al (58). We 
shall consider below whether the data of Moreno et al (58) i s 
consistent with the require
ideal solid solution, 2
solid solution and 4) a mixed regular, subregular model for solid 
solutions. 

In that study (58), the average of the logarithms of the 
solubility products for pure hydroxyapatite (log K Q H ^ ) and pure 
fluorapatite (log Kp/\) appeared to be - 59.16 and - 60.52 
respectively, both with an uncertainty of about + 0.30. In the 
present study the solubility data found for equilibration of solid 
solutions are expressed as the negative logarithms for the ionic 
products of hydroxyapatite and fluorapatite, i.e. 

1 ο 9 !θΗΑ = 5 1 ° 9 aCa 2+ + 3 1 o 9 a P 0 l - + l o 9 a 0 H ~ ( 5 1 ) 

and 

log Ifβ + 51og a£ a2+ + 31og apgf_ + log ap- (52) 

Subsequently, the apparent activities of the quasibinary components 
hydroxyapatite OHA and fluorapatite FA were derived as follows: 

l o 9 a0HA = log IoHA - 1°9 K0HA ( 5 3 ) 

and 

log ap/\ = log Ip/\ - log Kp/\ (54) 

It is assumed that in this experiment (58), stable or metastable 
equilibrium had been reached between the aqueous solution and a 
surface layer of the apatite particles. 
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The r e s u l t s o f the c a l c u l a t i o n s us ing Equations (51) through 
(54) are g iven i n Table I I I , which inc ludes the pH values o f the 
o r i g i n a l e q u i l i b r a t i o n s . In a d d i t i o n , mass balance c a l c u l a t i o n s 
were c a r r i e d out to see whether the s o l i d p a r t i c l e s had accumulated 
f l u o r i d e i n t h e i r sur face l aye r from the aqueous s o l u t i o n s . The 
mass balance showed that an accumulation o f f l u o r i d e had occurred 
i n the e q u i l i b r a t i o n o f a l l s o l i d s o l u t i o n s . Th i s d i scounts an 
i n t e r p r e t a t i o n o f the s o l u b i l i t y data as c a r r i e d out by Moreno et 
a l . (58) . 

A thermodynamically acceptable exp lanat ion for the s o l u b i l i t y 
behavior o f s o l i d s o l u t i o n s at χ = 0.868 i s needed. F i r s t , we s h a l l 
assume that OHA-FA s o l i d s o l u t i o n s are i d e a l . I f the composit ion o f 
the sur face l ayer o f the s o l i d p a r t i c l e s i s g iven by Equat ion (49) , 
then the fo l lowing equations can be der ived (2) : 

l og 3QHA = log χ (55) 

and 

log apA = log (1 -x ) (56) 

The data o f Table III show that the sur face l ayer o f the s o l i d 
p a r t i c l e s i s i n d i s t i n g u i s h a b l e from pure f l u o r a p a t i t e i n a l l 
e q u i l i b r a t i o n s at χ = 0.110, 0.190 and 0.435 and 0.595. However, 
some e q u i l i b r a t i o n s at χ = 0.763 and a l l at χ = 0.868 do dev ia te 
s i g n i f i c a n t l y from the behavior o f pure f l u o r a p a t i t e . A p e c u l i a r 
aspect i s that the a c t i v i t y o f f l u o r a p a t i t e becomes s i g n i f i c a n t l y 
l a r ge r than 1. Simutaneously, the a c t i v i t y o f hydroxyapat i te 
approaches u n i t y . Th i s would mean that at a l l va lues o f χ both 
a c t i v i t i e s would become smal le r than 1, and thus an i d e a l behavior 
o f the s o l i d s o l u t i o n s would not exp l a in the observed s o l u b i l i t y 
behav io r . 

Next l e t us assume that the s o l i d s o l u t i o n s are r egu l a r . 
Then the fo l lowing r e l a t i o n s hold (_3, 7 ) 1 

W 
1 ο 9 a0HA = ( 1 - x ) 2 2.303 RT + l o 9 x < 5 7) 

and 

W 
l og apA = x 2 2.303 RT + log(1-x) (58) 

where W i s a parameter for the i n t e r a c t i o n energy between hydroxy l 
and f l u o r i d e ions w i th in the apa t i t e l a t t i c e . For W/2.303 RT< 0 .88, 
the a c t i v i t i e s as a funct ion o f χ are s i m i l a r to those o f i d e a l 
s o l i d s o l u t i o n s (F igure 8 ) . However, for W/2.303 RT > 0 .88, a 
s o l u b i l i t y gap occurs which i s symmetrical with respect to χ = 0 . 5 . 

Under such c o n d i t i o n s , the free enthalphy curve at a g iven 
temperature shows two minima and one maximum as a funct ion o f x. 
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Table I I I . 
Apparent a c t i v i t i e s o f hydroxyapatie (OHA) and f l u o r a p a t i t e (FA) 
a f t e r e q u i l i b r a t i o n o f s o l i d s o l u t i o n s o f the formula 
Ca5 (P04 )3F 1 _ x 0H x 

X pH l o 9 a0HA log apA X pH l og aoHA l o g apA 

0.110 3.587 -8 .33 0.10 0.595 4.334 -5 .04 0.88 
3.604 -8 .32 0.06 5.057 -4 .25 0.29 
3.960 -7 .76 -0.01 5.495 -3 .50 0.28 
4.354 -7 .08 -0 .01 5.956 - 2 . 83 0.81 
4.746 -6 .41 -0 .01 6.150 -2 .86 0.51 
5.181 -5 .66 
6.078 -4 .27 

5.305 -2 .45 1.35 
0.190 3.596 -7 .98 0.11 5.676 -2 .15 1.11 

3.985 -7 .61 0.07 6.276 -2 .17 0.60 
4.400 -6 .77 0.09 
4.850 -5 .87 0.26 0.868 4.894 -0 .84 2.67 
5.261 -5 .27 0.10 5.223 -0 .78 2.39 
5.746 -4 .59 0.17 5.630 -0 .66 1.88 
5.823 -4 .52 0.15 5.876 -0 .57 1.63 

0.435 3.637 -7 .84 0.26 
4.202 -7 .12 0.11 
4.433 -5 .94 0.17 
4.838 -5 .78 0.21 
5.257 -5 .04 0.28 
5.750 -4 .48 0.06 
6.062 -4 .30 - 0 .23 
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An example i s i l l u s t r a t e d i n F igure 8 for W/2.303 RT = 1.4. Two 
ranges o f χ va lues occur near the borders at χ = 0 and χ = 1, where 
the s o l i d s o l u t i o n s are s t a b l e . The range o f s t a b i l i t y end at the χ 
va lues which apply to the minima i n the enthalphy curve , which are 
known as the l i m i t s o f s o l i d s o l u b i l i t y X5Q. The two ranges o f χ 
values between the minima and the po in t s o f i n f l e c t i o n i n the 
enthalphy curve p e r t a i n to metastable s o l i d s o l u t i o n s . The po in t s 
o f i n f l e c t i o n occur at the s o - c a l l e d sp inoda l composit ions X$p 
(61) . Between the two sp inoda l composit ions any s o l i d s o l u t i o n i s 
unstab le and w i l l d i sp ropo r t i ona te i n t o two s o l i d s o l u t i o n s o f the 
composit ions Xgg. 
Within the two metastable ranges one o f the b inary components can 
have an apparent thermodynamic a c t i v i t y l a r g e r than 1. The maximum 
w i l l be reached at χ = χςρ. In t h i s study xgp was der ived as a 
funct ion o f W/2.303 RT by i t e r a t i v e procedures us ing the re levant 
equations given by Meyering (61_). Subsequently, the thermodynamic 
a c t i v i t i e s o f the two components were c a l c u l a t e d at the extremes 
which can be reached fo
such high values as lo
Thus, the assumption o f a regu lar behavior o f the s o l i d s o l u t i o n s 
o f OHA and FA does not e xp l a in the observed s o l u b i l i t y behavior 
e i t h e r . 

Freund and Knobel (62) have found evidence from i n f r a r e d 
s tud i e s that complexes o f the form F-OH-F are o f importance i n 
s o l i d s o l u t i o n s o f OHA and FA, which were synthes ized by us (63) . 
In that case , the enthalphy o f mixing H m should be o f a form 
t y p i c a l for subregular behavior such as : 

H m = x(1-x) 2W (59) 

whereas the fo l lowing express ions are der ived for the a c t i v i t i e s : 

W 

log agnA = ( 1 -2x ) ( 1 - x ) 2 2.303 RT + l o 9 x ( 6 ° ) 

and 

W 
log apA = 2x 2 ( 1 -x ) 2.303 RT + l og (1 -x ) (61) 

C a l c u l a t i o n o f the extreme values o f the a c t i v i t i e s at the sp inoda l 
composit ions xgp for v a r i a b l e values o f W/2.303 RT r e s u l t s i n the 
data presented i n F igure 10. It appears that values as high as log 
apA = 2 are reached i n the range xgp >0 .63 . Thus, the assump
t i o n o f a subregular behavior o f the s o l i d s o l u t i o n s o f OHA and FA 
exp l a ins the observed s o l u b i l i t y behavior q u a l i t a t i v e l y . It fo l lows 
fur ther from the c a l c u l a t i o n s that W/2.303 RT > 8 so that W > 4.6 

10 4 J mol -1 . 
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Figure 9. Ultimate a c t i v i t i e s of ΟHA and FA a t the spinodal 
compositions χ i n the model of regular s o l i d s o l u t i o n s . 
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Figure 1 0 . Ultimate activities of OHA and FA at the spinodal 
compositions χ in the model of subregular solid solutions. 
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Freund and Knobel (62) have found that i n a d d i t i o n to F-OH-F 
complexes, F-OH p a i r i n t e r a c t i o n s are important . There fore , a mixed 
type regu la r and subregular model o f the s o l i d s o l u t i o n s should be 
more approp r i a t e . To a f i r s t approximation, the enthalpy o f mixing 
should then have the form: 

H m = x(1-x)Wi + x (1 -x) 2W 2 (62) 

I f one assumes W-j = W2 = W i n order to minimise the number o f 
parameters int roduced i n the model, one obta ins the fo l l ow ing 
express ions for the a c t i v i t i e s : 

W 
log aQHA = 2(1-x) 3 + l og χ (63) 

2.303 RT 
and 

W 
log a F A = χ 2 ( 3 - 2 χ ) + log (1 -x) (64) 

2.303 RT 

C a l c u l a t i o n o f the extreme va lues o f the a c t i v i t i e s at the sp inoda l 
composit ions x$p for v a r i a b l e va lues o f W/2.303 RT y i e l d s the 
data presented i n F igure 11. I t appears that va lues as high as l og 
apA = 2 are reached i n the range xgp > 0.83. A cco rd ing l y , the 
value o f l og ag^A i s about -0.5, which i s c l o s e to the 
exper imental va lue at χ = 0.868. Thus, the assumption o f a 
mixed-type regu la r and subregular s o l i d s o l u t i o n with W-j = W2 = 
W exp la ins the observed s o l u b i l i t y behavior at χ = 0.868. However, 
i t does not e x p l a i n the high a c t i v i t i e s o f f l u o r a p a t i t e found i n 
some o f the e q u i l i b r a t i o n s at χ = 0.763. In t h i s model W/2.303 RT.> 
2.0 so that W >1.17 . 10 4 J m o l - 1 . Fur ther refinement o f t h i s 
model i s pos s i b l e by independent v a r i a t i o n o f W-j and W 2. 

In the subregular model the absence o f a s o l u b i l i t y gap at 
1000°C would mean W/2.303 RT < 0.92 and thus W < 2.3 . 10 4 J 
mol"^ (see F igure 3). On the other hand the s o l u b i l i t y data 
i n d i c a t e a value o f W i 4.6 . 10^ J mol " ' ' . In the mixed-type 
regu la r and subregular model with W-j = W2 = W the absence o f a 
s o l u b i l i t y gap at 1000°C would mean W/2.303 RT <> 0.46 so that 
W < 1.17 . 10^ J m o l " 1 . For that model, the s o l u b i l i t y data 
i n d i c a t e a value o f W > 1.17 . 10^ J mo l "^ . Therefore , a mixed 
type regu la r and subregular s o l i d s o l u t i o n s i s the most acceptab le 
model, and the most probable value for the i n t e r a c t i o n parameter i s 
W =1.17 . 10^ J mol -1 . Within the scope o f t h i s conc lu s i on one 
should cons ider the increased a c t i v i t i e s o f f l u o r a p a t i t e at χ = 
0.763 and 0.595 as probably being caused by the fact that t h e i r 
composit ions are found beyond the maximum i n the free enthalpy 
cu rve . Hence, t h e i r t rans format ion i n t o f l u o r a p a t i t e may be very 
slow, unless the concent ra t i on o f f l u o r i d e ions i n the aqueous 
s o l u t i o n i s h i gh . 
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Figure 1 1 . Ultimate a c t i v i t i e s of OHA and FA at the spinodal 
compositions x s p i n the model of mixed-type regular and subregular 
s o l i d s o l u t i o n s . 
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The previous paper (63) also studied the disintegration of 
solid solutions and for that purpose samples were heated for 
300 hours at 250°C, but no signs of disintegration were detec
ted in an X-ray diffractogram. This might be due to the fact 
that solid state diffusion i s s t i l l too slow at that temperatu
re. This i s supported by the low diffusion coefficient calcula
ted i f one extrapolates from the experimental values determined 
at high temperature (60). 

In conclusion, the solubility data indicate that upon pre
cipitation from aqueous solutions which have a F/OH molar ratio 
less than a certain value, slightly fluoridated hydroxyapatites 
wi l l be formed (x ^0.15), and above that ratio nearly pure 
fluor-apatite w i l l be formed. Usually the F/OH ratio varies so 
that intimate mixtures of hydroxyapatite and fluorapatite w i l l 
result (64). The effec
cussed elsewhere (5»3,

The System Calciumhydroxyapatite - Strontiumhydroxyapatite. 
From a study of the cation distribution over the two cation 
sublattices in solid solutions of calciumhydroxyapatite and 
strontiumhydroxy-apatite (65) i t was shown that such solid so
lutions are ideal. 
Verbeeck (66) found that the solubility behavior could be ex
plained by assuming ideality; his value for the logarithm of 
the solubility product of pure strontiumhydroxyapatite was 
-52.3. Hence, the value of D i s 18 in favour of Ca incorpora
tion and against Sr incorporation in mixed precipitates. This 
seems to be in agreement with discrimination against strontium 
in the bones and teeth of living organisms. 

The System Calciumhydroxyapatite - Leadhydroxyapatite. In this 
system there i s at least one and presumably two miscibility 
gaps around 1200°C (66). At room temperature there i s one large 
miscibility gap. The solubility product for leadhydroxyapatite 
(67) i s about 10~ 8 1 so that for this system D i s about 30000 
in favour of lead incorporation into the apatite. This means 
that upon precipitation, practically a l l the lead w i l l precipi
tate before any calcium coprecipitates. 

Calcium Phosphates And Calcified Tissues. Precipitation in the 
system C a ( 0 H ) 2 - H 3 P O 4 - Η 2 0 can lead to the formation 
of several calcium phosphates (shown in Table IV), of which 
hydroxy-apatite OHA i s the most stable above a pH of about 
4.1. The relative s t a b i l i t i e s are illustrated in Figure 12. 
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Table IV. 

Pe r t inent ca lc ium phosphates re levant to aqueous systems, t h e i r 
formula , s t r u c t u r e and negat ive logar i thm o f the s o l u b i l i t y product 
pK 

Ca/P Nota
t i o n 

Formula Space 
group 

pK Minera l 
name 

1 DC Ρ CaHP04 P1 6.90 monetite 

1 DCPD CaHP04.2H 20 C2/c 6.59 b ru sh i t e 

1.33 OCP Ca8 (HP04 )2 (P04 )4 - 5 H 2° PT 68 .6 1 -
1.43 WH Ca 1 0 (HP04 ) (P04 )

1.67 

1.50 

OHA 

DOHA 

C a 1 0 ( P 0 4 ) 6 ( 0 H ) 2 

Ca 9 (HP04) (P04) 5 (0H) 

P6 3/m 

P6 3/m 

117.2 

8 5 . 1 1 

hydroxy
a p a t i t e 
de f ec t i v e 
hydroxy
apa t i t e 

1 Est imate 

Once ca lc ium d e f i c i e n t hydroxyapat i te DOHA (between pH 6.8 and 8.2) 
i s formed, a metastable e q u i l i b r i u m i s created with the aqueous 
s o l u t i o n which may l a s t i n d e f i n i t e l y at room or body temperature . I f 
carbonate ions are present i n a d d i t i o n the a p a t i t e p re fe rab ly 
formed i s 

C a 9 (PO4M.5 (C03)<|.5 (0H ) v 5 (abbr. HCDOHA) (65) 

which has a s o l u b i l i t y comparable to that o f DOHA. I f not on ly c a r 
bonate but a l so sodium ions are present , the apa t i t e p re f e rab ly 
formed i s 

Ca8-5 Nai.5 ^04)4.5 (C0 3) 2.5 (abbr. NCCA) (66) 

which a l so has a s o l u b i l i t y comparable to that o f DOHA. Magnesium 
ions g ive r i s e to the formation o f magnesium w h i t l o c k i t e with the 
Formula: 

C a 9 Mg (HPO4) (P04) 6 (abbr. MWH) (67) 
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F i g u r e 1 2 . E s t i m a t e d l o c a t i o n o f t h e n e g a t i v e l o g a r i t h m o f t h e 
s o l u b i l i t y p r o d u c t P K Q J J A a t p h y s i o l o g i c a l pH o f N C C A and MWH. 
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which a l so has a s o l u b i l i t y comparable to that o f DOHA, whereas 
magnesium i n combination with carbonate and ca lc ium can lead to the 
formation of dolomite (abbr. DOL), as descr ibed p r e v i o u s l y . 

Body f l u i d s have a very high supersa tu ra t ion with respect to 
hydroxyapat i t e , which cannot be exp la ined by the smal l p a r t i c l e 
s i z e o f bone m i n e r a l . In f a c t , they behave as aqueous s o l u t i o n s 
which are i n metastable e q u i l i b r i u m with DOHA. However, the 
minera l s i n bone, d e n t i n , denta l enamel and denta l c a l c u l u s con ta in 
cons iderab le amounts of Na, Mg and C O 3 , i n a d d i t i o n to ca lc ium and 
phosphate which are the major components. There fore , the phases 
mentioned above which a l l show a s o l u b i l i t y comparable to that of 
DOHA, a l l come i n t o cons i de r a t i on as components o f these m ine r a l s . 
A compi l a t ion o f the phases occu r r ing i n the d i f f e r e n t c a l c i f i e d 
t i s s u e s or c a l c u l i i s g iven i n Table V. I f more than one apa t i t e 
phase i s i n v o l v e d , these g ene r a l l y occur as domains i n the same 
a p a t i t i c p a r t i c l e s of the minera l and cannot be separated 
p h y s i c a l l y (53, 57 ) . 

Table V. 

Phases occu r r ing i n the minera l o f c a l c i f i e d t i s s u e s and denta l 
c a l c u l u s (^3, 57) 

bone dent in enamel 

s a l i v a r y pH 

bone dent in enamel 

* θ < 8 

bone dent in enamel denta l c a l c u l u s 

OHA + 

DOHA + + 

NCCA + + + + 

HCDOHA + + + 

MWH + + + 

DOL + + 

C a l c i t e + 
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These mult iphase models were o r i g i n a l l y based on the ob
s e r v a t i o n that i n a s e r i e s o f s o l i d s o l u t i o n s the s o l u b i l i t y 
products d i f f e r i n genera l by so much that the value of the s e 
pa ra t i on factor D must be cons ide rab ly la rge or very s m a l l . For 
t h i s reason, the p r e c i p i t a t e formed i n a qua s i - b i na ry system 
dur ing r e l a t i v e l y slow p r e c i p i t a t i o n , under c ond i t i on s cha rac 
t e r i s e d by smal l degrees o f supe r sa tu ra t i on (which resemble the 
i n v i vo c o n d i t i o n s ) , has i n genera l one o f the two extreme com
p o s i t i o n s . In a complex system l i k e that of the body f l u i d s , 
s eve ra l extreme composit ions can p r e c i p i t a t e s imul taneous ly , 
e s p e c i a l l y because t h e i r s o l u b i l i t i e s i n terms of ca lc ium and 
phosphate concent ra t i on and pH are i n fact equa l . In t h i s way 
these mult iphase models lead to the statement t h a t , once bone 
i s c a l c i f i e d dur ing growth, the ca lc ium and phosphate homeo
s t a s i s are r e l a t e d to the s o l u b i l i t y o f the minera l phases i n 
bone. Thus body f l u i d s and bone minera l are i n near e q u i l i -
br iumn. S i m i l a r l y , there i s e q u i l i b r i u m between s a l i v a and the 
minera l i n denta l enamel
i n h i b i t o r s and nuc l e a t i o
(as i s assumed by most b iochemists ) does not t r u l y exp l a in the 
vast and enormous degree o f supersa tu ra t ion o f body f l u i d s with 
respect to hydroxyapat i t e . The mult iphase concept (53, 57) has 
rep laced t h i s hypothes is by the a c t i o n of carbonate , sodium and 
magnesium i o n s , which c rea te the metastable s t a t e s observed be
tween ca lc ium phosphates and aqueous s o l u t i o n s . 

Literature Cited 
1. Driessens, F.C.M. Ber. Bunsenges. Physik. Chem. 1968, 72, 

754. 
2. Driessens, F.C.M. Ber. Bunsenges. Physik. Chem. 1968, 72, 

764. 
3. Driessens, F.C.M. Ber. Bunsenges. Physik. Chem. 1968, 72, 

1123. 
4. Flood, H. Z. Anorg. Allg. Chem. 1936, 229, 76. 
5. Herzfeld K.F.; Heitler, W. Z. Elektrochem. 1925, 31, 536. 
6. Driessens, F.C.M.; Verbeeck, R.M.H.Ber. Bunsenges. Physik 

Chem. 1981, 85, 713. 
7. Driessens, F.C.M. Ber. Bunsenges. Physik. Chem. 1979, 83, 

583. 
8. Roozeboom, P. Z. Physik. Chem. 1891, 8, 504. 
9. Ratner, A.P. J. Chem. Phys. 1933, 1, 789. 

10. Gordon, L. Precipitation form homogeneous solution, J. 
Wiley and Sons, New York, 1959. 

11. Doerner, H.A.; Hoskins, W.M. J. Am. Chem. Soc. 1925, 47, 
662. 

12. Kroeker. F. Thesis, Berlin, 1892. 
13. Hill, A.E.; Durham, G.S.; Ricci, J.E. J. Am. Chem. Soc. 

1940, 62, 2723. 
14. Feibush, A.M.; Rowley K.; Gordon, L. Anal. Chem. 1985, 30, 

1605. 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



DR I ESS EN S Ionic Solid Solutions and A queous Solutions 

15. Hildebrand, J.H. Solubility of non-electrolytes, Reinhold 
Publ. Co., New York, 1936. 

16. Kirgintsev, A.N.; Trushnikova, L.N. Zh. Neorg. Khim. 1966, 
11, 2331. 

17. Saxena, S.K.; Ghose, S.G. Am. Mineralogist 1970, 55, 1219. 
18. Walker, W.J.; Rodgers, K. Geochim. Cosmochim. Acta 1974, 

38, 1521. 
19. Durham, G.S.; Rock, E.J.; Frayn, J.S. J. Am. Chem. Soc. 

1953, 75, 5792. 
20. Flatt, R.; Buckhardt, G. Helv. Chim. Acta 1944, 27, 1605. 
21. Yutzy, H.C.; Kolthoff, I.M. J. Am. Chem. Soc. 1937, 59, 

916. 
22. Vaslow, F.; Boyd, G.E. J. Am. Chem. Soc. 1952, 74, 4691. 
23. Gordon, L.; Reimer, C.C.; Burtt, B.P. Anal. Chem. 1954, 26, 

842. 
24. Kolthoff, I.M.; Noponen, G.E. J. Am. Soc. 1938, 60, 197. 
25. Kolthoff, I.M.; Eggertsen, F.T. J. Phys. Chem. 1942, 46, 

616.26. Spitsyn, I.
SSSR 1966, 166, 48

27. Kolthoff, I.M.; Carr, C.W. J. Phys. Chem. 1943, 47, 148. 
28. Weaver, B. Anal. Chem. 1954, 26, 479. 
29. Hermann, J.A. Ph. D. Thesis, The University of New Mexico, 

1955. 
30. Kolthoff, I.M. J. Phys. Chem. 1932, 36, 860. 
31. Kolthoff, I.M.; Sandell, E.B. J. Phys. Chem. 1933, 37, 443. 
32. Jamieson, J.C. J. Chem. Phys. 1953, 21, 1385. 
33. Garrels, R.M.; Thompson, M.E.; Seever, R. Am. J. Sci. 1960, 

258, 402.34. Graf, D.L. Am. Mineral. 1961, 46, 1283. 
35. Goldsmith, J.R.; Graf, D.L. J. Geol. 1958, 66, 678. 
36. Barnes, I.; O'Neil, J.R. Geochim. Cosmochim. Acta 1971, 35, 

699. 
37. Milliman, J.D. Marine Carbonates, Springer Verlag, Berlin, 

1974. 
38. Chilingar, G.V. et al Eds.; "Developments in Sedimentology, 

Vol. 9B" Carbonate Rocks, Elsevier Publ. Co.: Amsterdam, 
1967. 

39. Sveshnikova, B.N. Dokl. Akad. Nauk. SSSR 1960, 85, 357. 
40. Brätter, P.; Möller, P.; Rösuk, U. Earth Planet. Sci. Lett. 

1972, 14, 50. 
41. Möller, P. Z. Anal. Chem. 1974, 268, 28. 
42. Sastri, C.S.; Möller, P. Chem. Phys. Lett. 1974, 26, 116. 
43. Koss, V.; Möller, P. Z. Anorg. Allg. Chem. 1974, 410, 165. 
44. Wigley, T.M.L. Geochim. Cosmochim. Acta 1973, 37, 1397. 
45. Chave, K.E.; Deffeyes, K.S.; Weyl, P.K.; Garrels, G.M.; 

Thompson, M.E. Science 1962, 137, 33. 
46. Siebert, R.M.; Hostetler, P.B.; Christ, C.L. J. Res. U.S. 

Geol. Surv. 1974, 2, 447. 
47. Möller, P.; Rajagopalan, G. Z. Phys. Chem. 1975, 94, 297. 
48. Caillean, P.; Dragone, D.; Giron, Α.; Jacqmin, C.; Rgues, 

H. Soc. Franc. Mineral. Cristallogr. 1977, 100, 81. 
49. Möller, P.; Rajagopalan, G. Z. Phys. Chem. 1976, 99, 187. 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



560 GEOCHEMICAL PROCESSES AT MINERAL SURFACES 

50. Möller, P.; Kubanek, F. Neues Jahrb. Mineral. 1976, 126, 
199. 

51. Schneider, H. Mineral. Mag. 1976, 40, 579. 
52. Sureau, J.F. B.U. Soc. Fr. Mineral. Cristallogr. 1974, 57, 

300-316.53. Driessens, F.C.M.; Verbeeck, R.M.H. Biomine-
rals, C.R.C. Press, Boca Raton, 1986. 54. Burton, R.F.; 
Mathie, R.T. Experientia, 1975, 31,543-544. 

55. de With, N.D.; van der Wilt, G.J.; van der Schors, R.C. In 
Westbrook and de Jong Eds.; Biomineralisation and biolo
gical 
metal acumulation, D. Reidel Publ., Dordrecht, 1983, p. 
149-153. 

56. Simkiss, K. Am. J. Physiol. 1968, 214, 627-634. 
57. Driessens, F.C.M. Minerai aspects of dentistry, S. Karger, 

Basel, 1982. 
58. Moreno, E.C.; Kresak, M.; Zahradnik, R.T. Caries Res. 1977, 

11 (Suppl.) 192. 
59. Wier, D.R.; Chien

285. 
60. Rbsick, U.; Zimen, K.E. Biophysik. 1973, 9, 120. 
61. Meijering, J.L. Philips Techn. Rev. 1965, 26, 52. 
62. Freund, F.; Knobel, R.M. J. Chem. Soc. 1977, 1136. 
63. Schaeken, H.G.; Verbeeck, R.M.H.; Driessens, F.C.M.; Thun, 

H.P. Bull. Soc. Chim. Belg. 1975, 84, 881. 
64. Driessens, F.C.M. Ber. Bunsenges. Physik. Chem. 1979, 83, 

583. 
65. Wolf, N.; Gedalia, I.; Yariv, S.; Zuckermann, H. Archs. 

oral. Biol. 1973, 18, 233. 
66. Verbeeck, R.M.H.; Lassuyt, C.J.; Heijligers, H.J.M.; 

Driessens, F.C.M.; Vrolijk, J.W.G.A. Calcif. Tis. Int. 
1981, 33, 243-247. 

67. Lassuyt, C.J. Ph.D. Thesis, State University, Gent, 1984. 

RECEIVED June 25, 1986 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



26 

Approach to Equilibrium in Solid Solution-Aqueous 
Solution Systems: The KCl -KBr -H 2 O System at 25°C 

L. Niel Plummer 
U.S. Geological Survey, Reston, VA 22092 

Thermodynamic calculations based on the 
compositional dependence of the equilibrium 
constant are applied to solubility data in 
the KCl-KBr-H
mental distributio
ratio of Br-/Cl  in solution is within a 
factor of two of the calculated equilibrium 
values for compositions containing 19 to 73 
mole percent KBr, but based on an assessment of 
uncertainties in the data, the solid solution 
system is clearly not at equilibrium after 3-4 
weeks of recrystallization. Solid solutions 
containing less than 19 and more than 73 
mole percent KBr are significantly farther from 
equilibrium. As the highly soluble salts are 
expected to reach equilibrium most easily, 
considerable caution should be exercised before 
reaching the conclusion that equilibrium is 
established in other low-temperature solid 
solution-aqueous solution systems. 

E q u i l i b r i u m b e t w e e n s i m p l e s a l t s and a q u e o u s s o l u t i o n s i s o f t e n 
r e l a t i v e l y e a s i l y d e m o n s t r a t e d i n t h e l a b o r a t o r y when t h e 
c o m p o s i t i o n o f t h e s o l i d i s i n v a r i a n t , s u c h as o c c u r s i n t h e 
KCI-H2O s y s t e m . H o w e v e r , when a n a d d i t i o n a l component w h i c h 
c o p r e c i p i t a t e s i s a d d e d t o t h e s y s t e m , t h e s o l i d c o m p o s i t i o n 
i s no l o n g e r i n v a r i a n t . V e r y l o n g t i m e s may be r e q u i r e d t o 
r e a c h e q u i l i b r i u m when t h e r e a c t i o n p a t h r e q u i r e s s h i f t s i n 
t h e c o m p o s i t i o n o f b o t h t h e s o l u t i o n and s o l i d . E q u i l i b r i u m 
i s n o t e s t a b l i s h e d u n t i l t h e s o l i d c o m p o s i t i o n i s homogeneous 
and t h e c h e m i c a l p o t e n t i a l s o f a l l c o m p o n e n t s b e t w e e n s o l i d 
and a q u e o u s p h a s e s a r e e q u i v a l e n t . As a r e s u l t , e q u i l i b r i u m 
i s r a r e l y d e m o n s t r a t e d w i t h a s o l i d s o l u t i o n s e r i e s . 

L a b o r a t o r y s t u d i e s t h a t h a v e b e e n u s e d t o e v a l u a t e t h e 
s o l i d component a c t i v i t y c o e f f i c i e n t s h a v e made t h e a s s u m p t i o n 
t h a t e q u i l i b r i u m was e s t a b l i s h e d ( 1 - 3 ) . U s i n g more r e c e n t 

This chapter not subject to U.S. copyright. 
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t h e r m o d y n a m i c d a t a f o r t h e end -member c o m p o s i t i o n s , i t c a n be 
shown t h a t e q u i l i b r i u m was p r o b a b l y n o t e s t a b l i s h e d o v e r 
p e r i o d s o f 8 weeks i n t h e SrC03-BaC03-H 20 s y s t e m s t u d i e d by 
S c h m e l i n g a t 2 5 ° C . SrCC>3-CaC03 ( a r a g o n i t e ) s o l i d s o l u t i o n s 
d i d n o t r e a c h e q u i l i b r i u m by r e c r y s t a l l i z a t i o n i n b a t c h 
e x p e r i m e n t s a f t e r p e r i o d s o f 3 weeks a t 76 °C ( 4 ) . R e c r y s t a l l i 
z a t i o n c o n t i n u e d f o r a t l e a s t s e v e r a l h u n d r e d d a y s w i t h a l k a l i n e -
e a r t h s u l f a t e s o l i d s o l u t i o n s ( 5 ) a t room t e m p e r a t u r e . 

The p r e s e n t s t u d y e x a m i n e s t h e a p p r o a c h t o e q u i l i b r i u m 
i n t h e v e r y s o l u b l e s a l t s y s t e m K C l - K B r - H 2 0 . S o l u b l e s a l t 
r e a c t i o n s a r e known t o be r e l a t i v e l y r a p i d and t h e r e i s g r e a t e r 
l i k e l i h o o d f o r e q u i l i b r i u m t o be e s t a b l i s h e d . S o l u b i l i t y i n t h e 
K C l - K B r - H 2 0 s y s t e m ha s b e e n w e l l s t u d i e d a t 25 °C ( 6 - 8 ) and h a s 
b e e n as sumed p r e v i o u s l y t o a t t a i n e q u i l i b r i u m ( 3 , 8 ) . By e x a m i n i n g 
t h e c o m p o s i t i o n a l d e p e n d e n c e o f t h e e x p e r i m e n t a l d i s t r i b u t i o n 
c o e f f i c i e n t , S t o e s s e l l and C a r p e n t e r ( 9 ) c o n c l u d e d e q u i l i b r i u m 
was n o t e s t a b l i s h e d d u r i n g c o p r e c i p i t a t i o n o f t r a c e B r i n K C 1 . 
The p r e s e n t p a p e r u s e s t h e r m o d y n a m i
e q u i l i b r i u m . 

K C l - K B r - H ? 0 S y s t e m a t 2 5 ° C 

I n t h i s s t u d y we h a v e e x a m i n e d r e c r y s t a l l i z a t i o n i n t h e 
K C l - K B r - H 2 0 s y s t e m a t 25 °C ( 8 ) . The s o l u b i l i t i e s o f t h e e n d -
members KC1 and K B r were d e t e r m i n e d f r o m b o t h o v e r s a t u r a t i o n and 
u n d e r s a t u r a t i o n . I n s t u d y i n g t h e s o l u b i l i t y o f t h i s s o l i d 
s o l u t i o n s y s t e m , s o l u b i l i t y e x p e r i m e n t s were c a r r i e d o u t i n 
p a i r s ( 8 ) . F o r e a c h p a i r o f e x p e r i m e n t s ( A and Β ) , t h e t o t a l 
amounts o f KC1 and K B r i n t h e s y s t e m were i d e n t i c a l . I n t h e 
A - t y p e r u n s ( T a b l e I ) , s o l i d KC1 was a d d e d t o an i n i t i a l K B r 
a q u e o u s s o l u t i o n , and i n t h e B - t y p e r u n s , s o l i d K B r was added 
t o an i n i t i a l a q u e o u s KC1 s o l u t i o n . F o r e a c h p a i r o f r u n s t h e 
t o t a l number o f m o l e s o f KC1 and K B r were i d e n t i c a l . The f i n a l 
c o m p o s i t i o n o f t h e s o l i d and a q u e o u s s o l u t i o n was , t h e r e f o r e , 
a p p r o a c h e d f r o m two d i f f e r e n t c o m p o s i t i o n a l r e a c t i o n p a t h s . 
The e x p e r i m e n t s were c o n d u c t e d i n " s o l u b i l i t y t u b e s " e a c h 
c o n t a i n i n g two g l a s s m a r b l e s . The t u b e s were r o t a t e d a t 
2 5 . 0 0 ± 0 . 0 2 ° C t o k e e p t h e m a t e r i a l f i n e l y g r o u n d . 

F o r e a c h p a i r o f r u n s n e a r l y i d e n t i c a l s o l i d - a q u e o u s 
s o l u t i o n c o m p o s i t i o n s were o b s e r v e d a f t e r p e r i o d s o f t h r e e 
t o f o u r w e e k s , w h i c h c o m p a r e d f a v o r a b l y t o c o m p o s i t i o n s 
p r e v i o u s l y r e p o r t e d ( 6 , 7 ) . T a b l e I s u m m a r i z e s t h e o r i g i n a l 
d a t a ( 8 ) . 

A l t h o u g h n e a r l y i d e n t i c a l s o l i d - a q u e o u s s o l u t i o n 
c o m p o s i t i o n s a r e o b s e r v e d i n r e c r y s t a l l i z a t i o n f r o m two 
d i r e c t i o n s u n d e r c o n d i t i o n s o f t o t a l c o n s t a n t c o m p o s i t i o n , 
t h i s a l o n e i s i n s u f f i c i e n t p r o o f o f t h e e s t a b l i s h m e n t o f 
e q u i l i b r i u m . I n o r d e r t o t e s t f o r e q u i l i b r i u m , t h e s o l i d 
s o l u t i o n a c t i v i t y c o e f f i c i e n t s must be d e t e r m i n e d and u s e d t o 
compare o b s e r v e d s o l i d and a q u e o u s s o l u t i o n c o m p o s i t i o n s w i t h 
t h e a p p r o p r i a t e v a l u e s e x p e c t e d a t e q u i l i b r i u m . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



26. PLUMMER Approach to Equilibrium in the KCl-KBr-H20 System 563 

T a b l e I . O r i g i n a l s o l u b i l i t y d a t a f o r t h e s y s t e m 
K C l - K B r - H 2 0 a t 25 °C (8) 

T o t a l C o m p o s i t i o n L i q u i d P h a s e S o l i d S o l u t i o n 
No . K B r KC1 K B r KC1 B r K B r M o l e 

Wt.% Wt.% Wt.% Wt.% B r + C l Wt.% F r a c t i o n 
M o l e s K B r 

1 0 . 0 0 ... 0 . 0 0 2 6 . 4 2 0 . 0 0 0 0 . 0 0 0 . 0 0 0 
2A 1 0 . 0 0 2 5 . 0 0 1 0 . 0 1 2 0 . 9 1 . 231 7 . 8 9 .051 
2B 1 0 . 0 0 2 5 . 0 0 1 0 . 2 8 2 0 . 6 9 . 2 3 7 6 . 8 7 . 0 4 4 
3A 2 1 . 0 0 2 2 . 0 0 2 0 . 2 1 15 .31 . 4 5 3 2 6 . 9 5 . 1 8 8 
3B 2 1 . 0 0 2 2 . 0 0 2 0 . 1 3 1 5 . 3 9 . 4 5 0 2 6 . 9 9 . 1 8 8 
4A 2 5 . 0 0 2 1 . 0 0 2 2 . 8 5 1 3 . 8 3 . 5 0 9 3 7 . 7 8 . 2 7 6 
4B 2 5 . 0 0 2 1 . 0 0 
5A 3 4 . 0 0 1 8 . 0 0 
5B 3 4 . 0 0 1 8 . 0 0 2 6 . 4 2 11 .71 . 5 8 6 5 9 . 9 . 4 8 3 
6A 3 7 . 0 0 1 0 . 0 0 3 0 . 4 6 8 . 7 4 . 6 8 6 8 1 . 1 . 7 2 9 
6B 3 7 . 0 0 1 0 . 0 0 3 0 . 5 0 8 . 7 0 . 6 8 7 8 1 . 0 . 7 2 8 
7A 3 9 . 0 0 5 . 0 0 3 5 . 0 9 4 . 8 9 . 8 1 8 9 2 . 9 .891 
7B 3 9 . 0 0 5 . 0 0 3 5 . 2 1 4 . 7 5 . 8 2 3 9 2 . 9 . 891 
8 0 . 0 0 4 0 . 5 7 0 . 0 0 1 .000 1 0 0 . 0 1 .000 

T h e o r y 

The f i n a l s o l i d s o l u t i o n - a q u e o u s s o l u t i o n c o m p o s i t i o n s o f 
T a b l e I w i l l f a l l i n t o one o f t h r e e c a t a g o r i e s : ( 1 ) t h e y w i l l 
e i t h e r be a t e q u i l i b r i u m , ( 2 ) a t s t o i c h i o m e t r i c s a t u r a t i o n , o r 
(3 ) c o r r e s p o n d t o some n o n - e q u i l i b r i u m s t a t e . 

I f t h e s o l u t i o n s a r e a t e q u i l i b r i u m , t h e s o l i d component 
a c t i v i t i e s w i l l be r e l a t e d t o s o l u t i o n c o m p o s i t i o n by t h e 
e q u a t i o n s 

a K C l ( s ) K K C l = a K + a C l ~ 

and 

a K B r ( s ) K K B r = a K + a B r ~ <2> 

where a ^ c i ( s ) a n a " a K B r ( s ) d e n o t e t h e a c t i v i t i e s o f KC1 and 
K B r i n t h e s o l i d , a £ + , açy- and a g r - a r e t h e a c t i v i t i e s o f 
K + , CI"" and B r ~ i n a q u e o u s s o l u t i o n , and K ^ c i * K j^g r a r e t h e 
e q u i l i b r i u m c o n s t a n t s f o r t h e end -member r e a c t i o n s 

KC1 = K + + C I " ( 3 ) 

and 

K B r = K+ + B r " (4 ) 
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F u r t h e r m o r e , i f t h e s o l i d s o l u t i o n s a l t i s a t e q u i l i b r i u m 
w i t h t h e a q u e o u s s o l u t i o n , t h e e q u i l i b r i u m c o n s t a n t f o r t h e 
r e a c t i o n 

K B r x C l ( 1 - x ) = K + + x B r ~ + ( 1 - x ) C l ~ (5 ) 

w i l l be d e f i n e d by 

K(x) = v - a X B r - 41: x ) (6> 

where t h e a c t i v i t y o f t h e s o l i d K B r x C l ( i _ x ) i s u n i t y by 
d e f i n i t i o n . 

S t o i c h i o m e t r i c s a t u r a t i o n d e f i n e s e q u i l i b r i u m b e t w e e n an 
a q u e o u s s o l u t i o n and homogeneous m u l t i - c o m p o n e n t s o l i d o f 
f i x e d c o m p o s i t i o n ( 1 0 ) . A t s t o i c h i o m e t r i c s a t u r a t i o n t h e 
c o m p o s i t i o n o f t h e s o l i d r e m a i n s f i x e d e v e n t h o u g h t h e m i n e r a l 
i s p a r t o f a c o n t i n u o u s c o m p o s i t i o n a l s e r i e s . S i n c e , i n 
t h i s c a s e , t h e c o m p o s i t i o
s o l i d may be t r e a t e d a s
i s t h e o n l y e q u i l i b r i u m c r i t e r i a a p p l i c a b l e . E q u a t i o n s 1 and 2 
no l o n g e r a p p l y a t s t o i c h i o m e t r i c s a t u r a t i o n b e c a u s e , o w i n g t o 
k i n e t i c r e s t r i c t i o n s , t h e s o l i d and s a t u r a t e d s o l u t i o n c o m p o s i t i o n s 
a r e n o t f r e e t o c h a n g e i n e s t a b l i s h i n g an e q u i v a l e n c e o f i n d i v i d u a l 
component c h e m i c a l p o t e n t i a l s b e t w e e n s o l i d and a q u e o u s s o l u t i o n . 
T h e e q u i l i b r i u m c o n s t a n t , K ( x ) , i s d e f i n e d i d e n t i c a l l y f o r b o t h 
e q u i l i b r i u m and s t o i c h i o m e t r i c s a t u r a t i o n . 

I f t h e s o l i d i s n e i t h e r a t e q u i l i b r i u m n o r s t o i c h i o m e t r i c 
s a t u r a t i o n , t h e E q u a t i o n s 1, 2 , o r 6 a r e n o t a p p l i c a b l e . 

I n t e s t i n g f o r e q u i l i b r i u m i n t h e K C l - K B r - H 2 0 s y s t e m ( 8 ) , 
t h e a n a l y s i s t h a t f o l l o w s i n i t i a l l y a s sumes t h a t a l l s o l i d s 
a r e a t s t o i c h i o m e t r i c s a t u r a t i o n w i t h t h e aqueous s o l u t i o n . 
T h i s p e r m i t s p r o v i s i o n a l c a l c u l a t i o n o f t h e c o m p o s i t i o n a l 
d e p e n d e n c e o f t h e e q u i l i b r i u m c o n s t a n t and d e t e r m i n a t i o n o f 
p r o v i s i o n a l v a l u e s o f t h e s o l i d p h a s e a c t i v i t y c o e f f i c i e n t s 
( d i s c u s s e d b e l o w ) . The e q u i l i b r i u m c o n s t a n t and a c t i v i t y 
c o e f f i c i e n t s a r e t e r m e d p r o v i s i o n a l b e c a u s e i t i s n o t p o s s i b l e 
t o d e t e r m i n e i f s t o i c h i o m e t r i c s a t u r a t i o n h a s b e e n e s t a b l i s h e d 
w i t h o u t i n d e p e n d e n t k n o w l e d g e o f t h e c o m p o s i t i o n a l d e p e n d e n c e 
o f t h e e q u i l i b r i u m c o n s t a n t , s u c h a s w o u l d be p r o v i d e d f r o m 
i n d e p e n d e n t t h e r m o d y n a m i c m e a s u r e m e n t s . U s i n g t h e p r o v i s i o n a l 
a c t i v i t y c o e f f i c i e n t d a t a we may compare t h e o b s e r v e d s o l i d 
s o l u t i o n - a q u e o u s s o l u t i o n c o m p o s i t i o n s w i t h t h o s e c a l c u l a t e d 
a t e q u i l i b r i u m . A g r e e m e n t b e t w e e n t h e c a l c u l a t e d a n d o b s e r v e d 
v a l u e s c o n f i r m s , w i t h i n t h e e x p e r i m e n t a l d a t a u n c e r t a i n t i e s , 
t h e e s t a b l i s h m e n t o f e q u i l i b r i u m . The t r u e s o l i d s o l u t i o n 
t h e r m o d y n a m i c p r o p e r t i e s a r e t h e n d e f i n e d t o be e q u a l t o t h e 
p r o v i s i o n a l v a l u e s . 

I f t h e r e i s no a g r e e m e n t i n c a l c u l a t e d and o b s e r v e d 
s o l i d - s o l u t i o n p r o p e r t i e s we c a n o n l y c o n c l u d e t h a t e q u i l i b r i u m 
was n o t e s t a b l i s h e d . The v a l i d i t y o f t h e p r o v i s i o n a l a c t i v i t y 
c o e f f i c i e n t s d e p e n d s on t h e v a l i d i t y o f t h e o r i g i n a l a s s u m p t i o n 
t h a t s t o i c h i o m e t r i c s a t u r a t i o n was e s t a b l i s h e d . I f i n d e p e n d e n t 
d a t a f o r t h e s t a n d a r d f r e e e n e r g y o f f o r m a t i o n o f t h e s o l i d 
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s o l u t i o n s c a n be i n t r o d u c e d f r o m a n o t h e r s o u r c e , c o m p a r i s o n 
o f c a l c u l a t e d a n d o b s e r v e d e q u i l i b r i u m c o n s t a n t s d e t e r m i n e s 
i f s t o i c h i o m e t r i c s a t u r a t i o n was e s t a b l i s h e d , as r e q u i r e d by 
E q u a t i o n 6 . S t o e s s e l l and C a r p e n t e r ( 9 ) f o u n d c l o s e a g r e e m e n t 
b e t w e e n t h e c a l c u l a t e d e q u i l i b r i u m d i s t r i b u t i o n c o e f f i c i e n t and 
t h a t m e a s u r e d i n s l o w g r o w t h e x p e r i m e n t s by a s s u m i n g 
r e c r y s t a l l i z a t i o n o f h a l i t e c o n t a i n i n g t r a c e amounts o f B r 
o c c u r s a t s t o i c h i o m e t r i c s a t u r a t i o n . 

By e x a m i n i n g t h e c o m p o s i t i o n a l d e p e n d e n c e o f t h e 
e q u i l i b r i u m c o n s t a n t , t h e p r o v i s i o n a l t h e r m o d y n a m i c p r o p e r t i e s 
o f t h e s o l i d s o l u t i o n s c a n be d e t e r m i n e d . A c t i v i t y c o e f f i c i e n t s 
f o r s o l i d p h a s e c o m p o n e n t s may be d e r i v e d f r o m a n a p p l i c a t i o n o f 
t h e G i b b s - D u h e m e q u a t i o n t o t h e m e a s u r e d c o m p o s i t i o n a l d e p e n d e n c e 
o f t h e e q u i l i b r i u m c o n s t a n t i n b i n a r y s o l i d s o l u t i o n s ( 1 0 ) . 
F o r t h e K C l - K B r - R ^ O s y s t e m t h e f o l l o w i n g r e l a t i o n s h i p s a r e 
v a l i d ( 1 0 ) : 

a 
l o g a K C l ( s ) 3 8 - x ( l o

3x 

and 
3 

l o g a K B r ( s ) - ( 1 - x ) ( l o g K ( x ) ) + l o g K ( x ) - l o g ( 8 ) 
3x 

where χ d e n o t e s t h e m o l e f r a c t i o n o f K B r i n t h e s o l i d , K ( x ) 
i s d e f i n e d by E q u a t i o n 6 , a n d and Κ ^ Β γ a r e t h e end -member 
e q u i l i b r i u m c o n s t a n t s f o r E q u a t i o n s 3 and 4 . T h e i n d i v i d u a l 
component a c t i v i t y c o e f f i c i e n t s , a r e d e f i n e d by 

a K C l ( s ) 
*KC1 = (9) 

1-x 

and 

a K B r ( s ) 
λ KBr = ( 10 ) 

By e x a m i n i n g t h e c o m p o s i t i o n a l d e p e n d e n c e o f t h e e q u i l i b r i u m 
c o n s t a n t , t h e t h e r m o d y n a m i c p r o p e r t i e s o f t h e s o l i d s o l u t i o n 
c a n be d e t e r m i n e d i f t h e f i n a l s o l u t i o n i s e i t h e r a t e q u i l i b r i u m 
o r s t o i c h i o m e t r i c s a t u r a t i o n . T h a t i s , t h e p r o v i s i o n a l 
a c t i v i t i e s a n d a c t i v i t y c o e f f i c i e n t s w i l l be v a l i d i f e i t h e r 
e q u i l i b r i u m o r s t o i c h i o m e t r i c s a t u r a t i o n i s a t t a i n e d i n t h e 
s o l u b i l i t y d a t a . 

The p r o v i s i o n a l a c t i v i t i e s a n d a c t i v i t y c o e f f i c i e n t s a r e 
u s e d t o c a l c u l a t e t h e e x p e c t e d e q u i l i b r i u m c o m p o s i t i o n o f t h e 
a queous s o l u t i o n . Two c o m p o s i t i o n a l p r o p e r t i e s t o be t e s t e d 
a r e t h e e q u i l i b r i u m d i s t i b u t i o n c o e f f i c i e n t , D e q , and t h e 
e q u i l i b r i u m r a t i o o f t h e a c t i v i t i e s o f B r " t o C l " i n s o l u t i o n . 
The d i s t r i b u t i o n c o e f f i c i e n t i s d e f i n e d 
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1-x 
D = 

m K B r ( 1 1 ) 

m K C l 

where m d e n o t e s m o l a l i t y i n s o l u t i o n . A t e q u i l i b r i u m , t h e 
d i s t r i b u t i o n c o e f f i c i e n t i s 

K K C 1 x K C l ( s ) Ύ Β Γ " 

K K B r x K B r ( s ) y CI" 

D e q - . ( 12 ) 

( 1 1 , 12) where γ i s t h e i n d i v i d u a l i o n a c t i v i t y c o e f f i c i e n t i n 
t h e e q u i l i b r i u m s o l u t i o n . The aqueous B r ~ t o C l ~ a c t i v i t y r a t i o 
e x p e c t e d i n e q u i l i b r i u m s o l u t i o n s i s o b t a i n e d by c o m b i n i n g 
E q u a t i o n s 1 and 2 , 

a B r " \ K K B r a K B r ( s ) / ° * Β Γ \ 

\ a c l - / 
( 1 3 ) 

K K C 1 a K C l ( s ) 
eq 

E q u i l i b r i u m C o n s t a n t s 

E q u i l i b r i u m c o n s t a n t s c a l c u l a t e d f r o m t h e c o m p o s i t i o n o f 
s a t u r a t e d s o l u t i o n s a r e d e p e n d e n t o n t h e a c c u r a c y o f t h e 
t h e r m o d y n a m i c m o d e l f o r t h e a q u e o u s s o l u t i o n . The t h e r m o 
d y n a m i c s o f s i n g l e s a l t s o l u t i o n s o f KC1 o r K B r a r e v e r y 
w e l l known and h a v e b e e n m o d e l e d u s i n g t h e v i r i a l a p p r o a c h 
o f P i t z e r ( 1 3 - 1 5 ) . The t h e r m o d y n a m i c s o f a q u e o u s m i x t u r e s 
o f KC1 and K B r h a v e a l s o b e e n w e l l s t u d i e d ( 1 6 - 1 7 ) a n d may 
be r e l i a b l y m o d e l e d u s i n g t h e P i t z e r e q u a t i o n s . The P i t z e r 
e q u a t i o n s u s e d h e r e t o c a l c u l a t e t h e s o l i d p h a s e e q u i l i b r i u m 
c o n s t a n t s f r o m t h e c o m p o s i t i o n s o f s a t u r a t e d a q u e o u s s o l u t i o n s 
a r e g i v e n e l s e w h e r e ( 1 3 - 1 5 , 1 8 , 1 9 ) . The P i t z e r m o d e l 
p a r a m e t e r s a p p l i c a b l e t o K C l - K B r - I ^ O s o l u t i o n s a r e s u m m a r i z e d 
i n T a b l e I I . 

As a means o f v e r i f y i n g t h e m o d e l p a r a m e t e r s o f T a b l e I I , t h e 
o s m o t i c c o e f f i c i e n t was c a l c u l a t e d f r o m i s o p i e s t i c v a p o r 
p r e s s u r e measu rement d a t a ( 17 ) f o r t h e K C l - K B r - R ^ O s y s t e m 
a t 25 °C ( T a b l e I I I ) . 
U s i n g t h e m o d e l p a r a m e t e r s o f T a b l e I I t h e c a l c u l a t e d 
o s m o t i c c o e f f i c i e n t i s w i t h i n 0 .15% o r b e t t e r f o r a l l s o l u t i o n s 
i n v e s t i g a t e d . Ag r e ement w i t h t h e e x p e r i m e n t a l r e s u l t s ( 1 7 ) 
i s w i t h i n 0 .02% o r b e t t e r i f Ψ Ο Ι , Β Γ , Κ = 0 * 0 0 0 3 ( T a b l e I I I ) 
i n s t e a d o f z e r o ( T a b l e I I ) . We may c o n c l u d e f r o m t h i s c o m p a r i s o n 
t h a t t h e t h e r m o d y n a m i c m o d e l o f P i t z e r ( T a b l e I I ) i s v e r y 
r e a l i s t i c . An u n c e r t a i n t y o f 0 . 0 0 0 3 i n ψςχ B r , Κ 3 - e a d s t o 

u n c e r t a i n t i e s o f l e s s t h a n 0 .4% i n l o g Κ ( χ ) · T n e l a r g e s t 
u n c e r t a i n t y i n e q u i l i b r i u m c o n s t a n t s may t h u s be a t t r i b u t e d 
t o t h e o r i g i n a l a n a l y t i c a l d a t a ( 8 ) . 
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T a b l e I I . Summary o f P i t z e r m o d e l 
p a r a m e t e r s f o r t h e s y s t e m 
K C l - K B r - H 2 0 a t 25°C (U915). 

P a r a m e t e r KCÏ K B r 

3 ° . 0 4 8 3 5 . 0 5 6 9 
3 1 . 2 1 2 2 . 2212 
C<t> - . 0 0 0 8 4 - . 0 0 1 8 0 

9 C I B r s 0 . 0 0 0 

* C l | B r , K - ° - 0 0 0 

T a b l e I I I . C o m p a r i s o n o f c a l c u l a t e d and 
o b s e r v e d o s m o t i c c o e f f i c i e n t s i n 
K C l - K B r - H 2

O s m o t i c C o e f f i c i e n t 
F r o m P i t z e r m o d e l 

N o . m K B r m K C l ( 17 ) ψ=0.0 ψ=0.0003 

1 0 4 . 8 1 6 . 9 8 9 3 . 9 8 9 3 . 9 8 9 3 
2 . 935 3 . 5 4 6 . 9 8 4 3 . 9 8 3 3 . 9 8 4 3 
3 2 . 1 2 8 2 . 4 2 5 . 9 9 1 9 . 9 9 0 5 . 9921 
4 2 . 4 8 9 2 . 1 5 3 . 9 9 6 0 . 9 9 4 5 . 9961 
5 3 . 0 4 8 1 .753 1 .0026 1 .0012 1 .0028 
6 3 .681 1 .285 1 .0094 1 .0082 1 .0096 
7 4 . 5 4 3 . 6 9 0 1 .0193 1 .0185 1 .0194 
8 5 . 7 3 7 0 1 .0354 1 .0354 1 .0354 

T a b l e IV s u m m a r i z e s t h e f i n a l r e p o r t e d c o m p o s i t i o n s o f 
t h e s o l i d s and a q u e o u s s o l u t i o n s (8 ) w i t h c a l c u l a t e d e q u i l i b r i a 
c o n s t a n t s . V a l u e s o f l o g K ( x ) f r o m c o m p a n i o n r u n s a t c o n s t a n t 
c o m p o s i t i o n d i f f e r by no more t h a n 0 . 0 0 3 l o g Κ u n i t s . 
B e c a u s e t h e r e i s no o b v i o u s r e a s o n f o r s e l e c t i n g e q u i l i b r i u m 
c o n s t a n t s f r o m r u n s i n w h i c h t h e i n i t i a l s o l u t i o n c o n t a i n e d 
e i t h e r s o l i d KC1 o r s o l i d K B r ( r u n s A o r B ) , t h e c a l c u l a t i o n s 
t h a t f o l l o w a r e b a s e d on a v e r a g e s o l i d c o m p o s i t i o n s a n d 
a v e r a g e e q u i l i b r i u m c o n s t a n t s o f A a n d Β r u n s f o r e a c h t o t a l 
c o m p o s i t i o n r e p o r t e d ( T a b l e I V ) . The e q u i l i b r i u m c o n s t a n t s 
f o r E q u a t i o n 5 a r e shown as a f u n c t i o n o f K B r m o l e f r a c t i o n 
i n F i g u r e 1. 

T e s t f o r E q u i l i b r i u m 

V a l u e s o f 3 l o g K ( x ) / 3 x we re i n t e r p o l a t e d f r o m F i g u r e 1 
a n d u s e d t o c a l c u l a t e t h e p r o v i s i o n a l a c t i v i t i e s and a c t i v i t y 
c o e f f i c i e n t s o f KC1 and K B r i n t h e s o l i d s u s i n g E q u a t i o n s 
7 - 1 0 . V a l u e s o f l o g K ( x ) , S l o g K ( x ) / 3 x , p r o v i s i o n a l 
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Table IV. Summary of c a l c u l a t e d p r o v i s i o n a l e q u i l i b r i u m 
constants 

Mole M o l a l i t y i n 
No. F r a c t i o n S o l u t i o n Log Average : Values 

KBr KBr KC1 Κ x K B r l og Κ 

1. .000 .000 4.816 .9037 .000 0.904 
2A .051 .935 3.546 .7071 
2B .044 .963 3.499 .7039 .048 0.706 
3A .188 2.128 2.425 .5779 
3B .188 2.118 2.440 .5802 .188 0.579 
4A .276 2.489 2.153 .5685 
4B .271 2.475 2.169 .5699 .274 0.569 
5A .485 3.048 1.753 .6047 
5B .483 3.017 1.779 .6047 .484 0.605 
6A .729 3.68
6B .728 3.688 1.278 .7142 .729 0.714 
7A .891 4.543 .690 .8780 
7B .891 4.567 .669 .8789 .891 0.878 
8 1.000 5.737 .000 1.1288 1.000 1.129 

Table V. Summary of p r o v i s i o n a l a c t i v i t i e s and 
a c t i v i t y c o e f f i c i e n t s fo r K B r x C l ( i - x ) 
at 25°C 

No. X l o g K ( x ) 

31og K ( x ) 

ax 
x K B r X KC1 a K B r ( s ) a K C l ( s ) 

2 .048 .706 - 1 . 56 .257 .791 .012 .753 
3 .188 .579 - . 2 8 .888 .658 .167 .534 
4 .274 .569 - . 0 5 .925 .657 .253 .477 
5 .484 .605 .29 .863 .708 .421 .363 
6 .729 .714 .74 .837 .688 .610 .186 
7 .891 .878 1.54 .927 .367 .826 .040 

a c t i v i t i e s and p r o v i s i o n a l a c t i v i t y c o e f f i c i e n t s are g iven i n 
Table V . 

Table VI summarizes values of the a c t i v i t y c o e f f i c i e n t r a t i o 
YBr""/YCl~ i n t n e s a tura ted s o l u t i o n f o r each average s o l i d 
composit ion (as c a l c u l a t e d from the model of Table I I ) , the 
c a l c u l a t e d p r o v i s i o n a l e q u i l i b r i u m d i s t r i b u t i o n c o e f f i c i e n t 
(Equat ion 12) and the p r o v i s i o n a l e q u i l i b r i u m aqueous s o l u t i o n 
a c t i v i t y r a t i o of Br~ to CI"" (Equation 13) based on the data 
of Table V . 

F igure 2 compares the exper imental data ( 8 ) w i th the 
p r o v i s i o n a l e q u i l i b r i u m composit ions on a convent iona l 
Roozeboom diagram. I t appears that e q u i l i b r i u m i s most 
c l o s e l y approached i n the mid-range compos i t ions , but 
composit ions c l o s e r to the end-members KC1 and KBr dev ia te 
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1.2 

0.5 c ' ' ' 1 ' 1 ' 1 ' 1 

0.0 0.2 0.4 0.6 0.8 1.0 

F i g u r e 1. P r o v i s i o n a l e q u i l i b r i u m c o n s t a n t s o f s o l i d s 
K B r x C l ( i ^ ) a t 2 5 ° C . 

0.0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION KBr (SOLID) 

F i g u r e 2 . Roozeboom d i a g r a m c o m p a r i n g e x p e r i m e n t a l a n d 
p r o v i s i o n a l e q u i l i b r i u m c o m p o s i t i o n s i n t h e K C l - K B r - R ^ O 
s y s t e m a t 2 5 ° C . 
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T a b l e V I . C o m p a r i s o n o f e x p e r i m e n t a l a n d p r o v i s i o n a l 
e q u i l i b r i u m s o l i d / a q u e o u s s o l u t i o n p r o p e r t i e s 

Y C I -

E x p e r i m e n t a l E q u i l i b r i u m 
N o . χ D a B r - / a c l - D e q a B r " / a C l " 

2 
3 
4 
5 
6 
7 

. 0 4 8 

. 1 8 8 

. 2 7 4 

. 4 8 4 

. 7 2 9 

. 891 

1 .068 
1 .069 
1.069 
1.071 
1.072 
1 .074 

. 1 8 3 

. 2 6 5 

. 3 2 9 

. 554 

. 9 3 8 
1 .207 

. 2 8 8 

. 9 3 3 
1 .228 
1 .746 
3 . 0 8 2 
7 . 2 0 0 

1 .96 
. 4 7 
. 4 5 
. 5 2 
. 5 3 
. 2 5 3 4 . 6 7 

. 0 2 8 

. 5 3 

. 89 
1 .95 
5 . 5 0 

more s i g n i f i c a n t l y f r o m e q u i l i b r i u m . I n t h e c o m p o s i t i o n a l 
r a n g e . 1 8 8 _< χ _< . 7 3 0 t h e p r o v i s i o n a l e q u i l i b r i u m d i s t r i b u t i o n 
c o e f f i c i e n t and B r " t
f a c t o r o f two o f t h e e x p e r i m e n t a
f r o m e q u i l i b r i u m a r e f o u n d o u t s i d e t h i s c o m p o s i t i o n a l r a n g e 
( T a b l e V I ) . F i g u r e 3 shows t h e p r o v i s i o n a l a c t i v i t i e s o f KC1 
and K B r i n t h e s o l i d s a s a f u n c t i o n o f K B r m o l e f r a c t i o n . 
T h e s e a c t i v i t i e s c a n be v e r i f i e d i f i t c a n be shown t h a t t h e 
s o l u b i l i t y d a t a o f ( 8 ) a r e a t s t o i c h i o m e t r i c s a t u r a t i o n , 
b u t as m e n t i o n e d a b o v e , t h i s r e q u i r e s i n d e p e n d e n t t h e r m o d y n a m i c 
d e f i n i t i o n o f K ( x ) . 

I t h a s a l r e a d y b e e n p o i n t e d o u t t h a t t h e c a l c u l a t e d 
e q u i l i b r i u m c o n s t a n t s a r e known b e t t e r t h a n t h e a n a l y t i c a l 
d a t a on w h i c h t h e y a r e b a s e d . So we may n o t a t t r i b u t e t h e 
o b s e r v e d d i f f e r e n c e i n p r o v i s i o n a l e q u i l i b r i u m v a l u e s and 
e x p e r i m e n t a l v a l u e s ( T a b l e V I ) t o u n c e r t a i n t i e s i n t h e a q u e o u s 
m o d e l . T h e r e a r e , h o w e v e r , u n c e r t a i n t i e s i n e s t i m a t i n g 
3 l o g K ( x ) / 3 x f r o m F i g u r e 1. S l o p e s e s t i m a t e d f r o m F i g u r e 1 
a r e p r o b a b l y known w i t h i n 20%. U n c e r t a i n t i e s o f 20% i n 
3 l o g K ( x ) / 3 x t r a n s l a t e d i r e c t l y t o u n c e r t a i n t i e s o f 20% 
i n s o l i d p h a s e a c t i v i t i e s and a c t i v i t y c o e f f i c i e n t s . 
U n c e r t a i n t i e s o f 20% i n 3 l o g K ( x ) / 3 x c o r r e s p o n d t o maximum 
u n c e r t a i n t i e s i n D e q and ( a B r - / a c ^ - ) e q o f 40%. T h i s doe s n o t 
a l t e r t h e c o n c l u s i o n t h a t many o f t h e f i n a l s o l i d s o l u t i o n - a q u e o u s 
s o l u t i o n p o i n t s i n t h e K C l - K B r - B ^ O s y s t e m a r e o u t o f e q u i l i b r i u m . 

As a f u r t h e r t e s t o f t h e a p p r o a c h t o e q u i l i b r i u m , we u s e t h e 
o b s e r v e d a B r - / a c i ~ r a t i o i n s o l u t i o n t o c a l c u l a t e t h e e x p e c t e d 
s l o p e on p l o t s o f l o g Κ v s x , i f a t e q u i l i b r i u m . E q u i l i b r i u m i s 
i n d i c a t e d by c l o s e a g r e e m e n t i n c a l c u l a t e d and o b s e r v e d s l o p e s . 
T h e e q u i l i b r i u m s l o p e i s d e f i n e d f r o m t h e e q u i l i b r i u m a q u e o u s 
s o l u t i o n r a t i o o f t h e a c t i v i t i e s o f B r " t o C I " ( 14 ) 

U s i n g t h e e x p e r i m e n t a l s o l u t i o n c o m p o s i t i o n s ( T a b l e IV ) a n d 
t h e c a l c u l a t e d a q u e o u s s o l u t i o n a c t i v i t y c o e f f i c i e n t r a t i o 
YBr"/ïci~ ( T a b l e V I ) , F i g u r e 4 shows t h e s l o p e s o f l o g Κ 

( 14 ) 
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> 

< 

\ KCI \ / KBr 

l̂ bL ι , ι ι • ι 2 
0.0 0.2 0.4 0.6 0.8 1.0 

MOLE FRACTION KBr 

F i g u r e 3 . P r o v i s i o n a
K C I - K B r s o l i d s o l u t i o n

1.2 

0 4 Ε • 1 . 1 , 1 • 1 > 1 

0.0 0.2 0.4 0.6 0.8 1.0 
MOLE FRACTION KBr 

F i g u r e 4 . C o m p a r i s o n o f s l o p e s ( 3 l o g K ( x ) / 3 x ) r e q u i r e d 
i f t h e e x p e r i m e n t a l d a t a ( 8 ) c o r r e s p o n d t o e q u i l i b r i u m ( s h o r t 
l i n e s e g m e n t s t h r o u g h e a c h e x p e r i m e n t a l p o i n t ) w i t h t h e 
c o m p o s i t i o n a l d e p e n d e n c e o f l o g K ( x ) c a l c u l a t e d a s s u m i n g 
• c i , B r f K i s - ° · 0 1 > 0 . 0 0 , 0 . 0 1 and 0 . 0 2 . 

a s a f u n c t i o n o f χ w h i c h a r e r e q u i r e d i f e q u i l i b r i u m i s 
e s t a b l i s h e d . T h e i m p l i e d e q u i l i b r i u m s l o p e s d e v i a t e a s much 
as 300% f r o m t h o s e e s t i m a t e d f r o m t h e s m o o t h e d l o g Κ c u r v e 
( F i g u r e 4 ) . The s e n s i t i v i t y o f l o g K ( x ) was i n v e s t i g a t e d by 
v a r y i n g t h e ψς^ B r Κ P a r a m e t e r o f t h e P i t z e r m o d e l b e t w e e n 
- 0 . 0 1 and 0 . 0 2 . ' F i g u r e 4 shows t h a t i f Ψ^ι B r Κ i s n e a r 

. 0 2 , t h e r e i s c l o s e c o r r e s p o n d e n c e i n s l o p e s o\ t h e l o g Κ 
c u r v e and s l o p e s c a l c u l a t e d f r o m t h e o b s e r v e d B r " * /C l " ~ 
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a c t i v i t y r a t i o u s i n g E q u a t i o n 14 . T h a t i s , Yrji B r K m u s t 

be n e a r 0 . 0 2 f o r t h e s o l u b i l i t y d a t a ( 8 ) t o c o r r e s p o n d t o 
e q u i l i b r i u m . I t was p r e v i o u s l y shown u s i n g i s o p i e s t i c d a t a 
(17) t h a t Ψ Ο Ι , Β Γ , Κ i s n e a r 0 . 0 0 0 3 . I f Ψαΐ , Β Γ , Κ W E R E ° · 0 2 > 
t h e c o m p u t e d o s m o t i c c o e f f i c i e n t s w o u l d d e v i a t e by a s much a s 
11% f r o m t h e o b s e r v e d v a l u e s ( 1 7 ) . B e c a u s e t h e o s m o t i c 
c o e f f i c i e n t i s known t o 1 p a r t i n 1 0 , 0 0 0 ( 1 7 ) , i t c a n be 
r e l i a b l y c o n c l u d e d t h a t e q u i l i b r i u m was n o t e s t a b l i s h e d 
d u r i n g r e c r y s t a l l i z a t i o n i n t h e K C l - K B r - R ^ O s y s t e m a t 2 5 ° C . 

A l t h o u g h e q u i l i b r i u m was n o t e s t a b l i s h e d , i t was more 
c l o s e l y a p p r o a c h e d i n t h e K C l - K B r - R ^ O s y s t e m t h a n i n c a r b o n a t e 
s y s t e m s . F o r e x a m p l e , i n a s i m i l a r a n a l y s i s o f t h e 
s t r o n t i a n i t e - a r a g o n i t e s o l i d s o l u t i o n s y s t e m ( 4 ) , i t was 
f o u n d t h a t t h e e x p e r i m e n t a l d i s t r i b u t i o n c o e f f i c i e n t f o r S r 
s u b s t i t u t i o n f r o m s e a w a t e r i n t o a r a g o n i t e i s 12 t i m e s l a r g e r 
t h a n t h e e x p e c t e d e q u i l i b r i u m v a l u e . M o s t o f t h e d i s t r i b u t i o n 
c o e f f i c i e n t s f o r t h e K C l - K B r - R ^ O s y s t e m a r e w i t h i n a f a c t o r 
o f two o f t h e e q u i l i b r i u
C o n s i d e r a b l e c a u t i o n s h o u l
c o n c l u s i o n t h a t e q u i l i b r i u m i s e s t a b l i s h e d a t r e l a t i v e l y l o w 
t e m p e r a t u r e s i n o t h e r s o l i d s o l u t i o n - a q u e o u s s o l u t i o n s y s t e m s . 

F i n a l l y , i t i s n o t a p p r o p r i a t e t o d e r i v e t h e r m o d y n a m i c 
p r o p e r t i e s o f s o l i d s o l u t i o n s f r o m e x p e r i m e n t a l d i s t r i b u t i o n 
c o e f f i c i e n t s u n l e s s i t c a n be shown i n d e p e n d e n t l y t h a t 
e q u i l i b r i u m h a s b e e n e s t a b l i s h e d . One p o s s i b l e e x c e p t i o n 
a p p l i e s t o t r a c e s u b s t i t u t i o n where t h e a s s u m p t i o n s o f 
s t o i c h i o m e t r i c s a t u r a t i o n a n d u n i t a c t i v i t y f o r t h e p r e d o m i n a n t 
component a l l o w c l o s e a p p r o x i m a t i o n o f e q u i l i b r i u m b e h a v i o r 
f o r t h e t r a c e c o m p o n e n t s ( 9 ) . T h e method o f T h o r s t e n s o n a n d 
P lummer ( 10 ) b a s e d o n t h e c o m p o s i t i o n a l d e p e n d e n c e o f t h e 
e q u i l i b r i u m c o n s t a n t , a s u s e d i n t h i s s t u d y , i s w e l l s u i t e d 
t o t e s t i n g e q u i l i b r i u m f o r a l l s o l i d s o l u t i o n c o m p o s i t i o n s . 
H o w e v e r , b e c a u s e e q u i l i b r i u m h a s n o t b e e n f o u n d , t h e t h e r m o d y n a m i c 
p r o p e r t i e s o f t h e K C l - K B r s o l i d s o l u t i o n s r e m a i n p r o v i s i o n a l 
u n t i l t h e o b s e r v e d c o m p o s i t i o n a l d e p e n d e n c e o f t h e e q u i l i b r i u m 
c o n s t a n t c a n be v e r i f i e d . One means o f v e r i f i c a t i o n i s t h e 
d e m o n s t r a t i o n t h a t r e c r y s t a l l i z a t i o n i n t h e K C l - K B r - R ^ O 
s y s t e m o c c u r s a t s t o i c h i o m e t r i c s a t u r a t i o n . 

C o n c l u s i o n 

M o s t t h e r m o d y n a m i c d a t a f o r s o l i d s o l u t i o n s d e r i v e d f r o m 
r e l a t i v e l y l o w - t e m p e r a t u r e s o l u b i l i t y ( e q u i l i b r a t i o n ) s t u d i e s 
h a v e d e p e n d e d o n t h e a s s u m p t i o n t h a t e q u i l i b r i u m was 
e x p e r i m e n t a l l y e s t a b l i s h e d . T h o r s t e n s o n and P lummer ( 10 ) 
p o i n t e d o u t t h a t i f t h e e x p e r i m e n t a l d a t a a r e a t e q u i l i b r i u m 
t h e y a r e a l s o a t s t o i c h i o m e t r i c s a t u r a t i o n . T h e r e f o r e , 
t h r o u g h a n a p p l i c a t i o n o f t h e G i b b s - D u h e m e q u a t i o n t o t h e 
c o m p o s i t i o n a l d e p e n d e n c e o f t h e e q u i l i b r i u m c o n s t a n t , i t i s 
p o s s i b l e t o d e t e r m i n e i n d e p e n d e n t l y i f e q u i l i b r i u m h a s b e e n 
e s t a b l i s h e d . No o t h e r c o m p o s i t i o n a l p r o p e r t y o f e x p e r i m e n t a l 
s o l i d s o l u t i o n - a q u e o u s s o l u t i o n e q u i l i b r i a p r o v i d e s a n i n d e p e n d e n t 
t e s t f o r e q u i l i b r i u m . I f e q u i l i b r i u m i s d e m o n s t r a t e d , t h e 
t h e r m o d y n a m i c p r o p e r t i e s o f t h e s o l i d s o l u t i o n a r e a l s o 
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determined. However, i f e q u i l i b r i u m i s not a t t a i n e d , the 
thermodynamic p rope r t i e s of the s o l i d can be determined from 
the s o l u b i l i t y data only i f the system can be demonstrated 
to be at s t o i c h i o m e t r i c s a t u r a t i o n . 

In a p p l i c a t i o n of t h i s method to s o l u b i l i t y data ( 8 ) 
i n the KCl-KBr-H^O system at 25°C, i t i s found that e q u i l i b r i u m 
i s i n genera l not a t t a i n e d , though some mid-range composit ions 
may be near e q u i l i b r i u m . As the h i g h l y so lub l e s a l t s are 
expected to reach e q u i l i b r i u m most e a s i l y , cons iderab le 
cau t i on should be exe rc i s ed before reaching the conc lu s i on 
that e q u i l i b r i u m i s e s t ab l i shed i n other low-temperature 
s o l i d so lut ion-aqueous s o l u t i o n systems. I t i s not appropr ia te 
to de r i ve thermodynamic p rope r t i e s of s o l i d s o l u t i o n s from 
exper imental d i s t r i b u t i o n c o e f f i c i e n t s unless i t can be 
demonstrated that e q u i l i b r i u m has been a t t a i n e d . 
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Non-lattice incorporation can play a significant role 
in the aqueous coprecipitation of large cations with 
calcite. Coprecipitation experimental results yield 
a partition coefficient of Ba2+ into calcite of 0.04; 
the partition coefficien
cipitation, presenc
used to nucleate growth. Such sensitivity to experi
mental conditions characterizes non-lattice incorpor
ation, a conclusion suggested by earlier EPR studies 
of calcites doped simultaneously with Ba2+ and Mn2+ . 
Previous coprecipitation experiments have shown that 
the incorporation of Sr2 + into calcite involves both 
lattice and non-lattice substitution, a finding also 
consistent with published EPR data. A model of in
creasing importance of non-lattice incorporation with 
increasing deviation of the ionic radii of host and 
trace cations emerges. 

T h e i n c o r p o r a t i o n o f t r a c e e l e m e n t s i n t o c a l c i t e i m p a c t s a number o f 
a r e a s o f e n v i r o n m e n t a l c h e m i s t r y and g e o c h e m i s t r y due t o t h e w i d e 
r a n g e o f c h e m i c a l , b i o l o g i c a l , and g e o l o g i c a l m a t e r i a l s composed o f 
t h e m i n e r a l c a l c i t e . T h e s e i n c l u d e t h e s h e l l s and t e s t s o f many 
m a r i n e a n d t e r r e s t r i a l i n v e r t e b r a t e s , t h e c a l c a r e o u s s e d i m e n t s o f 
t h e c o n t i n e n t a l s h e l f a n d d e e p o c e a n , l i m e s t o n e , c a v e d e p o s i t s , 
c a l i c h e , human c a l c u l i , and h a r d - w a t e r c r u s t s . The t r a c e e l e m e n t 
c o m p o s i t i o n s o f t h e s e m a t e r i a l s e n c o d e , w i t h v a r y i n g d e g r e e s o f p r e 
c i s i o n , t h e c o m p o s i t i o n s o f t h e s o l u t i o n s r e s p o n s i b l e f o r t h e i r f o r 
m a t i o n o r a l t e r a t i o n . T h e a n a l y s i s a n d i n t e r p r e t a t i o n o f s u c h t r a c e 
e l e m e n t c o m p o s i t i o n s h a s l e d t o a b e t t e r u n d e r s t a n d i n g o f p r o c e s s e s 
o f b i o m i n e r a l i z a t i o n , l i m e s t o n e g e n e s i s and d i a g e n e s i s , l i t h i f i c a -
t i o n , s p e l e o l o g y , p a l e o - o c e a n o g r a p h y , a n d e n v i r o n m e n t a l c h e m i s t r y 
( 1 - 1 0 ) * 

E x p e r i m e n t a l a n d e m p i r i c a l s t u d i e s h a v e d e m o n s t r a t e d t h a t 
c e r t a i n d o u b l y c h a r g e d c a t i o n s o f i o n i c r a d i u s l e s s t h a n c a l c i u m 
( e . g . , Mn2 + , Zn2+ , F e 2 + , Cd2+ , a n d Co 2+) c a n be e x t e n s i v e l y 
i n c o r p o r a t e d i n t o c a l c i t e p r e c i p i t a t e d f r o m a q u e o u s s o l u t i o n a t 

0097-6156/ 86/ 0323-0574506.00/0 
© 1986 American Chemical Society 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



27. PINGITORE Coprecipitation of Ba2+ and Sr2+ with Calcite 575 

e a r t h s u r f a c e c o n d i t i o n s ( 1 1 - 1 9 ) . P a r t i t i o n i n g e x p e r i m e n t s , x - r a y 
d i f f r a c t i o n , and Ε PR s t u d i e s h a v e i n d i c a t e d t h a t many o r a l l o f 
t h e s e t r a c e c a t i o n s s u b s t i t u t e f o r C a 2 + i n t h e c a l c i u m l a t t i c e s i t e 
i n c a l c i t e ( C a C 0 3 ) ( 2 0 ) . S u c h s u b s t i t u t i o n b e h a v i o r i s e x p e c t e d on 
s t r u c t u r a l g r o u n d s ; e a c h o f t h e s e c a t i o n s f o r m s a r h o m b o h e d r a l 
c a r b o n a t e s a l t w h i c h i s i s o s t r u c t u r a l w i t h c a l c i t e . T h u s t h e s e 
c a t i o n s f o r m t r u e , o r i s o m o r p h o u s , s o l i d s o l u t i o n s w i t h c a l c i t e , 
c h a r a c t e r i z e d by c o m p l e t e ( C d 2 + ) o r l i m i t e d m i s c i b i l i t y ( M n 2 + , Z n 2 + , 
F e 2 + , a n d C o 2 + ) . 

T h e c a l c i u m i o n i s o f s u c h a s i z e t h a t i t may e n t e r 6 - f o l d 
c o o r d i n a t i o n t o p r o d u c e t h e r h o m b o h e d r a l c a r b o n a t e , c a l c i t e , o r i t 
may e n t e r 9 - f o l d c o o r d i n a t i o n t o f o r m t h e o r t h o r h o m b i c c a r b o n a t e , 
a r a g o n i t e . C a t i o n s l a r g e r t h a n C a 2 + , e . g . , S r 2 + , B a 2 + , P b 2 + , and 
R a 2 + o n l y f o r m o r t h o r h o m b i c c a r b o n a t e s ( a t e a r t h s u r f a c e c o n d i t i o n s ) 
w h i c h a r e n o t , o f c o u r s e , i s o m o r p h o u s w i t h c a l c i t e . T h e r e f o r e t h e s e 
c a t i o n s a r e i n c a p a b l e o f i s o m o r p h o u s s u b s t i t u t i o n i n c a l c i t e , b u t 
may p a r t i c i p a t e i n i s o d i m o r p h o u s o r " f o r c e d i s o m o r p h o u s " s u b s t i t u 
t i o n ( 2 1 ) . I s o d i m o r p h o u
t o a c r y s t a l s t r u c t u r e d i f f e r e n
t i c e s i t e o f t h e a p p r o p r i a t e m a j o r i o n i n t h a t s t r u c t u r e . F o r 
e x a m p l e , S r 2 + may s u b s t i t u t e f o r C a 2 + i n t h e r h o m b o h e d r a l l a t t i c e o f 
c a l c i t e e v e n t h o u g h S r C 0 3 , s t r o n t i a n i t e , f o r m s a n o r t h o r h o m b i c l a t 
t i c e . N o t e t h a t t h e c o o r d i n a t i o n o f S r 2 + t o t h e c a r b o n a t e g r o u p s i n 
e a c h o f t h e s e s t r u c t u r e s i s q u i t e d i f f e r e n t . V e r y l i m i t e d m i s c i b i l 
i t y n o r m a l l y c h a r a c t e r i z e s s u c h s u b s t i t u t i o n . 

T h e c o p r e c i p i t a t i o n o f P b 2 + and R a 2 + w i t h c a l c i t e h a s a t t r a c t e d 
l i t t l e a t t e n t i o n due t o t h e l ow c o n c e n t r a t i o n s o f t h e s e e l e m e n t s i n 
most n a t u r a l w a t e r s ( 2 2 ) . I n c o n t r a s t t h e p a r t i t i o n i n g o f S r 2 + i n t o 
c a l c i t e h a s b e e n i n t e n s i v e l y i n v e s t i g a t e d o v e r t h e p a s t two d e c a d e s 
a n d s e v e r a l s t u d i e s o f B a 2 + p a r t i t i o n i n g a l s o h a v e a p p e a r e d Ç3,7_, 
1 6 , 1 8 , 1 9 , 2 3 - 3 0 ) . R e c e n t l y P i n g i t o r e and E a s t m a n ( 31 ) p r e s e n t e d 
e v i d e n c e t h a t b o t h i s o d i m o r p h y and n o n - l a t t i c e i n c o r p o r a t i o n ( t h e 
t r a p p i n g o r b o n d i n g o f a f o r e i g n c a t i o n a t a l o c u s t h a t i s n o t t h e 
s i t e f o r C a 2 + i n t h e c a l c i t e l a t t i c e ) c h a r a c t e r i z e t h e l i m i t e d 
s u b s t i t u t i o n o f S r 2 + i n t o c a l c i t e . The p r e s e n t p a p e r i n t e g r a t e s 
t h o s e f i n d i n g s w i t h a new s e t o f B a 2 + p a r t i t i o n i n g e x p e r i m e n t s w h i c h 
i n d i c a t e s t h a t n o n - l a t t i c e s u b s t i t u t i o n d o m i n a t e s t h e i n c o r p o r a t i o n 
o f t h i s e v e n l a r g e r c a t i o n i n t o c a l c i t e . Our p u r p o s e , t h e n , i s t o 
document t h e s e modes o f c a t i o n i n c o r p o r a t i o n , and d i s c u s s t h e i r 
r e c o g n i t i o n and i m p l i c a t i o n s f o r e x p e r i m e n t a l and p r a c t i c a l i n v e s t i 
g a t i o n s i n e n v i r o n m e n t a l c h e m i s t r y and g e o c h e m i s t r y . T h i s p a p e r 
i l l u s t r a t e s how t h e i n t e r p l a y o f s o l i d s o l u t i o n f o r m a t i o n and 
a d s o r p t i o n / t r a p p i n g a f f e c t s t h e c o p r e c i p i t a t i o n o f l a r g e c a t i o n s 
w i t h c a l c i t e . F a m i l i a r i t y w i t h t h e r a n g e o f p r o c e s s e s w h i c h c a n 
o c c u r a t t h e g r o w t h s u r f a c e o f a m i n e r a l i s c r u c i a l t o t h e i n t e r p r e 
t a t i o n and a p p l i c a t i o n o f t h e r e s u l t s o f t h e s e and a n y o t h e r c o p r e 
c i p i t a t i o n e x p e r i m e n t s . A d d i t i o n a l i n f o r m a t i o n on c h a r a c t e r i s t i c s , 
t e r m i n o l o g y , and t h e r m o d y n a m i c a s p e c t s o f s o l i d s o l u t i o n f o r m a t i o n 
c a n be f o u n d i n D r i e s s e n s ( t h i s v o l u m e ) . 

T h e I n c o r p o r a t i o n o f S r ( I I ) i n t o C a l c i t e ; A R e v i e w 

A t l e a s t a d o z e n p a p e r s o v e r t h e p a s t two d e c a d e s h a v e d i s c u s s e d t h e 
v a l u e o f t h e p a r t i t i o n c o e f f i c i e n t o f S r 2 + i n t o c a l c i t e , k c

S r 03>Z> 
1 6 , 1 8 , 1 9 , 2 3 - 2 9 ) . T h e d i f f e r e n t e x p e r i m e n t a l s y s t e m s and t h e i r 
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c o n d i t i o n s h a v e y i e l d e d some a p p a r e n t l y c o n f l i c t i n g r e s u l t s . R e 
c e n t l y P i n g i t o r e and E a s t m a n (31 ) e x p l o r e d a w i d e r a n g e o f c o p r e 
c i p i t a t i o n c o n d i t i o n s w i t h a s i n g l e e x p e r i m e n t a l t e c h n i q u e and f r o m 
t h o s e r e s u l t s c o n s t r u c t e d a p a r t i t i o n i n g mode l w h i c h may e x p l a i n 
p r e v i o u s i n c o n s i s t e n c i e s . T h e v a l u e o f k c

S r was f o u n d t o f a l l 
b e t w e e n 0 . 0 5 and 0 . 0 7 , b u t r o s e t o v a l u e s b e t w e e n 0 . 1 a n d 0 . 2 f o r 
r u n s w i t h a l ow S r 2 + / C a 2 + r a t i o ( b e l o w a m o l a r r a t i o i n t h e 1 0 " 3 

r a n g e i n t h e r e s u l t a n t c a l c i t e ) . K a t z e t a l . ( 2 5 ) r e p o r t e d a l m o s t 
i d e n t i c a l f i n d i n g s a t 98 °C u s i n g t h e a r a g o n i t e - c a l c i t e t r a n s f o r m a 
t i o n , b u t t h e y c o n c l u d e d t h e d a t a were a n e x p e r i m e n t a l a r t i f a c t . 
P i n g i t o r e and E a s t m a n ( 31 ) i n t e r p r e t e d b o t h s e t s o f r e s u l t s t o 
i n d i c a t e t h a t some S r 2 + p a r t i t i o n s f a v o r a b l y I n t o a l i m i t e d number 
o f n o n - l a t t i c e s i t e s , p r o b a b l y d e f e c t s . A t l o w c o n c e n t r a t i o n s o f 
S r 2 + , o c c u p a n c y o f t h e n o n - l a t t i c e s i t e s makes a s u b s t a n t i a l c o n 
t r i b u t i o n t o t h e o v e r a l l c a l c u l a t e d p a r t i t i o n c o e f f i c i e n t . A t 
h i g h e r c o n c e n t r a t i o n s t h e i n c r e a s i n g o c c u p a n c y o f l a t t i c e s i t e s 
d o m i n a t e s t h e s a t u r a t e d o c c u p a n c y o f t h e l i m i t e d number o f n o n -
l a t t i c e s i t e s . T h i s c o n c e n t r a t i o
v a r i a t i o n i n k c

S r e n c o u n t e r e
amount s o f B a 2 + o r l a r g e amount s o f N a + i n e x p e r i m e n t s w i t h l o w 
c o n c e n t r a t i o n s o f S r 2 + d e c r e a s e d t h e v a l u e o f k c

S r t o t h e r a n g e 
e n c o u n t e r e d i n h i g h S r 2 + c o n c e n t r a t i o n r u n s ( 0 . 0 5 t o 0 . 0 7 ) . T h i s 
was i n t e r p r e t e d a s a c o m p e t i t i v e c a t i o n e f f e c t i n w h i c h t h e s e 
c a t i o n s , a t t h e i r r e s p e c t i v e c o n c e n t r a t i o n s , h a v e g r e a t e r t e n d e n c y 
t h a n S r 2 + t o o c c u p y t h e n o n - l a t t i c e s i t e s . An i n c r e a s e i n k c

S r w i t h 
p r e c i p i t a t i o n r a t e l i k e w i s e may be a t t r i b u t e d t o a n i n c r e a s e i n t h e 
c o n t r i b u t i o n o f n o n - l a t t i c e ( d e f e c t ) s i t e s t o t h e p a r t i t i o n c o e f f i 
c i e n t due t o r a p i d c r y s t a l l i z a t i o n . 

I n summary , P i n g i t o r e and E a s t m a n ( 31 ) p r e s e n t e d a mode l o f 
l a t t i c e and n o n - l a t t i c e i n c o r p o r a t i o n o f S r * + i n t o c a l c i t e , t h e 
c o n t r i b u t i o n o f e a c h mode o f c o p r e c i p i t a t i o n t o t h e o v e r a l l c a l c u 
l a t e d v a l u e o f k c

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

E x p e r i m e n t a l M e t h o d s f o r C o p r e c i p i t a t i o n o f B a ( I I ) w i t h C a l c i t e 

F o r t h e B a 2 + e x p e r i m e n t s 0 . 1 1 g o f c a l c i t e were d i s s o l v e d i n 200 ml 
o f w a t e r by b u b b l i n g w i t h C 0 2 · V a r y i n g amounts o f B a C 0 3 we re a d d e d 
t o p r o d u c e t y p i c a l s t a r t i n g s o l u t i o n c o m p o s i t i o n s r a n g i n g f r o m 
7 χ 1 0 ~ 8 t o 4 χ 1 0 " 5 M B a 2 + . N a C l and S r C 0 3 a l s o we re i n t r o d u c e d i n 
s e l e c t e d r u n s . Upon c o m p l e t i o n o f t h e d i s s o l u t i o n 0 . 0 0 5 g o f c a l 
c i t e s e e d were p l a c e d i n t h e f l a s k and t h e s o l u t i o n a l l o w e d t o 
e v o l v e C O 2 t h r o u g h a c o n s t r i c t e d o p e n i n g . The s o l u t i o n s were s t i r 
r e d ( m a g n e t i c b a r ) a t a r a t e s u f f i c i e n t t o k e e p t h e s e e d s u s p e n d e d 
a n d t e m p e r a t u r e was m a i n t a i n e d a t 1 8 ° C . No rma l r u n s l a s t e d f r o m 
t h r e e d a y s t o one week and y i e l d e d r e c o v e r i e s o f p r e c i p i t a t e r a n g i n g 
f r o m 40 t o 85% o f t h e c a l c i t e o r i g i n a l l y d i s s o l v e d ( p r e c i p i t a t i o n 
r a t e a p p r o x i m a t e l y 3 x 1 0 ~ 6 g c a l c i t e p e r h o u r p e r c c ) . The c a l c u 
l a t e d p a r t i t i o n c o e f f i c i e n t was n o t r e l a t e d t o p r e c i p i t a t i o n t i m e o r 
y i e l d i n t h i s s e r i e s o f r u n s . Speed r u n s i n w h i c h d e c a r b o x y l a t i o n 
was h a s t e n e d by b u b b l i n g t h e s o l u t i o n s w i t h n i t r o g e n gas l a s t e d 12 
h o u r s ( p r e c i p i t a t i o n r a t e a p p r o x i m a t e l y 4 χ 1 0 " 5 g c a l c i t e p e r h o u r 
p e r c c ) . D e t a i l s o f t h e s e e x p e r i m e n t a l p r o c e d u r e s a r e a v a i l a b l e i n 
P i n g i t o r e and E a s t m a n ( 3 0 , 3 1 ) . R e a g e n t s we re J o h n s o n M a t t h e y 
C h e m i c a l s P u r a t r o n i c C a C 0 3 , B a k e r A n a l y z e d S r C 0 3 , F i s h e r C e r t i f i e d 
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ACS N a C l and B a C 0 3 , a n d , e x c e p t a s n o t e d , t h e s e e d was A l f a U l t r a -
p u r e C a C 0 3 . The c a l c i t e s e e d t y p i c a l l y c o m p r i s e d b e t w e e n 5 a n d 10% 
o f t h e s o l i d r e c o v e r e d a t t h e end o f a r u n . 

S o l u t i o n s a n d p r e c i p i t a t e s were a n a l y z e d on a Beckman S p e c t r a -
S p a n V I d i r e c t c u r r e n t p l a s m a e m i s s i o n s p e c t r o p h o t o m e t e r ( D C P ) . 
P r e c i s i o n f o r t h e C a 2 + a n a l y s e s was 3% a n d f o r t h e Ba 2 + 2% e x c e p t 
f o r t h e most d i l u t e s a m p l e s i n w h i c h i t r o s e a s h i g h a s 5%. C a l c i t e 
m i n e r a l o g y was d e t e r m i n e d o n a P h i l i p s x - r a y d i f f r a c t o m e t e r ; c a l c i t e 
was t h e o n l y p h a s e r e c o r d e d e x c e p t i n s p e e d r u n s o f u n d e r one h o u r 
i n d u r a t i o n ( n o t i n c l u d e d i n t h i s s t u d y ) w h i c h p r o d u c e d v a t e r i t e . 
D e t a i l s o f a n a l y t i c p r o c e d u r e s a r e a v a i l a b l e i n P i n g i t o r e and 
E a s t m a n ( 3 0 , 3 1 ) . 

B e c a u s e t h e B a 2 + / C a 2 + r a t i o i n t h e s o l u t i o n c h a n g e d d u r i n g t h e 
c o u r s e o f a n e x p e r i m e n t , t h e D o e r n e r - H o s k i n s e q u a t i o n ( 3 2 ) was u s e d 
t o c a l c u l a t e p a r t i t i o n c o e f f i c i e n t s . The D o e r n e r - H o s k i n s m o d e l o f 
c o p r e c i p i t a t i o n w i t h o u t e q u i l i b r a t i o n o f t h e i n t e r i o r o f a c r y s t a l 
t o t h e e v o l v i n g c o m p o s i t i o n o f t h e s o l u t i o n h a s p r o v e d a p p r o p r i a t e 
t o l o w - t e m p e r a t u r e a q u e o u

B a ( I I ) E x p e r i m e n t s : R e s u l t s a n d D i s c u s s i o n 

I n t h e l i g h t o f t h e m o d e l p r e s e n t e d by P i n g i t o r e and E a s t m a n ( 3 1 ) , a 
new s e t o f B a 2 + p a r t i t i o n i n g e x p e r i m e n t s was u n d e r t a k e n , c o v e r i n g a 
b r o a d e r r a n g e o f c o n d i t i o n s t h a n t h o s e c o n s i d e r e d i n P i n g i t o r e and 
E a s t m a n ( 3 0 ) . T h e s e r u n s were c o n d u c t e d i n s o l u t i o n s w i t h w i d e l y 
v a r y i n g i n i t i a l B a 2 + / C a 2 + r a t i o s , w i t h and w i t h o u t t h e a d d i t i o n o f 
S r C O 3 o r N a C l t o t h e s o l u t i o n , w i t h d i f f e r i n g r a t e s o f p r e c i p i t a 
t i o n , a n d w i t h d i f f e r e n t t y p e s o f s e e d . 

F i g u r e 1 d e m o n s t r a t e s t h a t k c
B a v a r i e s b e t w e e n 0 . 0 3 a n d 0 . 0 5 

u n d e r a w i d e r a n g e o f B a 2 + c o n c e n t r a t i o n s i n t h e s o l u t i o n s a n d t h u s 
i n t h e r e s u l t a n t c a l c i t e s ( y - a x i s ) . A v a l u e o f 0 . 0 4 •+/- 0 . 0 1 c h a r 
a c t e r i z e s t h e p a r t i t i o n i n g o f B a 2 + i n t h i s s y s t e m , w h i c h c o v e r e d 
t h r e e o r d e r s o f m a g n i t u d e i n t h e c o n c e n t r a t i o n r a t i o . T h e s e r e s u l t s 
seem a t o d d s w i t h t h e c o n c e n t r a t i o n e f f e c t a n d a b s o l u t e v a l u e o f k c

S r 

w h i c h c h a r a c t e r i z e S r 2 + p a r t i t i o n i n g ( 3 1 ) ; t h e e x t r e m e m i s f i t o f 
B a 2 + i n t h e c a l c i t e l a t t i c e w o u l d s u g g e s t a l o w e r v a l u e f o r k c

B a and 
a p r o n o u n c e d d e p e n d e n c e a t l o w c o n c e n t r a t i o n r a t i o s . The a p p r o p r i 
a t e i o n i c r a d i i a r e C a 2 + , 1 .08 A ; S r 2 + , 1 .21 A ; a n d B a 2 + , 1 .44 A 
( 3 3 ) . An e x p l a n a t i o n o f t h e s e r e s u l t s i s t h a t l i t t l e o r none o f t h e 
Ba~2 + o c c u p i e s l a t t i c e s i t e s i n t h e c a l c i t e . I n s t e a d , t h e B a 2 + 

a d s o r b s o n t h e c a l c i t e s u r f a c e , and o n v a r i o u s d e f e c t s , a n d i s 
i n c o r p o r a t e d by p h y s i c a l t r a p p i n g a s t h e c a l c i t e g r o w s . Hahn ( 3 4 ) 
h a s d e s c r i b e d t h i s p r o c e s s a n d f u r t h e r d i f f e r e n t i a t e d b e t w e e n 
i n t e r n a l o c c l u s i o n ( t h e t r a c e e l e m e n t c o n c e n t r a t e d a l o n g p r e f e r r e d 
s u r f a c e s ) and a n o m a l o u s m i x e d c r y s t a l f o r m a t i o n ( t h e t r a c e e l e m e n t 
r a n d o m l y d i s t r i b u t e d t h r o u g h o u t t h e c r y s t a l ) . 

T h e s c a t t e r o f p o i n t s i n F i g u r e 1, w i t h t h e v a l u e o f k c
B a 

r a n g i n g f r o m 0 . 0 3 t o 0 . 0 5 , may r e f l e c t t h e more r andom b e h a v i o r o f 
c o p r e c i p i t a t i o n b y a d s o r p t i o n / t r a p p i n g a s c o m p a r e d t o t h e more 
r e p r o d u c i b l e b e h a v i o r o f l a t t i c e s u b s t i t u t i o n . S e n s i t i v i t y o f t h e 
p a r t i t i o n c o e f f i c i e n t t o e x p e r i m e n t a l c o n d i t i o n s i s , i n f a c t , one o f 
t h e t e s t s f o r d i s t i n g u i s h i n g t h e f o r m e r f r o m t h e l a t t e r ( 2 1 , 3 4 ) . 
A t t e m p t s t o r e f i n e t h e e x p e r i m e n t a l p r o c e d u r e t o a c h i e v e g r e a t e r 
c o n s i s t e n c y t h e r e f o r e a r e n o t w a r r a n t e d ; a n y r e s u l t a n t more p r e c i s e 
v a l u e o f t h e p a r t i t i o n c o e f f i c i e n t w o u l d be a p p l i c a b l e o n l y t o a 
more l i m i t e d s e t o f c o n d i t i o n s . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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0 . 0 3 t o 0 . 0 5 i n d e p e n d e n t l y o f t h e c o n c e n t r a t i o n o f B a 2 + i n t h e 
c a l c i t e and a l s o , b y i m p l i c a t i o n , i n t h e p a r e n t s o l u t i o n . 
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To e x p l o r e t h e I n t e r p r e t a t i o n t h a t B a 2 + d o e s n o t o c c u p y t h e 
l a t t i c e s i t e s f o r C a 2 + i n t h e s e c a l c i t e s , v a r y i n g amount s o f S r 2 + 

were a d d e d t o a s e t o f r u n s ( F i g u r e 2 ) , w i t h no a p p a r e n t e f f e c t on 
k c

B a . The r a t i o o f S r 2 + t o B a 2 + i n t h e r e s u l t a n t c a l c i t e s r a n g e d 
f r o m 0 . 1 t o 1 0 0 . I t a p p e a r s t h a t B a 2 + a d s o r b s e f f i c i e n t l y o n t h e 
c a l c i t e s u r f a c e and o n d e f e c t s and i s n o t d i s l o d g e d by S r 2 + . L i k e 
w i s e , m i n o r amo u nt s o f B a 2 + h a v e b e e n shown t o d i s p l a c e a n e q u i v a 
l e n t amount o f S r 2 + f r o m n o n - l a t t i c e s i t e s ( 3 1 ) . The more e f f e c t i v e 
a d s o r p t i o n o f B a 2 + r e l a t i v e t o S r 2 + i s c o n s i s t e n t w i t h i t s l a r g e r 
i o n i c r a d i u s a n d c o n s e q u e n t g r e a t e r e a s e o f p a r t i a l d e h y d r a t i o n . I n 
v i e w o f t h e f a c t t h a t B a 2 + d i s p l a c e s S r 2 + b u t n o t v i c e v e r s a , i t i s 
s u r p r i s i n g , t h e r e f o r e , t o n o t e t h a t t h e p a r t i t i o n c o e f f i c i e n t f o r 
t h e n o n - l a t t i c e i n c o r p o r a t i o n o f S r 2 + i n t o c a l c i t e ( a p p r o x i m a t e l y 
0 . 1 a t l ow c o n c e n t r a t i o n s ) e x c e e d s t h a t f o r B a 2 + i n t o c a l c i t e 
( 0 . 0 4 ) . P o s s i b l e e x p l a n a t i o n s i n c l u d e : 1.) a c h a n g e i n t h e c a l c i t e 
g r o w t h h a b i t due t o t h e p r e s e n c e o f B a 2 + , y i e l d i n g g r o w t h s u r f a c e s 
w i t h f e w e r n o n - l a t t i c e s i t e s f a v o r a b l e f o r S r 2 + ; 2 . ) o c c u p a n c y o f 
t h e f a v o r a b l e n o n - l a t t i c
o f b e i n g t r a p p e d due t
o r u n f a v o r a b l e s i t e a f t e r p a r t i a l e n c r o a c h m e n t b y t h e g r o w i n g c r y s 
t a l ; 3 . ) d i f f e r e n c e s i n t h e s e e d o r o t h e r e x p e r i m e n t a l c o n d i t i o n s i n 
t h e B a 2 + a n d S r 2 + s t u d i e s r e n d e r i n g a d i r e c t c o m p a r i s o n o f t h e r e s 
p e c t i v e p a r t i t i o n c o e f f i c i e n t s i n a p p r o p r i a t e . 

T h e a d d i t i o n o f 0 . 4 8 m o i s o f N a C l p e r l i t e r o f s o l u t i o n s i g n i 
f i c a n t l y d e p r e s s e d k c

B a ; v a l u e s f e l l t o t h e 0 . 0 2 t o 0 . 0 3 r a n g e 
( F i g u r e 3 ) . I t i s n o t s u r p r i s i n g t h a t s u c h a n o v e r w h e l m i n g q u a n t i t y 
o f f o r e i g n i o n s c a n d i s p l a c e B a 2 + f r o m a d s o r p t i o n o n s u r f a c e s i t e s . 
I n c o n t r a s t , N a C l d i s p l a c e d S r 2 + f r o m d e f e c t s i t e s , b u t d i d n o t 
s i g n i f i c a n t l y l o w e r t h e l a t t i c e v a l u e o f k c

S r ( 3 1 ) . S e n s i t i v i t y o f 
a p a r t i t i o n c o e f f i c i e n t t o e x p e r i m e n t a l c o n d i t i o n s i s a c h a r a c t e r 
i s t i c o f i n t e r n a l a d s o r p t i o n and a n o m a l o u s m i x e d c r y s t a l f o r m a t i o n 
( 2 1 , 3 4 , 3 5 ) . 

Speed r u n s , i n w h i c h p r e c i p i t a t i o n was c o m p l e t e d i n 12 h o u r s , 
shown i n F i g u r e 4 document t h a t h i g h e r v a l u e s o f k c

B a c h a r a c t e r i z e 
r a p i d c o p r e c i p i t a t i o n . P o s s i b l e i n t e r p r e t a t i o n s i n c l u d e an i n c r e a s e 
i n t h e number o f d e f e c t s i t e s due t o d i s o r d e r l y c r y s t a l l i z a t i o n , 
a n d / o r more e f f i c i e n t c a p t u r e o f a d s o r b e d B a 2 + i o n s due t o e n h a n c e d 
p r o b a b i l i t y o f p h y s i c a l e n t r a p m e n t w i t h r a p i d g r o w t h . 

T h e p o s s i b i l i t y t h a t a s e p a r a t e B a C 0 3 p h a s e p r e c i p i t a t e d i n t h e 
s p e e d r u n s ( a t l e v e l s u n d e t e c t a b l e by x - r a y d i f f r a c t i o n ) a l s o must 
be n o t e d . S i n c e c a l c i t e i s a p p r o x i m a t e l y t h r e e t i m e s a s s o l u b l e a s 
w i t h e r i t e ( B a C 0 3 ) , t h e l a t t e r c a n p r e c i p i t a t e f r o m a s o l u t i o n a t 
e q u i l i b r i u m w i t h c a l c i t e o n l y i f t h e m o l a r r a t i o o f B a 2 + t o Ca 2 + 

e x c e e d s 1 : 3 . S t a r t i n g c o m p o s i t i o n s f o r t h e s p e e d r u n s h a d B a 2 + / C a 2 + 

r a t i o s f r o m 3 . 6 χ 1 0 " 4 t o 3 . 9 χ 1 0 " 3 and f i n a l c o m p o s i t i o n s f r o m 2 . 6 
χ 1 0 ~ 3 t o 2 . 3 χ Ι Ο " 2 . To e x c e e d t h e s o l u b i l i t y o f w i t h e r i t e d u r i n g 
t h e s e r u n s , i n w h i c h t h e r a p i d d e c a r b o x y l a t i o n s u p e r s a t u r a t e s t h e 
s o l u t i o n r e l a t i v e t o c a l c i t e , min imum s u p e r s a t u r a t i o n s r a n g i n g f r o m 
14 t o 130 w i t h r e s p e c t t o c a l c i t e w o u l d h a v e b e e n r e q u i r e d . S u c h 
s u p e r s a t u r a t i o n s w o u l d a p p e a r d i f f i c u l t t o a c h i e v e by d e c a r b o x y l a 
t i o n , e s p e c i a l l y i n t h e p r e s e n c e o f c a l c i t e s e e d . V i e w e d i n a n o t h e r 
f a s h i o n , t h e C 0 3

2 " s a t u r a t i o n c o n c e n t r a t i o n o f 0 . 1 1 g c a l c i t e p e r 
200 m l s o l u t i o n a t t h e s t a r t o f a r u n i s 9 . 1 χ 1 0 ~ 7 M . A f t e r d e c a r 
b o x y l a t i o n t o a t m o s p h e r i c l e v e l s o f C 0 2 a n d p r e c i p i t a t i o n o f c a l c i t e 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 
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F i g u r e 4 . The p a r t i t i o n i n g o f B a 2 + i n t o c a l c i t e a t h i g h r a t e s 
o f p r e c i p i t a t i o n . R e d u c t i o n o f p r e c i p i t a t i o n t i m e s f r o m s e v e r a l 
d a y s t o h o u r s y i e l d s l a r g e r v a l u e s o f k c

B a , a s c ompa red w i t h 
F i g u r e 1. N o t e c h a n g e o f h o r i z o n t a l s c a l e . 
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t h e C 0 3
2 ~ c o n c e n t r a t i o n i s 1 .25 χ 1 0 " 5 . S i n c e t h e s o l u b i l i t y p r o 

d u c t o f w i t h e r i t e i s 1 .6 χ 1 0 " 9 a t l o w i o n i c s t r e n g t h s ( 3 6 ) and t h e 
maximum B a 2 + c o n c e n t r a t i o n i n t h e s p e e d r u n s was 2 . 9 χ 1 0 ~ 5 M , t h e 
minimum C 0 3 2 ~ c o n c e n t r a t i o n n e e d e d f o r w i t h e r i t e p r e c i p i t a t i o n , 5 . 5 
χ 1 0 ~ 5 M , a p p a r e n t l y was n o t e x c e e d e d . 

A f i n a l s e t o f e x p e r i m e n t s d e m o n s t r a t e s t h e i m p o r t a n c e o f t h e 
t y p e o f s e e d u s e d t o i n i t i a t e c a l c i t e g r o w t h . The d i s p a r i t y b e t w e e n 
t h e v a l u e o f k c

B a r e p o r t e d i n P i n g i t o r e and E a s t m a n ( 3 0 ) , 0 . 0 6 , a n d 
t h e v a l u e e n c o u n t e r e d i n t h e p r e s e n t w o r k , 0 . 0 4 , i s c a u s e f o r c o n 
c e r n . The s l i g h t ( 7 ° C ) t e m p e r a t u r e d i f f e r e n c e b e t w e e n t h e two 
s t u d i e s i s i n s u f f i c i e n t t o e x p l a i n t h e s u b s t a n t i a l d i f f e r e n c e i n 
k c

B a . A c o m p l e t e c h e c k o n p r o c e d u r e s showed t h e s e e d u s e d i n 
P i n g i t o r e and E a s t m a n ( 30 ) was p r o d u c e d i n e x p e r i m e n t a l r u n s b y 
r a p i d d e c a r b o x y l a t i o n by b u b b l i n g t h e s o l u t i o n s w i t h n i t r o g e n g a s , 
w h e r e a s A l f a U l t r a p u r e CaC03 was u s e d i n t h e p r e s e n t s t u d y . A f r e s h 
b a t c h o f l a b o r a t o r y s e e d y i e l d e d t h e r e s u l t s i n F i g u r e 5 , w h i c h 
r e p r o d u c e t h e f i n d i n g s o f P i n g i t o r e and E a s t m a n ( 3 0 ) . G r e a t e r 
s u r f a c e a r e a o r more s u r f a c
l a b o r a t o r y a r e i n s u f f i c i e n
s i n c e many l a y e r s o f c a l c i t e a r e f o r m e d d u r i n g a r u n a n d t h e p a r 
t i t i o n c o e f f i c i e n t was i n d e p e n d e n t o f t h e amount o f c a l c i t e p r e c i 
p i t a t e d . I n c r e a s e s ( up t o 10 f o l d ) i n t h e amount o f s e e d u s e d i n a 
r u n a l s o d i d n o t a f f e c t k c

B a . N e i t h e r s e e d c o n t a i n e d s u f f i c i e n t 
B a 2 + t o a f f e c t t h e e x p e r i m e n t ; t h e c o m m e r c i a l s e e d c o n t a i n e d a p p r o x 
i m a t e l y 3 ppm B a 2 + a n d t h e l a b o r a t o r y s e e d was b e l o w one ppm. I t i s 
n o n e t h e l e s s p o s s i b l e t h a t t h e r a p i d l y c r y s t a l l i z e d s e e d p r o v i d e s a 
t e m p l a t e f o r d e f e c t s o r c o n s i s t s o f p o l y c r y s t a l l i n e m a s s e s w h i c h 
p r o p a g a t e d u r i n g s u b s e q u e n t c r y s t a l g r o w t h and p r o v i d e f a v o r a b l e 
s i t e s f o r B a 2 + i n c o r p o r a t i o n . 

I n summary , t h e s e e x p e r i m e n t s d e m o n s t r a t e t h a t B a 2 + p a r t i t i o n 
i n g d o e s n o t d e p e n d o n t h e c o n c e n t r a t i o n o f B a 2 + o v e r t h e b r o a d 
r a n g e t e s t e d a n d t h a t i t i s u n a f f e c t e d by m o d e r a t e amounts o f S r 2 + . 
S u b s t a n t i a l q u a n t i t i e s o f N a C l d e c r e a s e k c

B a and r a p i d p r e c i p i t a t i o n 
i n c r e a s e s k c

B a . T h e s e r e s u l t s s u g g e s t l i t t l e o r none o f t h e B a 2 + i s 
i n c o r p o r a t e d i n C a 2 + l a t t i c e s i t e s i n c a l c i t e , b u t i n s t e a d a d s o r b s 
o n s u r f a c e s a n d d e f e c t s a n d i s t r a p p e d by g r o w t h o f t h e c r y s t a l . 

EPR S t u d i e s o f S r ( I I ) a n d B a ( I I ) i n C a l c i t e 

T h e e x p e r i m e n t a l r e s u l t s i n P i n g i t o r e and E a s t m a n ( 31 ) i n d i c a t e t h a t 
l a t t i c e a n d n o n - l a t t i c e s u b s t i t u t i o n c h a r a c t e r i z e t h e c o p r e c i p i t a 
t i o n o f S r 2 + w i t h c a l c i t e and t h e r e s u l t s o f t h e p r e s e n t s t u d y s u g 
g e s t t h a t B a 2 + c o p r e c i p i t a t i o n i n v o l v e s c h i e f l y n o n - l a t t i c e s u b s t i 
t u t i o n . E l e c t r o n p a r a m a g n e t i c r e s o n a n c e (EPR ) o f f e r s a n a d d i t i o n a l 
p r o b e i n t o c o n d i t i o n s i n t h e c a l c i t e l a t t i c e . A n g u s e t a l . ( 20 ) 
o v e r c a m e t h e l i m i t a t i o n t h a t most c a t i o n s o f i n t e r e s t a r e n o t 
p a r a m a g n e t i c by p r e c i p i t a t i n g c a l c i t e s w i t h a few h u n d r e d ppm M n 2 + 

a n d m e a s u r i n g t h e r e s u l t a n t EPR s p e c t r a . I t h a d p r e v i o u s l y b e e n 
e s t a b l i s h e d t h e M n 2 + i s i n c o r p o r a t e d i n t o l a t t i c e s i t e s i n c a l c i t e 
( 3 7 , 3 8 ) . T h e y n e x t p r o d u c e d c a l c i t e s w i t h v a r y i n g amounts o f S r 2 + 

o r B a 2 + , a l o n g w i t h t h e s m a l l amount o f M n 2 + . The r e s u l t a n t EPR 
s p e c t r a f o r t h e c a l c i t e s d o p e d w i t h b o t h S r 2 + a n d M n 2 + we re q u i t e 
d i f f e r e n t f r o m t h e M n 2 + - d o p e d c a l c i t e s p r o d u c e d p r e v i o u s l y . T h i s 
i n d i c a t e d a c h a n g e i n t h e l o c a l e n v i r o n m e n t o f t h e p a r a m a g n e t i c M n 2 + 

i o n s w h i c h Angus e t a l . r e l a t e d t o l a t t i c e s t r a i n a s s o c i a t e d w i t h 
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0.1 

0.01 

0.001 

APPROXIMATE LIMITS OF k [ ? a
l c i t e FROM 

J L J L 
0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 

k B a 
c a l c i t e 

0 . 0 5 0 . 0 6 0 . 0 7 0 . 0 8 

F i g u r e 5 . T h e e f f e c t o f t y p e o f c a l c i t e s e e d on t h e p a r t i t i o n 
i n g o f B a 2 + i n t o c a l c i t e . S e e d i n g a n e x p e r i m e n t w i t h c a l c i t e 
n u c l e i p r e v i o u s l y p r o d u c e d by r a p i d p r e c i p i t a t i o n ( r a t h e r t h a n a 
c o m m e r c i a l r e a g e n t ) y i e l d s v a l u e s o f k c

B a c o n s i s t e n t w i t h t h e 
0 . 0 6 r e p o r t e d i n P i n g i t o r e and E a s t m a n ( 3 0 ) . 

t h e i n c o r p o r a t i o n o f t h e l a r g e S r 2 + i o n I n t o C a 2 + l a t t i c e s i t e s . 
T h e s e e f f e c t s p e r s i s t e d t h r o u g h o u t t h e 90 t o 1 9 , 4 0 0 ppm r a n g e o f 
S r 2 + p r o d u c e d i n t h e c a l c i t e s . I n c o n t r a s t , t h e i n c o r p o r a t i o n o f 
240 t o 1270 ppm B a 2 + i n Mn 2 + - d o p e d c a l c i t e s p r o d u c e d no s i g n i f i c a n t 
e f f e c t o n t h e M n 2 + EPR s p e c t r u m . A n g u s e t a l . c o n c l u d e d t h a t B a 2 + 

was n o t i n c o r p o r a t e d i n l a t t i c e s i t e s ; s u b s t i t u t i o n o f s u c h a l a r g e 
c a t i o n w o u l d y i e l d e v e n more l a t t i c e s t r a i n t h a n t h a t a s s o c i a t e d 
w i t h S r 2 + . A s i m i l a r i n v e s t i g a t i o n o f C d 2 + , w i t h a n i o n i c r a d i u s 
s l i g h t l y l e s s t h a n t h a t o f C a 2 + , showed no s i g n i f i c a n t d i s t o r t i o n o f 
t h e EPR s p e c t r u m b e l o w 2 0 , 0 0 0 ppm C d 2 + i n t h e c a l c i t e . The i n t e r 
p r e t a t i o n I n t h i s c a s e w a s , o f c o u r s e , t h a t t h e i n c o r p o r a t i o n o f 
C d 2 + i n t o C a 2 + l a t t i c e s i t e s o c c u r s w i t h m i n i m a l s t r a i n o r d i s t o r 
t i o n due t o t h e s i m i l a r i t y i n a t o m i c r a d i i , a f i n d i n g c o n s i s t e n t 
w i t h t h e e x p e r i m e n t a l e v i d e n c e o f D a v i s e t a l . ( 3 9 ) . 

T h e s e EPR s t u d i e s p r o v i d e i n d e p e n d e n t e v i d e n c e f o r a t l e a s t t h e 
p a r t i a l i n c o r p o r a t i o n o f S r 2 + i n c a l c i t e l a t t i c e s i t e s and t h e e x 
c l u s i o n o f B a 2 + f r o m l a t t i c e s i t e s . 

I m p l i c a t i o n s 

T h e r a n g e o f c o p r e c i p i t a t i o n b e h a v i o r d i s c u s s e d h e r e i n i m p a c t s b o t h 
e x p e r i m e n t a l a n d p r a c t i c a l s t u d i e s o f p a r t i t i o n i n g o f t r a c e e l e m e n t s 
i n t o c a l c i t e . D i s t i n g u i s h i n g l a t t i c e f r o m n o n - l a t t i c e c o p r e c i p i t a 
t i o n emerge s a s a p r i m a r y c o n c e r n . E x p e r i m e n t s w h i c h e x p l o r e a w i d e 
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r a n g e o f p a r a m e t e r s : c a t i o n c o n c e n t r a t i o n , s o l u t i o n c o m p o s i t i o n , 
p r e c i p i t a t i o n r a t e , t e m p e r a t u r e , e t c . p r o v i d e c l u e s t o t h e n a t u r e o f 
c o p r e c i p i t a t i o n . EPR s t u d i e s , s u c h a s A n g u s e t a l . ( 2 0 ) , c a n p r o 
v i d e a n o b v i o u s a i d i n t h i s r e g a r d . 

F r o m a p r a c t i c a l s t a n d p o i n t , f o r t h e s t u d y o f c a r b o n a t e d i a g e n -
e s i s i t i s c l e a r t h a t c a t i o n s e x h i b i t i n g l a t t i c e s u b s t i t u t i o n e x c l u 
s i v e l y a r e t h e most r e l i a b l e f o r r e c o n s t r u c t i n g t h e c o m p o s i t i o n s o f 
d i a g e n e t i c s o l u t i o n s . C a t i o n s s m a l l e r b u t s i m i l a r i n i o n i c r a d i u s 
t o C a 2 + w h i c h e x h i b i t e x c l u s i v e l y l a t t i c e s u b s t i t u t i o n , e . g . , C d 2 + 
a r e i n t h e o r y t h e b e s t d i a g e n e t i c t r a c e r s . U n f o r t u n a t e l y some o f 
t h e s e a r e p r e s e n t i n v e r y l ow c o n c e n t r a t i o n s i n n a t u r a l w a t e r s and 
t h e c a l c i t e s d e r i v e d t h e r e f r o m , m a k i n g a n a l y s i s d i f f i c u l t ( o r i m p o s 
s i b l e by s u c h t e c h n i q u e s a s e l e c t r o n m i c r o p r o b e ) a n d s u b j e c t t o 
c o n t a m i n a t i o n f r o m t h e n o n - c a r b o n a t e f r a c t i o n o f t h e r o c k . B e c a u s e 
o f i t s r e l a t i v e a b u n d a n c e i n many c a r b o n a t e m a t e r i a l s and n a t u r a l 
w a t e r s , S r 2 + r e m a i n s a n i m p o r t a n t d i a g e n e t i c t o o l d e s p i t e t h e p o s s i 
b i l i t y o f n o n - l a t t i c e i n c o r p o r a t i o n . The n o n - l a t t i c e component o f 
t h e c o p r e c i p i t a t i o n o f S r
l i m i t e d and p r e d i c t a b l e
c o n t e n t s o f c a l c i t e s i s h a m p e r e d by t h e p o t e n t i a l l y l a r g e v a r i a t i o n 
o f k ç B a w i t h t h e c o n d i t i o n s o f p r e c i p i t a t i o n ( s o l u t i o n c o m p o s i t i o n , 
t y p e o f c a r b o n a t e g r o w t h s u r f a c e , p r e c i p i t a t i o n r a t e ) . T h i s s u g 
g e s t s t h a t B a 2 + may p r o v e i n a p p r o p r i a t e a s a d i a g e n e t i c t r a c e r . 
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Near-Surface Alkali Diffusion into Glassy and 
Crystalline Silicates at 25°C to 100°C 

Art F. White and Andy Yee 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720 

Alkali uptake by obsidian and feldspar was investigated in batch 
and recirculating column experiments and by XPS profiling using 
ion sputtering and variable take-off angles  No measurable alkali 
diffusion occurred
determined for Rb
model assuming interdiffusion with Na. Activation energies for 
Rb, Cs and Sr in glass were 50, 83, and 70kJ respectively which 
were significantly lower than that measured in previous high 
temperature experiments and indicate diffusion into a hydrated 
near-surface matrix. 

T h e i m m o b i l i z a t i o n o f d i s s o l v e d c h e m i c a l spec ies b y a d s o r p t i o n a n d i o n 
e x c h a n g e o n t o m i n e r a l sur f aces is a n i m p o r t a n t p rocess a f f ec t ing b o t h 
n a t u r a l a n d e n v i r o n m e n t a l l y p e r t u r b e d g e o c h e m i c a l s y s t e m s . H o w e v e r , 
s o r p t i o n o f e v e n c h e m i c a l l y s i m p l e a l k a l i e l e m e n t s s u c h as C s a n d S r o n t o 
c o m m o n r o c k s o f t e n does n o t ach i e v e e q u i l i b r i u m n o r is e x p e r i m e n t a l l y 
r e v e r s i b l e (1). P e n e t r a t i o n o r d i f fus i on o f s o r b e d spec i es i n t o t h e u n d e r l y 
i n g m a t r i x has b e e n p r o p o s e d as a c o n c u r r e n t n o n - e q u i l i b r a t i o n p rocess (2). 
H o w e v e r , m a t r i x o r s o l i d s t a t e d i f fus i on is m o s t o f t e n c o n s i d e r e d e x t r e m e l y 
s l o w a t a m b i e n t t e m p e r a t u r e b a s e d o n e x t r a p o l a t e d d a t a f r o m h i g h t e m 
p e r a t u r e i s o t o p i c o r t r a c e r d i f f us i on e x p e r i m e n t s . O n l y l i m i t e d a t t e m p t s 
h a v e b e e n m a d e t o m e a s u r e m a t r i x d i f f us i on i n s i l i c a t e s a t l o w e r t e m p e r a 
t u r e . 

T h i s p a p e r r e p o r t s r e s u l t s o f a l k a l i d i f f u s i on e x p e r i m e n t s o n o b s i d i a n 
a n d f e l d s p a r s o v e r a t e m p e r a t u r e range o f 25° t o 100°C. T h e i m m e d i a t e 
s i g n i f i c a n c e o f t h i s s t u d v is o n p o t e n t i a l r e t a r d a t i o n o f r a d i o a c t i v e a l k a l i 
i s o t opes s u c h as 1 3 7 C s , 9 0 S r a n d ^ 2 6 R a d u r i n g t r a n s p o r t i n p o t e n t i a l r e p o s i 
t o r y h o s t r o c k s s u c h as b a s a l t a n d tu f f w h i c h c o n t a i n g lass a n d f e l d s p a r 
phases . T h e p a p e r h o p e f u l l y w i l l a l so s h e d l i g h t o n the m o r e g e n e r a l ques
t i o n o f t h e i m p o r t a n c e o f l o w t e m p e r a t u r e d i f fus i on i n g e o l o g i c a l e n v i r o n 
m e n t s . 

E x p e r i m e n t a l R e s u l t s 

T h e t h r e e s i l i c a t e s o b t a i n e d f r o m W a r d s S c i e n t i f i c E s t a b l i s h m e n t a n d 
e m p l o y e d i n t h i s s t u d y are o b s i d i a n f r o m S t . H e l e n a , C a l i f o r n i a , m i c r o l i n e 
f r o m O n t a r i o , C a n a d a a n d a l b i t e f r o m S o u t h D a k o t a . T h e b u j k o f t h e 
s a m p l e s w e r e c r u s h e d a n d s i e v e d t o b e t w e e n 211 a n d 423 μτη. F i n e s we re 
r e m o v e d b y r e p e a t e d u l t r a s o n i c c l e a n i n g a n d décantat ion. M e a s u r e d B E T 
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surface areas were low; 0.07, 0.08 and 0.05 m 2 for the K-feldspar, p la-
gioclase feldspar and obsidian, respectively. Indiv idual larger cleavage and 
fracture fragments were preserved for surface studies using X - r a y p h o 

The extent of allcali loss from aqueous solution as a result of sorpt ion 
and diffusion were determined by both batch and co lumn experiments. 
B o t h types of experiments ut i l ized l x l O - 4 molar solutions of the a lka l i 
chloride. B a t c h experiments consisted of reacting 2.0 L of air-saturated 
so lut ion w i t h 200 gms of feldspar and glass at 25°C. Batches were st irred 
once a day over a one-year period. In the co lumn experiments, 650ml of 
so lut ion stored i n an air-saturated reservoir was recirculated by a peristal
t ic pump through glass-jacketed columns containing 165 gm of obsidian. 
Exper iments were run at 25°, 50° and 75°C for periods up to two months. 
The p H range dur ing both batch and co lumn experiments was buffered by 
atmospheric C 0 2 , resulting in a p H range of between 6.5 and 7.5. 

Cleavage and fracture fragments of the mineral and glass phases were 
reacted separately at 25°, 50 , and 100°C. In order to produce levels 
measurable by X P S , l x l O - 1 molar a lkal i chloride solutions were required. 
A f t e r reaction, these samples were washed w i t h deionized water and stored 
i n a vacuum dessicator. 

E x p e r i m e n t a l R e s u l t s 

Mass fluxes of a lkal i elements transported across the sol id-solution inter
faces were calculated from measured decreases i n solut ion and from known 
surface areas and mineral-to-solution weight-to-volume ratios. Relat ive 
rates of Cs uptake by feldspar and obsidian in the batch experiments are 
i l lustrated in Figure 1. A f ter in i t ia l uptake due to surface sorpt ion, l itt le 
addi t ional Cs is removed from solution in contact w i t h the feldspars. In 
contrast, parabolic uptake of C s by obsidian continues throughout the 
reaction period indicat ing a lack of sorpt ion equi l ibr ium and the possibi l i ty 
of C s penetration into the glass surface. 

Typ i ca l results for the shorter-time co lumn experiments show R b 
uptake plotted against the square root of t ime at several temperatures in 
F igure 2. N o measurable decreases in L i , Κ or B a were observed for 
co lumn experiments conducted at 25°C. 

The data of the type shown in Figures 1 and 2 were fitted w i t h a 
l inear regression program to the expression; 

where M T is the tota l elemental uptake (moles-cm - 2 ) , M Q is the intercept 
at zero t ime (moles-cm - 2 ) and k is the parabolic rate constant 
(moles-cm" 2 -s - 1 / 2 ) . 

The M 0 term can be used to approximate in i t ia l sorpt ion or desorp-
t i on on the glass surface, and the k t 1 ' 2 term the longer-term diffusion t ran
sport into or out of the surface (3). A s shown in F igure 2, the sorpt ion 
term decreases and the diffusion term increases w i t h temperature for the 
obsidian experiments. Tabu la ted values for Equa t i on 1 are presented in 
Table 1 along w i t h the regression coefficient, r 2 , for glass data. 

The near-surface alkali-element concentrations in ^ obsidian and 
feldspar were characterized by their photoelectron peak intensities. A n 
example of the relative Cs 3 d 5 / 2 peak intensities for obsidian and p la-
gioclase plotted against the electron binding energy is shown in F igure 3. 
The upper sol id lines indicate sl ightly higher levels of Cs in the obsidian. 
A f t e r reaction for 10 minutes w i t h 0 .1N HC1 , Cs i n plagioclase is reduced 
to a background level indicat ing reversible ion exchange. In contrast, a 

M x = M 0 + k t 1 / 2 

(1) 
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t ' ^ S x I O 3 

Figure 1. Rate of Cs uptake from batch solutions at 25°C. Straight 
lines are least square regressions to Equat i on 1. 

S"2 x I0 3 

Figure 2. Rate of R b uptake by obsidian from recirculat ing co lumn 
experiments at different temperatures. Straight lines are least square 
regressions to Equat i on 1. 
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Table I. Diffusion rate parameters for Equa t i on 1. 
(units are defined in text) 

Temp 
C° 

M 0 

x l O " 1 0 

k 
1 0 - 1 3 

t 
x l O 6 

r 2 

R b 25 0.69 0.61 2.95 .83 
50 0.46 1.03 2.95 .89 
75 0.01 2.66 0.94 .97 

Cs 25 1.47 0.28 2.09 .74 
25* 1.97 0.15 2.09 .92 
75 0.23 1.76 0.89 .94 

Sr 25 1.06 0.32 1.25 .94 
50 0.64 0.97 1.57 .88 

*batch experiment 

substant ia l amount of Cs
strat ing non-reversibi l i ty an
surface. 

T w o methods employing X P S analysis, ion sputter ing and variable 
take-off angles, were employed to produce elemental profiles w i t h depth. 
The sputter ing technique, used to create the profiles i n F igure 4, involves 
sequential removal of surface layers by bombardment w i th a posit ively 
charged A r beam followed by mult ip lex X P S analysis. The sputter t ime 
can be correlated w i th penetration depth if rates have been cal ibrated for 
a given matr ix . Sputter rates for obsidian and K-fe ldspar are not known 
but are estimated to be 10 Â per minute based on amorphous S i 0 2 s tan
dards (4) and instrument operating parameters. 

The elemental concentrations to the left of the zero t ime line in F i g 
ure 4 are duplicate analyses prior to the onset of sputter ing. Cs concen
trat ions in obsidian shown in Figure 4 reach a max imum after sputter ing 
for one minute (~ 10Â) and decrease to a stable background after approx
imate ly 4 minutes (~ 40Â). In contrast, the Cs profile for K-fe ldspar 
achieves a max imum at the surface and decreases more rapid ly w i t h depth 
indicat ing less penetration. The high Cs background intensities at greater 
depths relative to N a and Κ intensities are related to the greater analyt ica l 
sensit iv i ty of Cs (5). 

B o t h the N a and Κ intensities in the K-feldspar profile of F igure 4 are 
stable w i th depth indicat ing a previously documented lack of a lka l i mobi l 
i t y in the surface layers of feldspars at low temperature (7). In contrast, Κ 
increases and N a decreases w i th depth beneath the obsidian surface 
demonstrat ing substantial elemental mobi l i ty . The Κ loss near the surface 
corresponds^to a concentration increase measured in aqueous solut ion. 
Sod ium profiles i n obsidian should exhibit even greater near-surface losses 
relative to Κ based on profiles measured by H F leaching (3) and sputter-
induced opt ical emission studies (6). 

The anomalous N a decrease w i th depth in Figure 4 i l lustrates a prob
lem w i t h ion beam profil ing in that some light ions, inc luding N a , are 
mobile under the beam and can be str ipped from the surface or embedded 
deeper in the matr ix . Κ ions do not appear to be susceptible to this 
phenomenon and heavier elements such as R b , Cs and Sr wou ld be 
expected to be even less affected. Profiles of Si and A l , a l though not 
shown in Figure 4, were essentially constant w i th depth documenting the 
lack of secondary mineral formation on the surfaces of the obsidian and 
feldspar. 
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Figure 3. Peak intensity versus electron b inding energies for the Cs 
3d 5 // 2 photoelectron peaks
D.I. water, lower dashed lines are after washing w i th 0.1N HC1, lower 
sol id lines are background Cs concentrations. 

10 

Sputter Time, min. Sputter Time,mm. 

Figure 4. E lementa l peak intensities versus durat ion of A r + sputter
ing in obsidian. 
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A second profiling method, termed angle resolved X P S analysis, was 
used to confirm the penetration of R b , Cs and Sr. Photoelectrons meas
ured by X P S can travel only a very l imi ted distance through the sample 
before interact ing w i t h interior atoms and losing energy. The inelastic 
mean free path (~ 30Â) is generally independent of the trajectory relative 
to the plane of the sample surface. B y prov id ing an axis of rotat ion i n the 
plane, the electron take-off angle changes. The max imum analyt ical depth 
is the product of the inelastic mean free pa th and the sine of the take-off 
angle. 

A resulting take-off angle profile for Cs in obsidian is shown in F igure 
5. In this case, Cs concentrations w i t h depth are plotted as the mole rat io 
w i t h respect to S i . The use of elemental ratios overcomes the common 
effect of carbon contaminat ion on the glass surfaces (8). The m a x i m u m 
Cs/S i ratio for reaction at 25°C occurs at a depth of approximately 20Â 
and decreases up to depths of 50Â. The more l imi ted data at 100°C exhi
b i t higher Cs/S i ratios at greater depth. The positions of the Cs max
i m u m and depth of penetration are comparable in the take-off angle and 
sputter ing techniques. 

C a l c u l a t i o n o f D i f f u s i on

The diffusion coefficients for R b , Cs and Sr i n obsidian can be calculated 
from the aqueous rate data in Table 1 as well as from the X P S depth 
profiles. A simple single-component diffusion model (9) characterizes one-
dimensional transport into a semi-infinite sol id where the diffusion 
coefficient ( cm 2 , s _ 1 ) is defined by; 

D - < M ' 2 ( i è : f f <2> 

The model assumes a constant surface or sk in concentration, C 0 

(moles-cm" 3 ). The total mass transferred into the sol id, M (moles-cm - 2 ) , 
can be calculated from the product of the k t 1 / 2 term in Equat i on 1 ana 
the parameters l isted in Table 1. 

App l i ca t i on of Equat ion 2 requires that an estimate of the surface con
centrat ion, C 0 , be made, and that it is assumed not to change as a func
t i on of reaction progress. Conceptual ly this can be considered equal to 
concentrations of the sorbed a lkal i on the glass surface and is estimated 
f rom the max imum elemental concentrations measured by X P S analysis. 
The C 0 terms for R b , Cs , and Sr are 1 .3x l0 - 3 , 6 . 5 x l 0 - 4 , and 9 . 2 x l 0 - 4 

moles cm 3 , respectively. 
A n addit ional assumption is that diffusion is independent of other 

species in the glass matr ix . Th is cannot be str ic t ly true because 
interdiffusion of at least one addit ional species is necessary to ma in ta in 
charge balance w i th in the glass. Sodium is most l ikely to be the dominant 
interdiffusion ion, as has been demonstrated for Sr and Cs diffusion i n rhy-
olite glass at higher temperatures (10) and as supported by rapid release 
rates of N a to solut ion found in {he present study. Codiffusion of 
hydron ium and alkal i ions are ignored in the model. 

The interdiffusion coefficient, Dj, between Cs and N a for example, can 
be defined by the Nernst -P lank Equat ion , 

D, = D C s D N a [ N C s - N N a ] / N C s - D C s + N N a - D N a (3) 
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where D N „ and D C s are the self-diffusion coefficients and N N a and N C s are 
the mole Tractions of each component. If the concentration of one com
ponent, as in the case of Cs in obsidian, is much less than that of the 
other component, N a , then Equat i on 3 wi l l reduce to D; ~ D C s so that the 
interdiffusion coefficient is approximated by the self-dinusion coefficient of 
the trace component. Th is relationship permits the direct calculat ion of 
the self-diffusion coefficients of R b , Cs , and Sr l isted in Table II from 
Equat i on 2. 

Table II. Diffusion Coefficients for A l k a l i Elements in Obs id ian 
(cm 2 -s _ 1 ) 

T , ° C D T , ° C D 

R b 25 
50 
75 

l.oxio ; j 
4.7x10 on 
3 . 1 x l 0 ' - u 

Cs 25 
50 
75 

Sr 25 

1.2x10 ii 
8.1x10 "«π 
5.6x10 9 9 
9 . 7 x 1 0 " o f 

The diffusion coefficients in Table II can be compared^ w i th penetration 
depths measured by X P S profil ing through the relationship (9), 

= e r f c — ( 4 ) 
C 0 2\/Dt V ' 

where C is the concentration (moles-cm - 3 ) at some depth χ (cm) beneath 
the surface. Ces ium profiles measured at 25°, 50°, and 75°C in obsidian 
are given in Figure 6. Superimposed on them is the calculated profiles 
based on Equat i on 4 w i th the boundary conditions x = 0 when C = C G . A s 
indicated in the figure, the measured and calculated penetration depths are 
in reasonably good agreement, support ing the above diffusion model. 

The temperature dependence of the diffusion coefficients can be 
described by the conventional form of the Arrhenius expression, 

logD = l o g D 0 - - A (5) 

where E^/is the act ivat ion energy (kJ-moles - 1 ) , R is the universal gas con
stant, Τ is the absolute temperature J ( °K ) , and D 0 is the preexponential 
term ( cm 2 , s _ 1 ) . The act ivat ion energy for diffusion in a lkal i glasses con
sists of two terms (H ) : (1) the dissociation energy in the breaking of bonds 
w i t h the non-bridging oxygen ions and (2) the kinetic energy involved in 
movement or diffusion. The act ivat ion energy and D 0 correspond to the 
respective slope and intercept of the plots of log D versus T - 1 shown in 
F igure 7 and tabulated in Table III. 
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Take-Off Angle 

Figure 5. Concentrat ion ratio of Cs to Si in obsidian as a funct ion of 
analyt ical X P S take-off angles. 

ο 

Depth Beneath Surface,A 

Figure 6. Compar ison of X P S depth profiles for Cs in obsidian at 
various temperatures (broken lines) w i th predicted penetration 
depths based on profiles calculated by Equat i on 4 (solid lines). 
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Table III. Ca lculated Ac t i va t i on Energies and Intercepts 

R b 
Cs 
Sr 

C o m p a r i s o n s w i t h h i g h t e m p e r a t u r e d i f fus ion s tud i e s 

The preceding data, though l imited in nature, represent one of the first 
attempts to measure solid state diffusion rates of a lkal i elements into the 
near-surface region of feldspars and natural glasses at low temperature. 
A s such, interesting comparisons can be made w i th diffusion coefficients 
and act ivat ion energies calculated from numerous high temperature iso
tope and tracer diffusion studie

Such comparisons fo
shown in F igure 7. The sol id lines are high temperature measurements 
and the dashed lines Arrhenius extrapolations to lower temperatures. 
Diffusion coefficients for R b in glass measured in this study fal l w i th in the 
range of extrapolated values shown in Figure 7. S imi lar results have been 
found for N a (3). The wide range in extrapolated values is due pr inc ipal ly 
to differing experimental glass compositions, and to the associated mixed 
a lka l i effect wh ich influences diffusion rates i l l ) . Ext rapo la ted diffusion 
rates for R b in K-fe ldspar (line 5, F igure T) at low temperature are 
extremely smal l wh ich may explain the lack of observed R b diffusion in 
the present study. 

The measured Cs and Sr diffusion coefficients shown in F igure 7 are 
comparable to R b but are more than an order of magnitude larger than 
the extrapolated high-temperature data extrapolated to between 25 and 

The act ivat ion energies calculated in the l iterature (11-22] for high 
temperature a lkal i metal diffusion in crystall ine and classy silicates are 
shown in F igure 8. The wide ranges in apparent energies are i n part due 
to differing compositions and methods of diffusion measurement. In gen
eral act ivat ion energies increase w i t h ionic radius of an element. F o r a 
specific a lka l i , the act ivat ion energy is greater i n the crystall ine silicates 
than in the glass. 

D i s c u s s i o n 

Differences in diffusion rates between a lka l i glasses and crystall ine silicates 
such as feldspars are not unexpected due to significant s tructura l 
differences. A l k a l i metal glasses have been shown to a six-member si l icon-
oxygen ring structure comparable to t r idymite while feldspars exhibit a 
four-member r ing structure (23). Th is structural difference ^ is^ in part 
responsible for the significantly lower density i n chemically s imi lar glass 
and feldspar. F o r example, albite glass has a reported density of 2.38 com
pared to an albite feldspar density of 2.62 (24). 

The more open structure and lower density in glass decreases the ionic 
bonding strength as well as the act ivat ion energy of a lka l i diffusion. In 
addi t ion, the glass structure permits a large number of defect structures, 
reportedly up to 1 0 2 1 per c m 3 (11), compared to negligible defects i n cry
stall ine feldspars. Such defects serve as significant pathways for a lka l i 
metal diffusion. 

100°C. 
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Figure 7. Arrhenius plots of diffusion coefficients for R b , Cs , and Sr. 
Sol id lines are high temperature data (numbers are l iterature refer
ences). Dashed lines are extrapolated coefficients based on Equa t i on 
5. Open circles are from this study. 

F igure 8. Apparent diffusion act ivat ion energies of a lkal i metals as a 
function ionic rad i i . D a t a are from this study and cited references. 
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The act ivat ion energies calculated for R b , Cs and Sr i n the present 
s tudy (Table III and Figure 8) are considerably lower than those calculated 
for high temperature diffusion in both crystall ine and glass silicates. Th is 
discrepancy in the latter case implies that the glass matr ix may be 
signif icantly different in high and low temperature diffusion studies. 

A surface peak effect has been observed during R b and Sr diffusion in 
vitreous si l ica (13). Such large near-surface concentrations are postulated 
to result from the exposure at the glass surface of a greater number of 
interstices or defects over wh ich diffusion can occur. Th is would lead to 
steep penetration curves observed in some X P S profiles of glass. 

O f potential ly greater significance is surface hydrat ion wh ich occurs 
concurrently w i t h a lka l i diffusion at relatively low temperature. The aver
age act ivat ion energy of water diffusion in obsidian can be estimated at 
7 5 k J between 95° and 245°C (25). A nuclear resonance hydrat ion profile 
of obsidian at 25°C has yielded a diffusion coefficient of 5 x l 0 - 2 0 c m 2 - s - 1 

(26) . Compar ison w i t h a lka l i diffusion coefficients and act ivat ion energies 
reported in the present study indicates that a hydrat ion front most l ike ly 
precedes the diffusion of R b , Cs and Sr into the glass surface. 

The incorporat ion of two to five weight percent of water into glass 
(27) tends to break oxygen-bridge
which increases the numbe
penetration of large ions such as Cs , R b , and Sr. The larger act ivat ion 
energies reported from high-temperature studies involv ing R b , Cs and Sr 
tracer or isotopic exchange can be explained by the absence of water i n the 
experiments and the lack of a hydrated glass matr ix . 

The influence of hydrat ion on alkal i metal diffusion rates appears to 
decrease w i t h ionic ratio as shown by a closer correlation between high-
and low-temperature diffusion data (Figure 7) and act ivat ion energies (Fig
ure 8) for R b relative to Cs . Measured N a diffusion coefficients in 
hydrated obsidian at 25°C can be accurately reproduced by extrapolat ion 
of high temperature diffusion rates for nonhydrated obsidian (3) indicat ing 
that diffusion rates of smaller ions such as sodium are not affected by the 
hydrat ion process. 

The fact that most natura l glasses in contact w i t h water are either 
part ia l ly or tota l ly hydrated implies that larger a lkal i ions such as R b , Cs 
and Sr may penetrate deeper into glass surfaces than previously indicated 
from extrapolat ion of higher temperature tracer or isotopic diffusion exper
iments. Such uptake could have significant impl icat ions in predict ing the 
transport and retardat ion rates of radioactive isotopes of heavy a lkal i ele
ments in basalt and tuff aquifers wh ich contain abundant glass. The study 
supports the conclusion that sol id state diffusion is not significant i n cry
stall ine silicate minerals at ambient temperature. 
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Mechanisms and Rate Laws in Electrolyte Crystal 
Growth from Aqueous Solution 

Arne E. Nielsen 
Medicinsk-Kemisk Institut, Panum Institute, University of Copenhagen, Blegdamsvej 3, 
DK-2200 Copenhagen N, Denmark 

When electrolyte crystals grow in an aqueous solution 
with a surface controlled rate following a parabolic 
or an exponential  law  th  rate-determinin
is the integratio
steps. The integration rate constant, or frequency, 
is about one-thousandth of the dehydration frequency 
of the cations. The factor, 10-3, is assumed to be 
due to diffusion activation energy. Both the rate laws 
and the absolute rates observed can be accounted for 
by calculating the kink density by classical methods, 
and estimating the adsorption equilibrium constants by 
means of the ion pair stability constants. The calcu
lated and the observed rates mostly agree within one 
order of magnitude. The rate-determining mechanism 
for crystal growth may change between several surface 
processes and transport processes (diffusion and 
convection in the liquid phase) when the concentration 
or the particle size is varied. 

In geochemistry, as i n chemistry i n general, a phenomenon i s not 
considered as completely understood u n t i l the e s s e n t i a l e m p i r i c a l 
features of the phenomenon (such as, f o r instance, i t s k i n e t i c s ) are 
accounted f o r i n terms of a reasonable molecular mechanism, convin
c i n g l y v e r i f i e d by experimental t e s t s . Geochemistry deals p r i m a r i l y 
with c r y s t a l l i n e bodies, many of which are e l e c t r o l y t e s that have 
c r y s t a l l i z e d from aqueous s o l u t i o n . The molecular mechanisms of these 
c r y s t a l l i z a t i o n processes are therefore of great importance f o r the 
understanding of geochemical processes taking place i n nature. 

When a c r y s t a l i s growing i n a s o l u t i o n two groups of processes 
are always taking place, transport processes b r i n g i n g the d i s s o l v e d 
growth u n i t s (ions or molecules) from bulk of the s o l u t i o n up to 
the c r y s t a l surface, and surface processes t r a n s f e r r i n g the a r r i v i n g 
growth u n i t s to the l a t t i c e p o s i t i o n s (1-3) . With some s i m p l i f i c a 
t i o n s we may describe the s i t u a t i o n i n the way that the concentration 
of the growth u n i t s i s c i n the bulk s o l u t i o n and c' i n the s o l u t i o n 
j u s t outside the c r y s t a l surface and any adsorption l a y e r . The t o t a l 
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d r i v i n g force f o r c r y s t a l l i z a t i o n , ( c - c s ) , where c s i s the s o l u b i l i t y , 
i s d i v i d e d i n the d r i v i n g f o r c e (c-c') f o r the transport processes 
and (c'-c s) f o r the surface processes (1-3). The s i m p l i f i c a t i o n s made 
are 1), n e g l e c t i n g that the d i f f e r e n t ions may have d i f f e r e n t , per
haps even non-equivalent concentrations i n the s o l u t i o n , and 2), 
neg l e c t i n g that the concentration very c l o s e to a growing c r y s t a l 
may vary along the surface. 

Rate Control 

If c s « c' << c most of the t o t a l d r i v i n g force i s used on the 
trans p o r t processes - the surface processes presenting no r e s i s t a n c e . 
In that case the growth r a t e i s t r a n s p o r t c o n t r o l l e d : A moderate 
change of the d i f f u s i o n c o e f f i c i e n t or of the l i q u i d flow rate 
r e l a t i v e to the p a r t i c l e s would change the growth r a t e corresponding
l y , but a change of the k i n e t i c constants of the surface process 
would not infl u e n c e the growth r a t e p e r c e p t i b l y . 

Analogously, i f c
c o n t r o l l e d . See Figure 1

In general c and c s y
or impossible to determine experimentally. But c 1 may be eliminated 
by mathematical methods, or one may conclude t h a t c' c s or c' « c. 
We define the l i n e a r growth r a t e v g as the l i n e a r v e l o c i t y of d i s 
placement of a c r y s t a l face r e l a t i v e t o some f i x e d p o i n t i n the 
c r y s t a l . V g may be known as a f u n c t i o n of c and c', der i v e d from the 
theory of transport c o n t r o l , and as a f u n c t i o n of c' and c s as w e l l , 
d e r i v e d from the theory of surface c o n t r o l . Then c 1 may be e l i m i n a t 
ed by equating the two mathematical expressions 

f T ( c , C ) = f s < c ' , c s ) (1) 

s o l v i n g t h i s equation, and i n s e r t i n g i n f T and f s {2) . This procedure 
may be re l e v a n t i n the general case c s « c 1 « c, see Figure 1, but 
i n most cases only one of the mechanisms i s rate-determining. T h i s 
may be t e s t e d by i n s e r t i n g the t o t a l d r i v i n g force i n each of the 
expressions, which means l e t t i n g c' = c s i n f<p and c* = c i n f g . I f 
t h i s leads t o e s s e n t i a l l y d i f f e r e n t values of f T and f s the smaller 
value w i l l be a good approximation to the r e a l growth r a t e , and the 
corresponding mechanism (T or S) w i l l be rate-determining, (the " b o t t l e 
neck" e f f e c t ) . 

Transport C o n t r o l l e d K i n e t i c s 

We s h a l l mainly discuss the growth of small c r y s t a l s suspended - i f 
necessary by s t i r r i n g - i n an aqueous s o l u t i o n . I t i s assumed that 
the average distance between each p a r t i c l e and the nearest other 
p a r t i c l e i s of the order of s e v e r a l p a r t i c l e diameters, a t l e a s t , so 
that i t i s meaningful t o define the bulk concentration as the l i m i t 
of c(x) f o r χ -> oo, χ being the distance from the p a r t i c l e observed. 
If t h i s c o n d i t i o n i s not f u l f i l l e d the s o l u t i o n of the d i f f u s i o n 
problem d e s c r i b i n g the concentrations as a f u n c t i o n of the three 
space coordinates (x,y,z) and of time (t) i s more complicated. But 
i t i s always p o s s i b l e to solve the problem even i f the p a r t i c l e touch 
each other, as i n a s o i l . In general c(x,y,z,t) i s a s o l u t i o n to 
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C(X)A 
c» j surface control (c'= c ) 

t distance from center 
surface 

F i g u r e 1. T h e c o n c e n t r a t i o n , c ( x ) o f t h e s o l u t e a s a f u n c t i o n 
o f t h e d i s t a n c e , χ f r o m t h e c r y s t a l c e n t e r . 
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F i c k ' s d i f f u s i o n l a w s , d e p e n d i n g o n t h e s h a p e o f t h e l i q u i d a s 
d e t e r m i n e d b y t h e p a r t i c l e s u r f a c e s (j. , 3 1 - 3 3 ) . H o w e v e r , i n s u c h 
s y s t e m s t h e r a t e o f d e p l e t i o n o f a s u p e r s a t u r a t e d s o l u t i o n by d i f f u 
s i o n c o n t r o l l e d g r o w t h w o u l d be v e r y f a s t , a n d i f t h e r a t e i s a c t u a l 
l y s l o w ( m e a s u r a b l e ) t h e r a t e c o n t r o l i s l i k e l y t o b e a s u r f a c e 
p r o c e s s . 

I n t h e f o l l o w i n g we s h a l l d e s c r i b e t h e c r y s t a l s a s i f t h e y were 
s p h e r e s w i t h t h e v o l u m e s o f t h e a c t u a l c r y s t a l s . T h i s w i l l f a c i l i t a t e 
t h e c a l c u l a t i o n c o n s i d e r a b l y . I n t h i s way e a c h p a r t i c l e i s a s c r i b e d 
a w e l l - d e f i n e d r a d i u s e v e n i f i t i s n o t s p h e r i c a l . The a p p r o x i m a t i o n 
o f s p h e r e s w i l l be s u f f i c i e n t f o r o u r p u r p o s e s u n l e s s t h e p a r t i c l e s 
a r e n e e d l e s , t h i n p l a t e s o r s i m i l a r e x t r e m e l y n o n - s p h e r i c a l o b j e c t s . 

D i f f u s i o n . The t r a n s p o r t p r o c e s s may c o n s i s t o f two p a r t s , d i f f u s i o n 
a n d c o n v e c t i o n . When t h e l i q u i d i s s t a g n a n t a n d r e s t i n g r e l a t i v e t o 
t h e p a r t i c l e t h e t r a n s p o r t i s done by d i f f u s i o n o n l y . A s t e a d y s t a t e 
i s q u i c k l y e s t a b l i s h e d i n t h e s o l u t i o n a r o u n d t h e p a r t i c l e ( 4 ) . 
( S t r i c t l y i t i s a q u a s i - s t e a d
(_5) ) . A t t h e p a r t i c l e s u r f a c
e q u a l t o ( c - c s ) / r , w h i c h l e a d s t o t h e g r o w t h r a t e 

d r DV ( c - c ) 

ν s — = — — = k (S -1 ) (2) 
g d t r D 

where r i s t h e ( d e f i n e d ) r a d i u s o f t h e p a r t i c l e , D i s t h e d i f f u s i o n 
c o e f f i c i e n t , a n d V m t h e m o l a r v o l u m e o f t h e c r y s t a l l i n e m a t e r i a l . 
F o r s m a l l i o n s i n w a t e r a t 25 ° C one may e s t i m a t e D « 10~^m^/s . V m 

i s u s u a l l y c a l c u l a t e d a s M/p where M = m o l a r mass ( m o l e c u l a r w e i g h t ) 
a n d ρ = d e n s i t y o f t h e c r y s t a l l i n e m a t e r i a l , s o t h a t V m ( c - c s ) i s 
d i m e n s i o n l e s s , c b e i n g t h e m o l a r c o n c e n t r a t i o n i n t h e b u l k o f t h e 
s o l u t i o n . 

P a r t i c l e s m o v i n g s u f f i c i e n t l y s l o w l y i n a g e n t l y s t i r r e d s o l u 
t i o n f o l l o w E q u a t i o n 2 . T h i s a p p l i e s t o s m a l l p a r t i c l e s ( r < c a . 5 ym, 
s e e n e x t s e c t i o n ) f a l l i n g ( s e d i m e n t i n g ) due t o g r a v i t y . 

E q u a t i o n 2 d e s c r i b e s t h e g r o w t h o f e a c h i n d i v i d u a l p a r t i c l e 
when i t s g r o w t h r a t e i s d e t e r m i n e d b y t h e d i f f u s i o n o f t h e s o l u t e 
f r o m t h e b u l k o f t h e s o l u t i o n t o t h e p a r t i c l e s u r f a c e . T h e t o t a l 
c o n s u m p t i o n o f s o l u t e f r o m t h e s o l u t i o n may be o b t a i n e d b y e x p r e s s i n g 
t h e g r o w t h r a t e a s d n / d t = V ^ d V / d t = V " 1 - 4 7 T r 2 d r / d t , a n d a d d i n g t h e 
v a l u e s o f d n / d t f o r a l l t h e p a r t i c l e s . T h i s i s s i m p l e s t f o r a m o n o -
d i s p e r s e s u s p e n s i o n , b u t may a l s o be done f o r a p o l y d i s p e r s e s y s t e m . 
See R e f e r e n c e (_3) , p age 3 0 1 , a n d ( 34 ,35 ) . 

C o n v e c t i o n . L a r g e r p a r t i c l e s f a l l so r a p i d l y t h a t t h e l i q u i d f l o w 
i n c r e a s e s t h e c o n c e n t r a t i o n c l o s e t o t h e p a r t i c l e , w h i c h l e a d s t o ((5) 

DV ( c - c ) DV ( c - c ) 
v g = · F ^ -s * k T ( S - l ) (3) 

where F i s t h e f a c t o r by w h i c h t h e g r o w t h r a t e i n c r e a s e s , a n d 6 = r / F 
i s c a l l e d t h e t h i c k n e s s o f t h e d i f f u s i o n l a y e r o r o f t h e u n s t i r r e d 
l a y e r (6J. F a n d 6 may be e s t i m a t e d a s f o l l o w s (_5) f o r 0 < P e * < 3 0 0 , 
1 < F < 5 
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P e * == 2g r Δρ/9ϋη (4) 

F = (1+Pe*) 
0 . 2 8 5 

(5) 

<S = r / F (6) 

where g = a c c e l e r a t i o n o f g r a v i t y = 9 . 8 1 m z / s , Δρ = d e n s i t y d i f f e r e n 
c e p a r t i e l e - l i q u i d , a n d η t h e v i s c o s i t y o f t h e l i q u i d « 8 . 9 x l 0 ~ 4 Pa s 
a t 25 ° C a n d l . O O x l O " 3 P a s a t 20 ° C . P a r t i c l e s may be r e g a r d e d a s 

0 285 
s m a l l i n t h i s r e s p e c t when P e * < 1. F o r P e * = 1 we h a v e F = 2 
1.22 a n d , f o r Δρ = 2000 k g / m 3 = 2 g / c m 3 , r = ( 9 D n / 2 g A p ) * / 3 = 6 ym a n d 
ό = v / F = 5 ym. E q u a t i o n (5) i s a s sumed t o be v a l i d a t l e a s t t o 
P e * = 300 (_5) . F o r t h i s v a l u e we h a v e r = 40 ym, F = 5 .1 a n d 6 = 8 ym. 
As <5 v a r i e s v e r y l i t t l e f o r P e * > 1 we may u s e t h e r u l e o f thumb , 
δ « r f o r r S 10 ym; 6 = 10 ym f o r r > 10 ym. 

T r a n s p o r t - S u r f a c e C o n t r o l D i s c r i m i n a t i o n . When t h e p a r t i c l e s a r e 
s m a l l e r t h a n r « 5 ym, m o d e r a t
o n t h e g r o w t h r a t e b e c a u s
s o l u t i o n . B u t when r > 5 ym, o r a t i n t e n s e s t i r r i n g , t h e g r o w t h r a t e 
w i l l i n c r e a s e w i t h i n c r e a s i n g s t i r r i n g r a t e . T h i s e f f e c t h a s o f t e n 
b e e n u s e d f o r d i s c r i m i n a t i n g b e t w e e n " d i f f u s i o n " (mean ing " t r a n s p o r t " ) 
c o n t r o l a n d s u r f a c e c o n t r o l . F o r s m a l l c r y s t a l s t h i s i s n o t a r e l e 
v a n t c r i t e r i o n . T h e b e s t way t o d e c i d e i f t r a n s p o r t i s r a t e c o n t r o l 
l i n g i s t o c a l c u l a t e t h e t h e o r e t i c a l g r o w t h r a t e , a s s u m i n g t h a t i t 
i s t r a n s p o r t c o n t r o l l e d , a n d compare i t w i t h t h e e m p i r i c a l r a t e (_2) . 
I f t h e l a t t e r i s e s s e n t i a l l y s m a l l e r t h a n t h e f o r m e r t h e r a t e mus t 
be s u r f a c e c o n t r o l l e d , a n d o t h e r w i s e i t i s t r a n s p o r t c o n t r o l l e d . 
T h e r e a r e o f c o u r s e i n t e r m e d i a t e c a s e s where t h e r a t e i s o f t h e 
o r d e r o f t h e t r a n s p o r t c o n t r o l l e d r a t e , b u t somewhat l e s s , a n d i t 
i s p o s s i b l e t o t r e a t t h e s e c a s e s more d e l i c a t e l y t h a n by c h o o s i n g 
one o f t h e e x t r e m e s ( 1 - 3 , 7 , 8 ) . 

S u r f a c e C o n t r o l l e d K i n e t i c s 

The s u r f a c e p r o c e s s e s may c o m p r i s e a d s o r p t i o n , s u r f a c e m i g r a t i o n 
( a c r o s s t e r r a c e s o r a l o n g s t e p s ) , d e h y d r a t i o n o f i o n s , a n d i n t e g r a 
t i o n i n t h e g r o w t h s i t e s w h i c h a r e a s sumed t o be k i n k s i n s u r f a c e 
s t e p s . Any o f t h e s e p r o c e s s e s may b e r a t e c o n t r o l l i n g , e i t h e r a l o n e 
o r s e v e r a l t o g e t h e r ( 1 0 - 1 1 ) . 

A s i n g l e a d s o r b e d i o n i s o n l y b o n d e d i n one d i r e c t i o n , w h e r e a s 
a n i o n i n a k i n k i s b o n d e d i n t h r e e d i r e c t i o n s . G r o w t h i s t h e r e f o r e 
l i k e l y t o p r o c e e d t h r o u g h a d d i t i o n o f g r o w t h u n i t s ( m o l e c u l e s o r 
i o n s ) a t k i n k s . 

M o d e r a t e l y a n d v e r y s o l u b l e e l e c t r o l y t e s o f t e n grow b y a l i n e a r 
r a t e l aw ( 9 , 1 0 ) . I n some c a s e s t h e r a t e s a g r e e w i t h t h e r a t e s c a l c u 
l a t e d f o r t r a n s p o r t c o n t r o l ( E q u a t i o n s 2 a n d 3 ) . I n o t h e r c a s e s t h e 
r a t e i s s i g n i f i c a n t l y s m a l l e r t h a n c o r r e s p o n d i n g t o t r a n s p o r t c o n t r o l , 
a n d one may c o n c l u d e t h a t t h e g r o w t h i s s u r f a c e c o n t r o l l e d . A l i n e a r , 
s u r f a c e c o n t r o l l e d r a t e l aw may be e x p l a i n e d b y a s s u m i n g t h a t i o n 
a d s o r p t i o n i s a s l o w , r a t e - d e t e r m i n i n g s t e p w h e r e a s s u r f a c e m i g r a t i o n 
a n d i n t e g r a t i o n a t g r o w t h s i t e s a r e r e l a t i v e l y f a s t s t e p s . We f i n d , 
h o w e v e r , t h a t more e v i d e n c e i s n e e d e d b e f o r e t h i s m e c h a n i s m may be 
r e g a r d e d a s s u f f i c i e n t l y v e r i f i e d . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



29. N I E L S E N Mechanisms and Rate Laws in Electrolyte Crystal Growth 605 

S u r f a c e N u c l e a t i o n C o n t r o l . B e f o r e 1949 t h e o n l y c r y s t a l g r o w t h 
m e c h a n i s m d i s c u s s e d i n l i t e r a t u r e was t h e s u r f a c e n u c l e a t i o n m o d e l 
where s u r f a c e n u c l e i were a s s u m e d t o f o r m o n a p e r f e c t f a c e o f t h e 
c r y s t a l ( 4 , 1 2 - 1 4 ) . A f a c e w i t h s m a l l g r o u p s o f a d s o r b e d g r o w t h u n i t s 
( s u b c r i t i c a l n u c l e i ) p r e s e n t s a h i g h e r f r e e e n e r g y t h a n a p e r f e c t 
f a c e , due t o what may f o r m a l l y be c a l l e d t h e f r e e e n e r g y o f t h e 
v e r t i c a l w a l l s o f t h e g r o u p . D e p e n d i n g on t h e c o n c e n t r a t i o n (c > c s ) 
a c e r t a i n s i z e o f t h e g r o u p i s j u s t s t a b l e (a c r i t i c a l n u c l e u s ) a n d 
a n y l a r g e r s u r f a c e n u c l e i w i l l g row . On s m a l l c r y s t a l s o r a t a l ow 
d e g r e e o f s u p e r s a t u r a t i o n , e a c h s u r f a c e n u c l e u s a b o v e t h e c r i t i c a l 
s i z e w i l l grow u n t i l i t c o v e r s t h e p e r f e c t f a c e r i g h t t o t h e e d g e s , 
a n d a new s u r f a c e n u c l e u s mus t f o r m b e f o r e t h e g r o w t h c a n c o n t i n u e 
( 1 , 1 5 ) . T h i s m e c h a n i s m h a s b e e n o b s e r v e d , b u t o n l y i n v e r y r a r e c a s e 
( e . g . s i l v e r m e t a l (16)) a n d i t i s n o t t y p i c a l f o r e l e c t r o l y t e 
c r y s t a l g r o w t h . I n p r o b a b l y a l l c a s e s o f s u r f a c e n u c l e a t i o n c o n t r o l 
l e d g r o w t h , many s u r f a c e n u c l e i a r e g r o w i n g a t t h e same t i m e , a n d 
e a c h m o l e c u l a r l a y e r o f t h e c r y s t a l i s " h i s t o r i c a l l y " c o m p o s e d o f 
many i n t e r g r o w n n u c l e i .
t h e t h e o r y o f n u c l e a t i o
d i f f e r i n d e t a i l s . As a n e x a m p l e o f t h e k i n e t i c e q u a t i o n f o r t h e 
l i n e a r g r o w t h r a t e we may q u o t e (10) 

ν = k - F ( S ) - e x p [ - K / ( I n S ) ] (7) 
g e e 

where 

4/3 
k = 2 a v . (c y ) e x p ( - γ / k T ) (8) 

e i n s , a d m 

K
e
 = π Ύ 2 / 3 ^ Τ 2 (9) 

F ( S ) = S 7 / 6 ( S - l ) 2 / 3 ( l n S ) 1 / 6 (10) 

a = mean i o n i c d i a m e t e r 

= i n t e g r a t i o n r a t e c o n s t a n t ( o r f r e q u e n c y ) 

c ^ = c o n c e n t r a t i o n i n t h e a d s o r p t i o n l a y e r , 
s e e E q u a t i o n 12 

S u r f a c e S p i r a l S t e p C o n t r o l . Many c r y s t a l s g row f a s t e r a t s m a l l 
s u p e r s a t u r a t i o n t h a n a l l o w e d b y E q u a t i o n 7 . T h i s l e a d F r a n k (17) t o 
s u g g e s t t h a t s t e p s may a l s o o r i g i n a t e f r o m t h e p r e s e n c e o f a s c r e w 
d i s l o c a t i o n , a n d t h a t t h i s k i n d o f s t e p s i s n o t d e s t r o y e d b y s p r e a d 
i n g t o t h e c r y s t a l e d g e , b u t c o n t i n u e s i n f i n i t e l y . The r a t e l aw 
a c c o r d i n g t o t h i s t h e o r y i s p a r a b o l i c ( 7 ) . We s h a l l u s e t h e f o l l o w i n g 
v e r s i o n o f t h e k i n e t i c e q u a t i o n (10) 

O . l a v . c , V ( S - 1 ) 2 

v = i n s ' a d m = k ( S - l ) 2 (11) 
9 ( y / k T ) e x p ( y / k T ) 

where γ i s t h e ( f r e e ) e n e r g y p e r g r o w t h u n i t i n a s t e p . U s i n g t h e 
f o r m a l i t y o f t h e s u r f a c e t e n s i o n σ i n t h e v e r t i c a l s t e p s u r f a c e , 
γ = a 2 c . I n E q u a t i o n (11) one o f t h e f a c t o r s (S -1 ) comes f r o m t h e 
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n e t f l u x ( g r o w t h u n i t s p e r u n i t t i m e ) i n t o e a c h k i n k w h i c h v a r i e s 
l i n e a r l y w i t h c a ( ^ a n d becomes z e r o f o r S = 1 ( s o l u b i l i t y e q u i l i b r i u m ) . 
T h e o t h e r f a c t o r ( S - l ) a n d t h e d e n o m i n a t o r come f r o m t h e k i n k d e n s i t y 
w h i c h i s p r o p o r t i o n a l t o ( S - l ) / [ ( γ / k T ) e x p ( γ / k T ) ] . 

S u r f a c e n u c l e a t i o n a n d t h e s u r f a c e s p i r a l m e c h a n i s m a r e p a r a l l e l 
m e c h a n i s m s . C o n s e q u e n t l y t h e g r o w t h r a t e w i l l be e q u a l t o t h e sum o f 
t h e r a t e s o f t h e s e two m e c h a n i s m s , a n d i n e x t r e m e c a s e s a p p r o x i m a t e l y 
e q u a l t o t h e r a t e o f t h e f a s t e r one among t h e m . 

T h i s s h o u l d be c o m p a r e d w i t h t h e d i s c u s s i o n o f E q u a t i o n 1 where 
we c o n c l u d e d t h a t when t r a n s p o r t a n d s u r f a c e p r o c e s s e s a r e " c o m p e t i n g " 
f o r t h e r a t e c o n t r o l , t h e s l o w e r one w i l l be r a t e - c o n t r o l l i n g . 

E s t i m a t e s o f P a r a m e t e r s 

I n b o t h t h e e q u a t i o n s f o r s u r f a c e c o n t r o l l e d g r o w t h r a t e s we f i n d 
t h r e e p a r a m e t e r s w h i c h a r e n o r m a l l y n o t known f r o m m a c r o s c o p i c 
m e a s u r e m e n t s , n a m e l y c , , γ a n d ν 

2 a

The A d s o r p t i o n L a y e r C o n c e n t r a t i o n
t h e c o n c e n t r a t i o n o f t h e c o n s t i t u e n t i o n s i n t h e a d s o r p t i o n l a y e r . 
B u t i t h a s b e e n s u g g e s t e d t h a t c ^ may be c a l c u l a t e d b y means o f t h e 
L a n g m u i r e q u a t i o n ( 1 0 , 1 8 , 1 9 ) 

Κ c 
(« K^c f o r 1 0 V _ K _ ^ c « l ) (12) 

a d 1+10V K , c a d m a d 
m a d 

where t h e a d s o r p t i o n e q u i l i b r i u m c o n s t a n t Κ may be e s t i m a t e d f r o m 
t h e i o n p a i r s t a b i l i t y c o n s t a n t K^., a 

[XY] 
= Κ (13) 

[ X ] [ Y ] " 

where X a n d Y a r e t h e c a t i o n a n d t h e a n i o n , r e s p e c t i v e l y , o f t h e 
g r o w i n g c r y s t a l . T h e r e s u l t o f t h e d i s c u s s i o n i s t h a t 

Κ , « Q K T (14) 
a d I 

where Q = 5000 m o l / m 3 f o r 1,1 e l e c t r o l y t e s , 500 f o r 1,2 a n d 2 , 1 
e l e c t r o l y t e s , a n d 200 m o l / m 3 f o r 2 , 2 e l e c t r o l y t e s . I o n p a i r s t a b i l i t y 
c o n s t a n t s a r e r o u g h l y e q u a l f o r a l l i o n p a i r s o f t h e same c h a r g e t y p e . 
The f u n d a m e n t a l a s s u m p t i o n i n t h e t h e o r y o f t h e Q - f a c t o r s i s , t h a t 
t h e f o r c e b e t w e e n a n e l e c t r o l y t e c r y s t a l a n d an i o n a d s o r b e d t o i t 
i s t h e same a s t h e f o r c e b e t w e e n t h e two i o n s o f an i o n p a i r c o n s i s t 
i n g o f t h e a d s o r b e d i o n a n d t h e i o n i n t h e c r y s t a l s u r f a c e a t t h e 
a d s o r p t i o n s i t e . The Q - f a c t o r s a c c o u n t f o r t h e d i f f e r e n t p o s s i b l e 
ways o f a r r a n g i n g t h e two i o n s a n d t h e i r h y d r a t i o n w a t e r m o l e c u l e s 
i n t h e a d s o r p t i o n s i t u a t i o n , a n d i n t h e i o n p a i r s i t u a t i o n (_18*J_9) . 
A s a v e r a g e v a l u e s one may t a k e K j = 0 . 0 0 2 , 0 . 0 6 , a n d 1 m 3 / m o l , 
r e s p e c t i v e l y . T h e s e e s t i m a t e s f o r Q a n d K j g i v e f i n a l l y (18) 

Î 10 f o r 1,1 e l e c t r o l y t e s (as K C l ) "1 
30 f o r 1,2 a n d 2 ,1 e l e c t r o l y t e s (as Κ SO a n d B a C l ) M l 5 ) 
200 f o r 2 , 2 e l e c t r o l y t e s (as BaSO ) J 
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These values of are assumed to be good w i t h i n f a c t o r s 0.2 to 5. 

I n t e r f a c i a l Tension. The i n t e r f a c i a l energy σ between a c r y s t a l and 
an aqueous s o l u t i o n cannot (at l e a s t i n general) be measured by 
macroscopic methods. But i t may be deduced from homogeneous nuclea
t i o n data (20-24). For the purpose of determining the edge energy 
γ = a 2 o one may e i t h e r take the i n d i v i d u a l value determined on the 
a c t u a l substance ( i f i t i s determined) or use the general c o r r e l a t i o n 
with the s o l u b i l i t y c g , expressed f o r instance by (10,18) 

c 

2.82 - 0.272 l n - (16) 
Ύ 
kT * Ί , 3 

mol /m 

The accuracy of t h i s equation was t e s t e d on 37 substances and was 
found to be b e t t e r than ί 20% f o r 57 per cent of the 37 substances. 
(This t e s t has not been published before, but the data used were 
published as Figure 4 i n Reference ( 10) ).. 

The Integration Rate Constant
v-ĵ n i s equal to the rate constant (or frequency) v ^ n of d i s s o c i a t i o n 
of a water molecule from the inner c o o r d i n a t i o n s h e l l of the hydrated 
c a t i o n (25,26). They found only p a r t i a l v e r i f i c a t i o n of t h i s hypothe
s i s because of too few data. I t has been shown subsequently t h a t i f 
a l l the estimates mentioned above are made, a considerable amount of 
c r y s t a l growth data may be explained (18,19) by estimating the i n t e 
g r a t i o n frequency as 

v. = 10~ 3u (17) i n dh 
where v ^ n i s the dehydration frequency of the cations (27-29). The 
f a c t o r 10~ 3 may be i n t e r p r e t e d as the Arrhenius f a c t o r exp(-E*/kT) 
f o r an ion making a d i f f u s i o n jump. Values of the dehydration 
frequencies of a l l metal ions of i n t e r e s t have been measured i n 
various ways (10). 

P r e d i c t i o n of Growth Rates 

From the above statements i t follows that i t should be p o s s i b l e to 
derive the growth k i n e t i c s and c a l c u l a t e the growth rate of uncontami-
nated e l e c t r o l y t e c r y s t a l s when the f o l l o w i n g parameters are known: 
molecular weight, density, s o l u b i l i t y , c a t i o n dehydration frequency, 
ion p a i r s t a b i l i t y c o e f f i c i e n t , and the bulk concentration of the 
s o l u t i o n (or the s a t u r a t i o n r a t i o ) . I f the growth rate i s transport 
c o n t r o l l e d , one s h a l l a l s o need the p a r t i c l e s i z e . In t a b l e I we 
have made these c a l c u l a t i o n s f o r 14 e l e c t r o l y t e s of common i n t e r e s t . 
For the s a t u r a t i o n r a t i o and p a r t i c l e s i z e we have chosen values 
t y p i c a l f o r the range where k i n e t i c experiments have been performed 
(29,30). The e m p i r i c a l r a t e s are given f o r comparison. 

For the c a l c u l a t i o n we used 

V = M/p ; a = (V / V L ) 1 / 3 (18/19) m m 
k = DV c / r ; k = DV c /<$ (20/21) D m s T m s 
6 = r f o r r < 10 ym and δ = 10 ym f o r r > 10 ym 
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ν — ν ( t r a n s p o r t c o n t r o l ) = k (S -1 ) (22) 
T g T 

K a d = Q - K l (23) 

o r , when K i s u n k n o w n , K i s e s t i m a t e d a c c o r d i n g t o E q u a t i o n 15; 
•L act 

(24) 
Κ ν c 

a d m s 
1+10 Κ J c S 

a d m s 

γ/kT ( E q u a t i o n 16) 

ψ s e x p 3= (25) 
kT ^ kT 

1 0 " 4 a v Φ 
k o = / / T m x 1 / i m N = 10 a v . . Φ/Ψ (26) 

2 ( γ / k T ) e x p ( γ / k T ) d h 

, 4 / 3 
0 . 0 0 2 - a v Φ"3 

k = , d * (28) 
e e x p ( γ / k T ) 

E(S) - e x p ( - f ( ^ ) 2 / l n s ) (29) 

F ( S ) = S 7 / 6 ( S - l ) 2 / 3 ( l n S ) 1 / 6 ( E q u a t i o n 10) 

v _ Ξ ν ( e x p o n e n t i a l r a t e law) = k E ( S ) F ( S ) (30) 
Λ g e 

T h e n l e t v g = t h e l a r g e r o f v p a n d v E , a n d l e t t h e r e s u l t i n g g r o w t h 
r a t e be Vg Ξ t h e s m a l l e r o f v g a n d ν·ρ. 

D i s c u s s i o n 

The s e t o f e q u a t i o n s r e s u l t i n g f r o m t h e t h e o r y h a s b e e n t e s t e d on 14 
e l e c t r o l y t e s f o r w h i c h e x p e r i m e n t a l g r o w t h r a t e s h a d b e e n m e a s u r e d . 
I n T a b l e I t h e o r e t i c a l r a t e s h a v e b e e n c a l c u l a t e d f o r c o n c e n t r a t i o n s 
i n t h e e x p e r i m e n t a l r a n g e , one c o n c e n t r a t i o n f o r e a c h o f t e n o f t h e 
e l e c t r o l y t e s a n d two f o r e a c h o f f o u r where s p e c i a l e f f e c t s h a d b e e n 
o b s e r v e d . I n a l l o f t h e 18 c a s e s t h e t h e o r y l e a d t o t h e c o r r e c t 
c o n c l u s i o n w h e t h e r t h e g r o w t h r a t e was c o n t r o l l e d b y t r a n s p o r t (1 
c a s e ) s u r f a c e p r o c e s s e s (15) o r b o t h t o g e t h e r (2 c a s e s ) . I n 16 c a s e s 
t h e r a t e c a l c u l a t e d was w i t h i n 0 . 0 1 a n d 100 t i m e s t h e m e a s u r e d r a t e , 
a n d i n 14 c a s e s b e t w e e n 0 , 1 a n d 10 t i m e s t h e e m p i r i c a l r a t e . T h i s 
r e s u l t s h o u l d be v i e w e d w i t h r e s p e c t t o t h e v a r i a t i o n o f t h e e m p i r i c a l 
r a t e f r o m 5 x 1 0 " ^ t o 10^ (a r a n g e o f 2 x l 0 7 ) . The o n l y s e r i o u s s h o r t 
c o m i n g s o f t h e t h e o r y were t h e p r e d i c t i o n o f a p a r a b o l i c r a t e l aw 
i n s t e a d o f an e x p o n e n t i a l one f o r S r F 2 a n d C a F 2 , a n d a d e v i a t i o n b y 
t h e f a c t o r 0 . 0 0 0 4 f o r A 1 F 3 * 3 H 2 0 . T h e a p p e a r a n c e o f an e x p o n e n t i a l 
( s u r f a c e n u c l e a t i o n ) r a t e l aw i n s t e a d o f a p a r a b o l i c ( s u r f a c e s p i r a l ) 
l aw may be a c o n s e q u e n c e o f a r a t h e r h i g h d e g r e e o f p e r f e c t i o n i n 
t h e c r y s t a l s . A n d t h e r e l a t i v e l y l a r g e d i s a g r e e m e n t i n t h e c a s e o f 
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A 1 F 3 ' 3 H 2 0 may p e r h a p s be a c o n s e q u e n c e o f t h e r a t h e r s p e c i a l ( n o t 
t y p i c a l l y " e l e c t r o l y t e " ) s t r u c t u r e o f t h e c r y s t a l s ( 3 0 ) . I n F i g u r e 2 
we have p l o t t e d ( l o g a r i t h m i c a l l y ) t h e t h e o r e t i c a l v a l u e s o f t h e r a t e 
c o n s t a n t s a s a f u n c t i o n o f t h e e m p i r i c a l v a l u e s , f o r t h e t e n s u b 
s t a n c e s o f T a b l e I w h i c h f o l l o w a p a r a b o l i c r a t e l a w . C o n s i d e r i n g 
t h e l a r g e r a n g e c o v e r e d (1 t o 10^) t h e a g r e e m e n t i s s a t i s f a c t o r y . 

C o n c l u s i o n 

We h a v e r e v i e w e d t o d a y ' s k n o w l e d g e o f t h e m e c h a n i s m s f o r g r o w t h o f 
e l e c t r o l y t e c r y s t a l s f r o m a q u e o u s s o l u t i o n : C o n v e c t i o n , d i f f u s i o n , 
a n d a d s o r p t i o n ( ? ) m e c h a n i s m s l e a d i n g t o l i n e a r r a t e l a w s , a s w e l l 
a s t h e s u r f a c e s p i r a l m e c h a n i s m ( p a r a b o l i c r a t e law) a n d s u r f a c e 
n u c l e a t i o n ( e x p o n e n t i a l r a t e l a w ) . A l l o f t h e s e m e c h a n i s m s may be o f 
g e o c h e m i c a l i m p o r t a n c e i n d i f f e r e n t s i t u a t i o n s . 

I t i s p o s s i b l e t o p r e d i c t , m o s t l y w i t h i n an o r d e r o f m a g n i t u d e , 
t h e g r o w t h r a t e o f a n e l e c t r o l y t e c r y s t a l g r o w i n g f r o m a q u e o u s 
s o l u t i o n a t 25 ° C , a n d i
t o p r e d i c t w h e t h e r t h e g r o w t
t h e s u r r o u n d i n g l i q u i d o r b y p r o c e s s e s i n t h e s u r f a c e o f t h e c r y s t a l . 
T h e t h e o r y i s n o t ( ye t ) p r e c i s e e n o u g h f o r p r e d i c t i n g w h e t h e r a g i v e n 
s u r f a c e p r o c e s s f o l l o w s a p a r a b o l i c o r a n e x p o n e n t i a l r a t e l a w . 

F i g u r e 2 . T h e r a t e c o n s t a n t s k2 f o r some e l e c t r o l y t e s f o l l o w i n g 
t h e p a r a b o l i c r a t e law, v g = k 2 ( S - l ) 2 . T h e t h e o r e t i c a l v a l u e s o f 
k2 a r e p l o t t e d a s a f u n c t i o n o f t h e e x p e r i m e n t a l v a l u e s , i n a 
l o g a r i t h m i c d i a g r a m . 
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L e g e n d o f S y m b o l s 

a mean i o n i c d i a m e t e r = (V /Lv ) 
m 

c c o n c e n t r a t i o n ( b u l k ) 

c ( x ) c o n c e n t r a t i o n i n t h e d i s t a n c e , χ f r o m t h e p a r t i c l e c e n t e r 
( F i g u r e 1) 

c ' c o n c e n t r a t i o n c l o s e t o c r y s t a l s u r f a c e 

c g s o l u b i l i t y 

D d i f f u s i o n c o n s t a n t 

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

F r a t e i n c r e a s e f a c t o r due t o c o n v e c t i o n 

F ( S ) f u n c t i o n o f S 

g a c c e l e r a t i o n o f g r a v i t

k B o l t z m a n n c o n s t a n

k . _ r a t e c o n s t a n t (SI u n i t m/s) 
i n d e x 

Κ c o n s t a n t 
e 

a d s o r p t i o n e q u i l i b r i u m c o n s t a n t , l i m i c ^ / c ) f o r c -> 0 

i o n p a i r s t a b i l i t y c o n s t a n t 

L A v o g a d r o c o n s t a n t 

M m o l a r mass ( " m o l e c u l a r w e i g h t " ) 

P e * P e c l e t number o f mass t r a n s f e r 

Q c o n s t a n t 
1/3 

r d e f i n e d r a d i u s o f p a r t i c l e = ( 3ν/4π ) 

5 s a t u r a t i o n r a t i o = c / c 
s 

t t i m e 

Τ t e m p e r a t u r e 

ν p a r t i c l e v o l u m e 

ν ^ g r o w t h r a t e « d r / d t 

V m o l a r v o l u m e = M/p 

γ edge e n e r g y = a σ 

6 t h i c k n e s s o f d i f f u s i o n l a y e r ( " u n s t i r r e d l a y e r " ) 

η v i s c o s i t y o f s o l u t i o n 

ν number o f i o n s i n a f o r m u l a u n i t 

V i n i n t e 9 r a t i o n r a t e c o n s t a n t , o r f r e q u e n c y (S I u n i t , s 

d e h y d r a t i o n r a t e c o n s t a n t ( o r f r e q u e n c y ) f o r c a t i o n (S I u n i t , s 

ρ d e n s i t y ; Δρ = d e n s i t y d i f f e r e n c e c r y s t a l - l i q u i d 

σ s u r f a c e t e n s i o n 
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Indices, e t c . 

ad adsorption l a y e r 

dh dehydration 
D d i f f u s i o n c o n t r o l 
e,E exponential rate law (polynuclear surface nucleation) 
i n i n t e g r a t i n g jump 
L l i n e a r r a t e law 
m molar 

Ρ p a r a b o l i c rate law 
s s o l u b i l i t y e q u i l i b r i u m , saturated 

S surface c o n t r o l 

Τ transport c o n t r o l 

2 p a r a b o l i c r a t e law (surface s p i r a l step) 
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Influence of Surface Area, Surface Characteristics, and 
Solution Composition on Feldspar Weathering Rates 

Michael Anthony Velbel 
Department of Geological Sciences, Michigan State University, East Lansing, 
MI 48824-1115 

Current best estimates for natural plagioclase 
weathering rates are one to three orders of magnitude 
lower than laborator
which may play a
mechanisms of feldspar dissolution (including 
non-stoichiometric dissolution and parabolic kinetics) 
in the laboratory include adhered particles, strained 
surfaces, defect and dislocation outcrops, and surface 
layers. The narrow range of rates from experiments 
with and without pretreatments indicates that these 
surface characteristics alone cannot account for the 
disparity between artificial and natural rates. 
Either the intrinsic surface area and characteristics 
of natural materials are significantly different from 
those used in laboratory experiments, or other 
non-mineralogical factors must account for the 
disparity between laboratory- and field-determined 
rates of feldspar weathering. 

P r e d i c t i n g t h e r a t e s o f n a t u r a l w a t e r - r o c k i n t e r a c t i o n s on t h e 
b a s i s o f t h e o r e t i c a l m o d e l s and e x t r a p o l a t i o n f r o m l a b o r a t o r y 
s t u d i e s i s o f p a r a m o u n t i m p o r t a n c e i n u n d e r s t a n d i n g p r e s s i n g 
e n v i r o n m e n t a l and g e o c h e m i c a l i s s u e s s u c h a s t h e s t a b i l i t y o f 
n u c l e a r w a s t e f o r m s , t h e c h e m i c a l s u s c e p t i b i l i t y o f l a n d s c a p e s t o 
a c i d d e p o s i t i o n , a n d t h e d i s t r i b u t i o n o f p o r o s i t y and p e r m e a b i l i t y 
i n h y d r o c a r b o n r e s e r v o i r r o c k s . The n e c e s s i t y o f s o l v i n g t h e s e 
p r o b l e m s h a s r e j u v e n a t e d t h e s t u d y o f g e o c h e m i c a l k i n e t i c s i n 
w a t e r - r o c k i n t e r a c t i o n s , a n d made i t i m p e r a t i v e t o e v a l u a t e t h e 
e x i s t i n g d a t a o n r e a c t i o n r a t e s a n d t h e i r a p p l i c a b i l i t y t o n a t u r a l 
s y s t e m s . The p u r p o s e o f t h i s p a p e r i s t o r e v i e w and e v a l u a t e t h e 
r e c e n t l i t e r a t u r e o n t h e m e c h a n i s m s and r a t e s o f f e l d s p a r 
w e a t h e r i n g , a n d t o s u g g e s t , o n t h e b a s i s o f t h e l i t e r a t u r e r e v i e w , 
some a r e a s i n w h i c h t h e r e i s u r g e n t n e e d f o r f u r t h e r r e s e a r c h . 

0097-6156/86/0323-0615S06.00/0 
© 1986 American Chemical Society 
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Weathering o f Fe ldspar 

Fe ldspars are the most abundant minera l s o f igneous and metamorphic 
rocks (J_>2). Being the most abundant rock - fo rming minera l s o f the 
e a r t h ' s c r u s t , they have r ece ived a p ropo r t i ona t e l y l a rge share o f 
a t t e n t i o n from students o f weather ing, and most o f the major 
a n a l y t i c a l advances and conceptual models which have been a p p l i e d 
to other minera l groups have a l so been app l i ed to f e l d s p a r s . 

Fe ldspar i s a framework s i l i c a t e i n which te t rahedra con ta in ing 
A l or S i are l i n k e d to one another by shared oxygens i n a l l 
d i r e c t i o n s r a the r than i n cha ins or sheets (3) · The p l a g i o c l a s e 
s o l i d - s o l u t i o n s e r i e s 

C a x N a i _ x A l i + x S i 3 _ x 0 8 > where 0 < χ < 1 

i s the commonest rock - fo rming s e r i e s (2 ) . P l a g i o c l a s e f e ld spa r s 
vary widely i n t h e i r s u s c e p t i b i l i t y to weathering; Go ld i ch (k) 
observed that c a l c i c p l a g i o c l a s
s u s c e p t i b l e whereas s u c c e s s i v e l
p r og r e s s i v e l y l e s s weatherable . This compos i t iona l e f f e c t on 
n a t u r a l weathering o f p l a g i o c l a s e has been confirmed by numerous 
other ob se rva t i ona l s t u d i e s . 

A l k a l i f e l d spa r s { (K,Na)AlSi308) form a continuous s o l i d 
s o l u t i o n s e r i e s a t h igh temperatures, but tend to exsolve upon 
c o o l i n g i n t o a po ta s s ium- r i ch phase and a sod ium-r ich phase, 
r e s u l t i n g i n p e r t h i t i c intergrowths (2 ) . Sodic p l a g i o c l a s e s and 
po ta s s ium- r i ch f e l d spa r s tend to be s tud i ed together , i n part 
because o f s i m i l a r i t i e s i n s t r u c t u r e , compos i t ion , occur rence , and 
wea the r ab i l i t y ( e . g . , _4). 

Pa rabo l i c K i n e t i c s 

" Pa r abo l i c k i n e t i c s " r e f e r s to the observat ion that the 
concent ra t i on o f a spec ies re leased to an aqueous s o l u t i o n by 
a l t e r a t i o n o f a primary minera l p l o t s as a l i n e a r f unc t i on o f the 
square root o f t ime . F igure 1 (data from 5) i l l u s t r a t e s t h i s . 
Numerous workers ( e . g . , 5-11) have observed t h i s behav ior . 

The importance o f " p a r abo l i c k i n e t i c s " i n l abo ra to ry s tud i e s o f 
minera l d i s s o l u t i o n has va r i ed as i n t e r p r e t a t i o n s o f the unde r l y ing 
r a t e - c o n t r o l l i n g mechanism have changed. Much o f the research on 
s i l i c a t e minera l weathering undertaken i n the past decade or so 
served to t e s t var ious hypotheses fo r the o r i g i n o f pa r abo l i c 
k i n e t i c s . 

At l e a s t four d i f f e r e n t exp lanat ions have been proposed to 
account fo r p a r abo l i c k i n e t i c s . The o l de s t and best e s t ab l i shed i s 
the " p r o t e c t i v e - s u r f a c e - l a y e r " hypothes i s . Correns and von 
Englehardt (6) proposed that d i f f u s i o n o f d i s so l v ed products 
through a sur face l a y e r which th ickens with time exp l a ins the 
observed pa rabo l i c behav ior . Ga r re l s (_12>13) proposed that t h i s 
p r o t e c t i v e sur face c o n s i s t s o f hydrogen f e l d s p a r , f e l d spa r i n which 
hydrogen had rep laced a l k a l i and a l k a l i n e ear th c a t i o n s . Wol last 
(5) suggested that i t c o n s i s t s o f a secondary aluminous or 
a l u m i n o - s i l i c a t e p r e c i p i t a t e . In e i t h e r case , a p r o t e c t i v e sur face 
l a ye r exp la ins pa r abo l i c k i n e t i c s as f o l l ows : I f the concent ra t i on 
o f any d i s s o l v ed product at the boundary between the f r e sh f e l d spa r 
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a n d t h e p r o t e c t i v e s u r f a c e l a y e r i s f i x e d by e i t h e r t h e r m o d y n a m i c 
e q u i l i b r i u m o r t h e r a t e o f t r a n s f o r m a t i o n o f t h e p r i m a r y m i n e r a l , 
and t h e c o n c e n t r a t i o n a t t h e o u t e r s u r f a c e i s t h a t o f t h e a m b i e n t 
s o l u t i o n , F i c k ' s f i r s t l aw o f d i f f u s i o n 

J = - D ( d c / d x ) (1 ) 

s t a t e s t h a t t h e f l u x o f d i s s o l v e d p r o d u c t s J i s p r o p o r t i o n a l t o t h e 
p r o d u c t o f t h e d i f f u s i o n c o e f f i c i e n t D a n d t h e c o n c e n t r a t i o n 
g r a d i e n t a c r o s s t h e p r o t e c t i v e s u r f a c e l a y e r . As t h e s u r f a c e l a y e r 
t h i c k e n s , e i t h e r by e n c r o a c h m e n t o f t h e h y d r o g e n f e l d s p a r " f r o n t " 
i n t o t h e f r e s h f e l d s p a r , o r by p r e c i p i t a t i o n o f p r o d u c t s f r o m 
s o l u t i o n , t h e c o n c e n t r a t i o n g r a d i e n t a c r o s s t h e p r o t e c t i v e s u r f a c e 
l a y e r d e c r e a s e s w i t h t i m e , a n d t h e r a t e o f m a t e r i a l t r a n s p o r t o u t 
o f t h e s u r f a c e l a y e r d e c r e a s e s w i t h t i m e . W o l l a s t (5) d e r i v e d 
d i f f u s i o n e q u a t i o n s t o m o d e l t h i s phenomenon , a n d f o u n d t h a t t h e 
c o n c e n t r a t i o n v s . t i m e c u r v e s c a l c u l a t e d f r o m t h e m o d e l c l o s e l y 
m a t c h e d h i s e x p e r i m e n t a l l
w e l l . H e l g e s o n (JJJ,JJ5
b a s i s o f p r o g r e s s i v e l y t h i c k e n i n g l a y e r s o f s e c o n d a r y p r e c i p i t a t e s , 
w i t h s i m i l a r f a v o r a b l e r e s u l t s . 

The s e c o n d e x p l a n a t i o n p r o p o s e d f o r p a r a b o l i c k i n e t i c s i s t h a t 
t h e e a r l y , h i g h - d i s s o l u t i o n - r a t e s t a g e o f t h e r e a c t i o n i s due t o 
t h e p r e s e n c e o f a s t r u c t u r a l l y d i s t o r t e d o r s t r a i n e d o u t e r l a y e r o f 
t h e m i n e r a l , o r t h e p r e s e n c e o f l a r g e q u a n t i t i e s o f h y p e r f i n e 
p a r t i c l e s a d h e r i n g e l e c t r o s t a t i c a l l y t o t h e o u t e r s u r f a c e o f t h e 
m i n e r a l . I n e i t h e r c a s e , t h i s d i s t u r b e d o u t e r l a y e r i s made up o f 
m a t e r i a l w i t h h i g h e r - t h a n - n o r m a l e n e r g y ; t h e l a r g e a b u n d a n c e o f 
s t r a i n e d o r b r o k e n b o n d s , e x p o s e d e d g e s o f f i n e p a r t i c l e s , e t c . , 
c a u s e t h i s d i s t u r b e d l a y e r t o be l e s s s t a b l e w i t h r e s p e c t t o 
d i s s o l u t i o n t h a n t h e u n d i s t u r b e d b u l k m i n e r a l m a t e r i a l ( e . g . , 1 1 , 
A p p e n d i x A ) . The d i s t u r b e d l a y e r t h e r e f o r e g o e s i n t o s o l u t i o n more 
r e a d i l y ; a s t h e d i s t u r b e d l a y e r a n d / o r f i n e p a r t i c l e s a r e 
d e s t r o y e d , t h e d i s s o l u t i o n r a t e t a p e r s o f f t o t h e l i n e a r r a t e o f 
d e s t r u c t i o n o f t h e b u l k m i n e r a l . The d i s t u r b e d s u r f a c e l a y e r i s 
c r e a t e d by c r u s h i n g a n d g r i n d i n g o f t h e m i n e r a l i n p r e p a r a t i o n f o r 
l a b o r a t o r y d i s s o l u t i o n e x p e r i m e n t s ; Huang a n d K i a n g (7 ) a n d N i c k e l 
(8 ) (among o t h e r s ) s u g g e s t e d t h a t t h e h i g h i n i t i a l d i s s o l u t i o n 
r a t e s m i g h t be a t t r i b u t e d t o s u c h d i s t u r b e d s u r f a c e l a y e r s . 

H o l d r e n and B e r n e r (VV) d e m o n s t r a t e d c l e a r l y t h a t a d h e r e d f i n e 
p a r t i c l e s c o u l d , i n f a c t , be r e s p o n s i b l e f o r t h e p s e u d o - p a r a b o l i c 
i n i t i a l s t a g e o f l a b o r a t o r y d i s s o l u t i o n e x p e r i m e n t s . F i g u r e 2 
( m o d i f i e d f r o m V O shows t h e r e s u l t s o f t h r e e e x p e r i m e n t a l r u n s . 
C u r v e " a " r e p r e s e n t s f r e s h l y g r o u n d a l b i t e , w h i c h h a s n o t been 
washed o r p r e t r e a t e d i n a n y way . S c a n n i n g e l e c t r o n 
p h o t o m i c r o g r a p h s r e v e a l e d t h a t t h i s " u n w a s h e d " a l b i t e was c o v e r e d 
w i t h a d h e r e d f i n e p a r t i c l e s ( s u b m i c r o n t o t e n m i c r o n s ) o f a l b i t e . 
C u r v e " b " shows t h e d i s s o l u t i o n o f " w a s h e d " a l b i t e , w h i c h had b e e n 
u l t r a s o n i c a l l y c l e a n e d i n a c e t o n e t o remove a s much f i n e a d h e r e d 
m a t e r i a l a s p o s s i b l e . SEM p h o t o s r e v e a l e d t h a t much a d h e r e d 
p a r t i c u l a t e m a t t e r had been r e m o v e d , b u t t h a t much v e r y f i n e 
( s u b m i c r o n ) m a t e r i a l had w i t h s t o o d a t t e m p t s t o r emove i t 
u l t r a s o n i c a l l y . Note o n F i g u r e 2 t h a t t h e r e m o v a l o f t h e c o a r s e r 
a d h e r e d p a r t i c l e s ( ~ 0 . 5 - 1 0 m i c r o n s ) g r e a t l y r e d u c e d t h e i n i t i a l 
h i g h - d i s s o l u t i o n - r a t e . C u r v e " c " r e p r e s e n t s t h e d i s s o l u t i o n c u r v e 
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F i g u r e 2 E f f e c t o f s a m p l e p r e t r e a t m e n t on f e l d s p a r 
d i s s o l u t i o n k i n e t i c s ( m o d i f i e d f r o m R e f . 1 1 ) . See t e x t f o r 
d i s c u s s i o n . 
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f o r g r o u n d a n d washed f e l d s p a r f r o m w h i c h a l l a d h e r e d f i n e 
p a r t i c l e s h a d b e e n r emoved by t r e a t i n g t h e g r a i n s w i t h 
HF - H 2 S O 4 . No p s e u d o - p a r a b o l i c i n i t i a l s t a g e o c c u r s ; t h e 
d i s s o l u t i o n o f a l b i t e i n t h e a b s e n c e o f f i n e a d h e r e d p a r t i c l e s i s 
l i n e a r . H o l d r e n a n d B e r n e r ( JN ) s u g g e s t e d t h a t much " p a r a b o l i c " 
b e h a v i o r o b s e r v e d i n p r e v i o u s d i s s o l u t i o n s t u d i e s was due n o t t o 
d i f f u s i o n t h r o u g h a p r o t e c t i v e s u r f a c e l a y e r , b u t t o d i s s o l u t i o n o f 
f i n e p a r t i c l e s g e n e r a t e d d u r i n g s a m p l e p r e p a r a t i o n . 

The t h i r d p r o p o s e d e x p l a n a t i o n f o r p a r a b o l i c k i n e t i c s i s t h a t 
d i s s o l v e d p r o d u c t s may be r e l e a s e d f r o m t h e m i n e r a l s u r f a c e 
l i n e a r l y , b u t t h a t n o n - l i n e a r p r e c i p i t a t i o n o f s e c o n d a r y m i n e r a l s 
f r o m s o l u t i o n a c c o u n t s f o r t h e n o n - l i n e a r c o n c e n t r a t i o n v s . t i m e 
b e h a v i o r (J_6). 

The f o u r t h e x p l a n a t i o n f o r n o n - l i n e a r k i n e t i c s d i f f e r s f r o m t h e 
p r e v i o u s t h r e e i n t h a t i t c o n c e r n s t h e c o m p o s i t i o n o f t h e s o l u t i o n 
r a t h e r t h a n a n y i n t r i n s i c p r o p e r t y o f t h e s o l i d r e a c t a n t s o r 
p r o d u c t s . C h a n g i n g s o l u t i o n c o m p o s i t i o n c a n p r o d u c e a p p a r e n t o r 
t r u e p a r a b o l i c d i s s o l u t i o
c h a n g i n g pH and CO2 e q u i l i b r i a
a f f i n i t y a n d t h e r e v e r s e r e a c t i o n r a t e . T h e s e phenomena h a v e been 
d i s c u s s e d i n d e t a i l by H e l g e s o n a n d Murphy ( V f ) a n d H e l g e s o n and 
o t h e r s (J_8). 

One a d d i t i o n a l a s p e c t o f l a b o r a t o r y d i s s o l u t i o n e x p e r i m e n t s i s 
t h e q u e s t i o n o f s t o i c h i o m e t r i c v s . n o n - s t o i c h i o m e t r i c d i s s o l u t i o n . 
Many o f t h e s t u d i e s c i t e d a b o v e a n a l y z e d o n l y a few o f t h e e l e m e n t s 
r e l e a s e d by f e l d s p a r ; t h a t i s , a l t h o u g h a l k a l i s , a l k a l i n e e a r t h s , 
s i l i c a , a n d a l u m i n u m may be r e l e a s e d d u r i n g d i s s o l u t i o n o f 
f e l d s p a r , few s t u d i e s r e p o r t a n a l y s e s f o r a l l e l e m e n t s . O f t e n , 
o n l y s i l i c a was a n a l y z e d . Where m u l t i p l e e l e m e n t s a r e a n a l y z e d , 
t h e y a r e o f t e n r e l e a s e d t o t h e s o l u t i o n i n p r o p o r t i o n s w h i c h do n o t 
c o r r e s p o n d t o t h e b u l k s t o i c h i o m e t r y o f t h e f e l d s p a r (J_9). 

U s u a l l y , a l k a l i s and a l k a l i n e e a r t h s a r e r e l e a s e d i n e x c e s s o f 
s i l i c a , and d i s s o l v e d a l u m i n u m i s t h e l e a s t a b u n d a n t . T h i s 
o b s e r v e d n o n - s t o i c h i o m e t r y s u g g e s t e d t h a t s i l i c a a n d a l u m i n u m were 
b e i n g p r e f e r e n t i a l l y r e t a i n e d i n some s o l i d p h a s e r e l a t i v e t o 
a l k a l i s a n d a l k a l i n e e a r t h s . S u c h p r e f e r e n t i a l r e t e n t i o n , 
m a n i f e s t e d a s n o n - s t o i c h i o m e t r i c d i s s o l u t i o n , was l o n g t h o u g h t t o 
be c o n s i s t e n t w i t h t h e c o n c e p t o f some k i n d o f r e s i d u a l s u r f a c e 
l a y e r . 

By t h e m i d - 1 9 7 0 » s t h e d i f f u s i o n - i n h i b i t i n g s u r f a c e was w i d e l y 
a c c e p t e d a s t h e r a t e - c o n t r o l l i n g f a c t o r i n t h e d i s s o l u t i o n n o t o n l y 
o f f e l d s p a r s , b u t o f magnes ium s i l i c a t e s (20 ) a n d , u l t i m a t e l y , o f 
a l m o s t a l l n o n - c a r b o n a t e a n d n o n - s u l f u r - b e a r i n g r o c k - f o r m i n g 
m i n e r a l s ( 8 ) . As shown by B e r n e r and H o l d r e n ( 2 ^ , 2 2 ) , h o w e v e r , t h e 
p r o t e c t i v e - s u r f a c e - l a y e r h y p o t h e s i s p r o v e d t o have numerous 
d i f f i c u l t i e s , w h i c h became i n c r e a s i n g l y a p p a r e n t a s p e t r o g r a p h e r s 
t r a i n e d t h e i r o p t i c a l and e l e c t r o n m i c r o s c o p e s u p o n s i l i c a t e 
m i n e r a l s ( s e e b e l o w ) . The new found e l e c t r o n - m i c r o s c o p i c 
o b s e r v a t i o n s l e d t o w i d e r a c c e p t a n c e o f k i n e t i c m o d e l s f o r f e l d s p a r 
w e a t h e r i n g b a s e d o n s u r f a c e - ( o r i n t e r f a c e - ) c o n t r o l l e d r e a c t i o n s 
and t h e i r a s s o c i a t e d l i n e a r k i n e t i c s ( s ee b e l o w ) . As a r e s u l t o f 
t h i s c h a l l e n g e t o t h e p r o t e c t i v e - s u r f a c e - l a y e r h y p o t h e s i s , two 
a v e n u e s o f i n v e s t i g a t i o n d o m i n a t e t h e f e l d s p a r w e a t h e r i n g 
l i t e r a t u r e o f t h e 1 9 8 0 f s . S t u d i e s o f s u r f a c e m o r p h o l o g y and 
s u r f a c e c h e m i s t r y s e e k e v i d e n c e o f r e a c t i o n m e c h a n i s m s b e s i d e s t h a t 
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provided by d i s s o l u t i o n s tud i e s (see below), and fu r the r l abo ra to ry 
s tud i e s o f d i s s o l u t i o n k i n e t i c s have been undertaken to r e so l ve 
apparent ambigu i t i es between e a r l i e r l abora to ry s tud i e s and the 
newer sur face morphology and surface chemistry r e s u l t s d i scussed 
below. 

Chou and Wol last (23>24) performed experiments on f e ldspar 
d i s s o l u t i o n us ing a f l u i d i z e d - b e d r e a c t o r , which al lowed them to 
vary the composit ion o f s o l u t i o n s dur ing the course o f the 
experiment ( for i n s t a n c e , a f t e r the l i n e a r , s t e ady - s t a t e stage o f 
the r e a c t i o n had been a t ta ined ) and monitor the e f f e c t s o f the 
s o l u t i o n per turbat ions on the d i s s o l u t i o n k i n e t i c s . They a l so 
analyzed t h e i r s o l u t i o n s for Na, A l , and S i , r a the r than fo r any 
one element a l one , a l l ow ing them to eva luate not on ly the behavior 
o f i n d i v i d u a l elements with t ime, but a l so the s t o i c h i o m e t r i c or 
n o n - s t o i c h i o m e t r i c behavior o f the r e a c t i o n s . The exper imental 
r e s u l t s presented by Chou and Wol last (23,24) show 
n o n - s t o i c h i o m e t r i c d i s s o l u t i o n i n e a r l y stages o f the r e a c t i o n , 
r e s u l t i n g i n the formatio
by m a t e r i a l balance to b
composit ion o f which i s s t r ong l y pH-dependent. According to Chou 
and Wo l l a s t , d i f f u s i o n i s r a t e - l i m i t i n g with respect to a l k a l i 
r e l ease at t h i s stage o f the r e a c t i o n . L inear k i n e t i c s and 
s t o i c h i o m e t r i c d i s s o l u t i o n p r e v a i l i n l a t e r stages o f the r e a c t i o n 
(at any g iven pH), suggest ing that the l aye r reaches a 
q u a s i - s t e a d y - s t a t e th i ckness maintained by d e s t r u c t i o n o f the outer 
sur face o f the r e s i d u a l l a ye r at the same rate at which f r e sh 
f e ldspa r i s transformed at the i n t e r f a ce between i t and the 
r e s i d u a l l a y e r . More i n t e r e s t i n g , however, i s t h e i r obse rvat ion 
that instantaneous m o d i f i c a t i o n o f s o l u t i o n pH r e s u l t s i n a new 
episode o f i n i t i a l l y n o n - l i n e a r k i n e t i c s , and r e l ease o f elements 
i n d i f f e r e n t p ropor t ions than at other pH ' s , imp ly ing the formation 
o f a r e s i d u a l sur face l a ye r with a d i f f e r e n t (pH-dependent) 
compos i t ion . They argue that on ly i n the f i r s t po r t i on o f any 
exper imental run could pa r abo l i c behavior o f so lu tes be exp la ined 
by f i ne p a r t i c l e s : pa rabo l i c k i n e t i c s observed upon changing the 
s o l u t i o n pH must be due to the formation o f a new surface l a y e r , 
the formation o f which, they argue, must be d i f f u s i o n - c o n t r o l l e d . 
Chou and Wol last (23) suggested that t h e i r own r e s u l t s c l e a r l y 
i n d i c a t e d the formation o f a sodium-depleted sur face l a y e r . 
Wol last and Chou (25) a l s o apply and c r i t i q u e Helgeson and o t h e r s ' 
(18) fo rmulat ion o f a c t i v a t e d complex theory , and make suggest ions 
f o r future ref inements to f a c i l i t a t e i t s a p p l i c a t i o n to f e l d spa r 
weathering s t u d i e s . 

The recent work o f Holdren and Speyer (26,27) has suggested 
that at l e a s t some s tud i e s are s t rong ly a f f ec ted by the abundance 
and d i s t r i b u t i o n o f de fects and d i s l o c a t i o n outcrops i n ways that 
are not s imply r e l a t e d to sur face a r ea . 

Pétrographie Observat ions 

Wilson (28) noted the presence o f etch p i t s ( c r y s t a l l o g r a p h i c a l l y 
c o n t r o l l e d vo ids or features o f negat ive r e l i e f , or "negat ive 
c r y s t a l s " ) on some s o i l f e l d s p a r s , and reviewed s i m i l a r 
observat ions from e a r l i e r s t u d i e s . Some examples o f etch p i t s on 
n a t u r a l l y weathered f e l d spa r s are shown i n F igure 3· Etch p i t s 
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F i g u r e 3 S c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s o f f e l d s p a r 
s u r f a c e s i n v a r i o u s s t a g e s o f w e a t h e r i n g , a ) F r e s h s u r f a c e , b ) 
I n c i p i e n t f o r m a t i o n o f s h a l l o w a l m o n d - s h a p e d e t c h p i t s , c ) M o d e r a t e 
d e v e l o p m e n t o f p r i s m a t i c e t c h p i t s , d ) E x t e n s i v e p e n e t r a t i o n o f 
p r i s m a t i c e t c h p i t s i n t o f e l d s p a r i n t e r i o r s . P h o t o g r a p h s b - d a r e 
f r o m n a t u r a l l y w e a t h e r e d m a t e r i a l s . A l l p h o t o m i c r o g r a p h s by A l a n 
S . P o o l e y and t h e a u t h o r . 
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r e f l e c t t h e p r e s e n c e o f d i s l o c a t i o n s ( l i n e a r a r r a y s o f c r y s t a l 
d e f e c t s , m i s m a t c h e d b o n d s , e t c . ) i n a c r y s t a l . D i s l o c a t i o n s , 
b e c a u s e t h e y r e f l e c t i m p e r f e c t i o n s i n a c r y s t a l , a r e s i t e s o f 
e n h a n c e d e n e r g y , a n d a r e r e a d i l y s u s c e p t i b l e t o s e l e c t i v e a t t a c k . 
U n t i l t h e a d v e n t o f s o p h i s t i c a t e d e l e c t r o n m i c r o s c o p i c t e c h n i q u e s , 
t h e c o r r e s p o n d e n c e b e tween d i s l o c a t i o n s and e t c h p i t s was 
t a u t o l o g i c a l . M e t a l l u r g i s t s and m a t e r i a l s s c i e n t i s t s d e t e r m i n e d 
d i s t r i b u t i o n s and d e n s i t i e s o f d i s l o c a t i o n s by a t t a c k i n g t h e 
c r y s t a l w i t h an e t c h a n t and t h e n c o u n t i n g t h e r e s u l t a n t e t c h p i t s 
u n d e r a m i c r o s c o p e . S i t e - s e l e c t i v e a t t a c k ( t h a t i s , 
s u r f a c e - r e a c t i o n c o n t r o l ) , h o w e v e r , c o n t r a d i c t s t h e n o t i o n o f a 
p r o t e c t i v e s u r f a c e l a y e r (28-30) . A m i n e r a l d i s s o l v e d by d i f f u s i o n 
c o n t r o l s h o u l d p o s s e s s s m o o t h , r o u n d e d s u r f a c e s . As d i s s o l v e d i o n s 
a r e r e l e a s e d by p a r e n t - m i n e r a l d i s s o l u t i o n , t h e y " p i l e u p " i n t h e 
d i f f u s i o n - i n h i b i t i n g l a y e r , t h e l o c a l c o n c e n t r a t i o n g o e s u p , a n d 
t h e l o c a l d i s s o l u t i o n r a t e s l o w s down. T h i s i s b e c a u s e t h e 
d i s s o l u t i o n r a t e i s a f u n c t i o n o f t h e d e g r e e o f u n d e r s a t u r a t i o n 
( o r , s t r i c t l y s p e a k i n g ,
r e a c t i o n ( e . g . , 31_) : e . g .

R = k ( c s - c ) n 

where R i s t h e d i s s o l u t i o n r a t e , k i s t h e r a t e c o n s t a n t , c s i s 
t h e e q u i l i b r i u m c o n c e n t r a t i o n , c i s t h e d i s s o l v e d c o n c e n t r a t i o n i n 
t h e a m b i e n t s o l u t i o n a n d η i s r a t i o n a l , u s u a l l y be tween 0 a n d 2. As 
d i f f u s i o n - i n h i b i t i o n c a u s e s l o c a l c o n c e n t r a t i o n b u i l d u p s a r o u n d 
s i t e s o f e n h a n c e d c r y s t a l e n e r g y ( d i s l o c a t i o n s , e d g e s and c o r n e r s , 
e t c . ) l o c a l d i s s o l u t i o n r a t e s a r o u n d t h e s e s i t e s s h o u l d d e c r e a s e , 
a l l o w i n g d i s s o l u t i o n o f t h e s u r r o u n d i n g b u l k s u r f a c e t o c a t c h u p . 
The r e s u l t i s t h a t t r a n s p o r t - c o n t r o l l e d d i s s o l u t i o n a t t a c k s m i n e r a l 
s u r f a c e s u n i f o r m l y , p r e v e n t i n g t h e d e v e l o p m e n t o f s i t e - s e l e c t i v e 
a t t a c k and a n y s u r f a c e f e a t u r e s ( e . g . , e t c h p i t s ) w h i c h w o u l d 
i n d i c a t e s i t e - s e l e c t i v e a t t a c k . W i l s o n (28) c o r r e c t l y i n f e r r e d 
t h a t t h e p r e s e n c e o f e t c h p i t s m i l i t a t e s a g a i n s t t h e 
p r o t e c t i v e - s u r f a c e - l a y e r h y p o t h e s i s . Numerous w o r k e r s have a l s o 
o b s e r v e d e t c h p i t s o n b o t h n a t u r a l l y a n d a r t i f i c i a l l y w e a t h e r e d 
f e l d s p a r (21,22,27,32-40), a n d e l e c t r o n m i c r o s c o p i c e x a m i n a t i o n o f 
a l t e r e d m i n e r a l s u r f a c e s f o r e t c h p i t s h a s become a r o u t i n e t e s t 
f o r s u r f a c e - r e a c t i o n c o n t r o l . 

E l e c t r o n m i c r o s c o p y makes p o s s i b l e a n o t h e r i m p o r t a n t k i n d o f 
o b s e r v a t i o n ; B e r n e r a n d H o l d r e n (2J[,^2) o b s e r v e d t h a t c l a y c o a t i n g s 
on w e a t h e r e d f e l d s p a r a r e p a t c h y , d i s c o n t i n u o u s , and s u f f i c i e n t l y 
h y d r o u s t h a t t h e y f o r m " m i c r o - m u d c r a c k s " and a r e d e t a c h e d f r o m t h e 
f e l d s p a r s u r f a c e upon d e s s i c a t i o n d u r i n g s a m p l e s t o r a g e a n d 
p r e p a r a t i o n . The " p r o t e c t i v e - s u r f a c e - l a y e r " , i f i t were t o be 
d i f f u s i o n - i n h i b i t i n g a s i t s p r o p o n e n t s p r o p o s e , s h o u l d h a v e a 
d i f f u s i o n c o e f f i c i e n t (D i n e q u a t i o n 1) o n t h e o r d e r o f 1 0 ~ 2 0 

c m 2 / s e c , e q u i v a l e n t t o d i f f u s i o n t h r o u g h a c r y s t a l l i n e s o l i d . 
( D i f f u s i o n t h r o u g h a p o r o u s l a y e r c o u l d be r a t e l i m i t i n g i n 
p r i n c i p l e e v e n i f D were much g r e a t e r t h e n 10~^ u, p r o v i d e d t h a t 
d i f f u s i o n r e s u l t e d i n a r a t e t h a t i s s l o w e r t h a n t h e s u r f a c e 
c o n t r o l l e d r a t e . ) The c o a t i n g o b s e r v e d by B e r n e r a n d H o l d r e n 
(2J_,22) o n n a t u r a l l y w e a t h e r e d f e l d s p a r s b e h a v e s much more l i k e mud 
( w h i c h h a s a d i f f u s i o n c o e f f i c i e n t o f a p p r o x i m a t e l y 10"^ 
c m ^ / s e c ) t h a n l i k e a c r y s t a l l i n e s o l i d and t h e r e f o r e i s n o t 
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cons i s t en t with the p r o t e c t i v e - s u r f a c e - l a y e r hypothesis of f e ldspar 
weather ing. Pe t rov i c (4Ί ) had reached a s i m i l a r conc lus ion on 
t h e o r e t i c a l grounds and Fung and S a n i p e l l i (j\2) confirmed the 
e a r l i e r f i n d i n g s . The r a p i d l y growing body o f micromorphologic 
evidence m i l i t a t e d aga inst the p r o t e c t i v e - s u r f a c e - l a y e r hypothes i s . 

Helgeson and others (J_8) suggested that e t c h - p i t t i n g o f 
minera ls increases the sur face roughness of the g ra ins such that 
t o t a l minera l surface area i n the system can increase to a maximum 
value more than an order of magnitude higher than i n i t i a l values as 
the r e a c t i o n progresses . (This phenomenon was demonstrated 
exper imenta l ly f o r o l i v i n e by Grandsta f f , 43) . They note that 
these t h e o r e t i c a l f i nd ing s are i n at l e a s t q u a l i t a t i v e accord with 
observat ions of surface morphology us ing the SEM. Depending on the 
p rec i s e f u n c t i o n a l i t y of the roughness f a c t o r , surface area may 
increase apprec iab ly a f t e r as l i t t l e as 0.1% o f the s t a r t i n g 
m a t e r i a l has been d i s s o l v e d . Gene ra l l y , however, the sur face area 
inc reases by one order of magnitude or more (the reason for 
choosing one order of magnitude as the c r i t i c a l value for 
d i s c u s s i o n w i l l become apparen
10% of the s t a r t i n g m a t e r i a l has been d i s s o l v e d , and surface area 
reaches i t s maximum when about 55% o f the s t a r t i n g m a t e r i a l has 
been consumed. As a consequence, surface area increases do not 
a f f e c t room-temperature l abora to ry s t u d i e s , which are g ene ra l l y o f 
such short dura t ion that on ly a smal l f r a c t i o n of the s t a r t i n g 
m a t e r i a l has r e ac t ed . 

Surface Composition 

The morphology o f weathered f e ldspar su r f aces , and the nature o f 
the c l ay products , c o n t r a d i c t s the p r o t e c t i v e - s u r f a c e - l a y e r 
hypothes i s . The presence o f etch p i t s imp l i e s a s u r f a c e - c o n t r o l l e d 
r e a c t i o n , r a the r than a d i f f u s i o n ( t ransport ) c o n t r o l l e d r e a c t i o n . 
Furthermore, the c l ay coa t ing could not be " p r o t e c t i v e " i n the 
sense o f l i m i t i n g d i f f u s i o n . F i n a l l y , Holdren and Berner (11) 
demonstrated that s o - c a l l e d " pa r abo l i c k i n e t i c s " o f f e ldspar 
d i s s o l u t i o n were l a r g e l y due to enhanced d i s s o l u t i o n of f i n e 
p a r t i c l e s . None o f these f i n d i n g s , however, addressed the quest ion 
of the apparent n o n - s t o i c h i o m e t r i c re lease of a l k a l i s , a l k a l i n e 
e a r t h s , s i l i c a , and aluminum. Th is quest ion has been approached 
both d i r e c t l y ( e . g . , XPS) and i n d i r e c t l y ( e . g . , ma te r i a l balance 
from s o l u t i o n da ta ) . 

N i cke l ( Q ) c a l c u l a t e d the th ickness of the proposed " r e s i d u a l 
l a y e r " on a l b i t e from the mass o f d i s so l ved a l k a l i s and a l k a l i n e 
earths re leased dur ing l abo ra to ry weathering and the measured 
surface a r ea , and determined that the th ickness ranges from 0.8 to 
8.0 nm i n the pH range o f n a t u r a l surface waters . Although he 
i n t e rp r e t ed h i s r e s u l t s d i f f e r e n t l y , they a n t i c i p a t e l a t e r f i nd ing s 
on the pH dependence o f r e s i d u a l l aye r composit ions (see below). 

Pe t rov i c and others (44) used X - ray photoe lect ron spectroscopy 
(XPS) to analyze the K, A l , and S i contents o f exper imenta l ly 
a l t e r e d K - f e l d spa r g r a i n s , and found that a l k a l i d e p l e t i o n , i f i t 
e x i s t ed at a l l , could not extend to greater than 1.7 nm depth; 
i . e . , the " leached l a y e r " , i f i t e x i s t s at a l l , i s l e s s than 1.7 nm 
t h i c k . Holdren and Berner (JM) us ing XPS observed a s l i g h t 
decrease i n the Na/Si r a t i o of exper imenta l ly weathered a l k a l i 
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f e l d s p a r s u r f a c e s , a n d s u g g e s t e d t h a t some e x c h a n g e o f N a + f o r 
H + ( o r K + f r o m t h e KOH b u f f e r s o l u t i o n t h e y u s e d ) l i k e t h a t 
p r o p o s e d by G a r r e l s a n d Howard (J_3) m i g h t be t a k i n g p l a c e . 
O t h e r w i s e , t h e y were a b l e t o document no o t h e r c h a n g e i n t h e o u t e r 
2 . 0 -4 .0 nm o f t h e w e a t h e r e d s u r f a c e s r e l a t i v e t o t h e f r e s h m i n e r a l 
i n t e r i o r . P e r r y a n d o t h e r s (45) o b s e r v e d some l o s s o f Κ 
( p r e s u m a b l y due t o e x c h a n g e w i t h h y d r o g e n ) i n t h e o u t e r p o r t i o n o f 
a K - f e l d s p a r t r e a t e d w i t h H F / H 2 S O 4 5 t h e y e s t i m a t e t h e s a m p l e d 
t h i c k n e s s t o be a b o u t 6.0 nm. F i n a l l y , D e l i a Mea a n d o t h e r s (46) 
u s i n g i o n beam t e c h n i q u e s o b s e r v e d t h a t s o d i u m l o s s e s f r o m 
e x p e r i m e n t a l l y l e a c h e d a l b i t e a r e n e g l i g i b l e a t d i s t a n c e s g r e a t e r 
t h a n 30-40 nm f r o m t h e m i n e r a l s u r f a c e ; more r e c e n t e x p e r i m e n t s 
( P e t i t , p e r s o n a l c o m m u n i c a t i o n ) i n d i c a t e t h a t t h e r e i s no 
d e t e c t a b l e h y d r o g e n b e l o w t h i s same d e p t h , a n d t h a t v e r y l i t t l e 
o c c u r s e v e n w i t h i n t h e l a y e r o f s o d i u m d e p l e t i o n . 

Chou a n d W o l l a s t (23) c h a l l e n g e d XPS s t u d i e s w h i c h i n d i c a t e 
t h a t i n c o n g r u e n t s u r f a c e l a y e r s t h i c k e r t h a n s e v e r a l A n g s t r o m s do 
n o t e x i s t . T h e y a r g u e t h a
some s o r t o f a l t e r e d l a y e
i n c o n g r u e n c y b e tween a l k a l i s , s i l i c a , a n d a l u m i n u m . T h e i r m a t e r i a l 
b a l a n c e c a l c u l a t i o n s s u g g e s t t h a t t h e l a y e r t h i c k n e s s m u s t be o n 
t h e o r d e r o f o n l y t e n s o f n a n o m e t e r s , w h i c h , d e s p i t e t h e i r 
a r g u m e n t s t o t h e c o n t r a r y , i s n o t i n c o n s i s t e n t w i t h t h e s u r f a c e 
c h e m i s t r y o b s e r v a t i o n s ( e . g . , XPS ) t h e y s e e k t o r e f u t e . 

B e r n e r a n d o t h e r s (47) s u g g e s t t h a t t h e c o n t r a d i c t i o n b e tween 
d i s s o l u t i o n s t u d i e s a n d s u r f a c e c h e m i s t r y s t u d i e s "may be 
i l l u s o r y " . N o t i n g t h a t l i m i t e d i n c o n g r u e n c y c o u l d be a c c o m o d a t e d 
w i t h t h e XPS d a t a s e t s Chou a n d W o l l a s t (23) c h a l l e n g e , B e r n e r and 
o t h e r s (47) s u g g e s t t h a t s p a t i a l l y i n h o m o g e n e o u s i n c o n g r u e n t 
d i s s o l u t i o n a l o n g " t u b e s " ( f o r i n s t a n c e , e t c h p i t s w h i c h p e n e t r a t e 
d e e p i n t o t h e i n t e r i o r s o f m i n e r a l g r a i n s ) c o u l d r e c o n c i l e XPS 
m e a s u r e m e n t s ( t o w h i c h t h e i n t e r i o r s u r f a c e s o f " t u b e s " w o u l d be 
i n a c c e s s i b l e ) w i t h t h e i n c o n g r u e n c y a n d m a t e r i a l b a l a n c e 
r e q u i r e m e n t s o f l a b o r a t o r y s t u d i e s , w h i l e s t i l l a l l o w i n g 
s u r f a c e - r e a c t i o n c o n t r o l . Chou a n d W o l l a s t (48) a g r e e , n o t i n g t h a t 
i n t h e q u a s i - s t e a d y - s t a t e m o d e l o u t l i n e d a b o v e , d i f f u s i o n l i m i t s 
d i s s o l u t i o n o n l y u n t i l t h e r e s i d u a l s u r f a c e l a y e r a t t a i n s i t s 
q u a s i - s t e a d y - s t a t e t h i c k n e s s - a f t e r t h a t , no f u r t h e r e n c r o a c h m e n t 
o f t h e i n n e r w e a t h e r i n g " m i c r o f r o n t " c a n o c c u r u n t i l t h e o u t e r 
p o r t i o n o f t h e l a y e r i s r e m o v e d , w h i c h may w e l l be a 
s u r f a c e - c o n t r o l l e d r e a c t i o n . Chou a n d W o l l a s t (48) a g r e e w i t h 
B e r n e r and o t h e r s (47) r e g a r d i n g t h e p o s s i b l e r o l e o f 
d i s s o l u t i o n - v o i d i n t e r i o r s i n r e c o n c i l i n g r e s u l t s o f p r e v i o u s 
s t u d i e s . 

O t h e r a s p e c t s o f t h e i n h o m o g e n e o u s d i s t r i b u t i o n o f " a c t i v e 
s i t e s " a r e d i s c u s s e d by W o l l a s t a n d Chou (25), who s u g g e s t t h a t 
t h e i r e a r l i e r e s t i m a t e s o f r e s i d u a l l a y e r t h i c k n e s s a r e m i n i m a , 
b e c a u s e r e s t r i c t i n g t h e r e s i d u a l l a y e r t o t h e v i c i n i t y o f a c t i v e 
s i t e s w o u l d mean t h a t more o f t h e r e a c t i o n t a k e s p l a c e o v e r a 
s m a l l e r a r e a , i n c r e a s i n g t h e t h i c k n e s s o f t h e r e s i d u a l l a y e r 
t h e r e . " I f a r e s i d u a l l a y e r e x i s t s , t h e n i t w o u l d p r o b a b l y c o v e r 
l e s s t h a n 10% o f t h e t o t a l s u r f a c e and a c c o r d i n g l y t h e v a l u e f o r 
t h e c a l c u l a t e d t h i c k n e s s w o u l d be i n c r e a s e d p r o p o r t i o n a l l y " ( p . 
88) . H o w e v e r , t h e i r d i s c u s s i o n i s i n c o n s i s t e n t w i t h t h e m o d e l o f 
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w e a t h e r e d s u r f a c e s p r o p o s e d by B e r n e r and o t h e r s (47) . E t c h i n g 
d u r i n g d i s s o l u t i o n may c r e a t e l a r g e a r e a s o f new s u r f a c e i n t h e 
f o r m o f t h e w a l l s o f " d e e p c r a c k s , t u b e s , h o l e s , e t c . " (47 ) . I f 
p r e f e r e n t i a l a t t a c k o f t h e a c t i v e s i t e s r e s u l t s i n p e n e t r a t i o n o f 
l o n g " t u b e s " d e e p i n t o t h e w e a t h e r i n g g r a i n s o f f e l d s p a r , t h e t o t a l 
s u r f a c e a r e a may i n c r e a s e s i g n i f i c a n t l y (47; s e e F i g u r e 3 ) · 
D e p e n d i n g o n how much d e e p e r t h e h o l e s a r e t h a n t h e XPS s a m p l e 
d e p t h , t h e a c t u a l ( l o c a l ) l a y e r c o u l d be t h i c k e r t h a n t h e b u l k 
a v e r a g e c a l c u l a t e d by Chou a n d W o l l a s t (23 ,24 ) ( i f t h e h o l e s a r e 
o n l y s l i g h t l y d e e p e r t h a n t h e XPS s a m p l e d e p t h ) , a s W o l l a s t a n d 
Chou (25, p . 88) s u g g e s t , e q u a l l y t h i c k ( i f t h e h o l e s a r e d e e p 
enough t h a t t h e i r s u r f a c e a r e a e q u a l s t h e b u l k s u r f a c e a r e a ) , o r 
t h i n n e r , i f t h e h o l e s have an i n t e r n a l s u r f a c e a r e a g r e a t e r t h a n 
t h a t o f t h e b u l k m i n e r a l s u r f a c e . 

SEM o b s e r v a t i o n s o f w e a t h e r e d f e l d s p a r s u r f a c e s ( e . g . , 
£1,22,37; F i g u r e 3) s u g g e s t t h a t e t c h - p i t w e a t h e r i n g g r e a t l y 
i n c r e a s e s s u r f a c e a r e a ( s e e a l s o £ 3 ) . I f s o , m a t e r i a l b a l a n c e 
r e q u i r e s t h a t t h e e x p e r i m e n t a l l
o v e r a s m a l l e r a r e a ( o n l
i n c r e a s e i n t h e c a l c u l a t e d l o c a l l a y e r t h i c k n e s s a s s u g g e s t e d by 
W o l l a s t and Chou (25 ) , b u t o v e r a g r e a t e r s u r f a c e a r e a , m e a n i n g 
t h a t t h e r e s i d u a l l a y e r w o u l d a c t u a l l y be t h i n n e r t h a n t h a t 
c a l c u l a t e d by p r e v i o u s w o r k e r s ( 8 , ^ , 20 , ^9 ,23 ,25 ) . T h i s w o u l d t h e n 
b r i n g t h e c a l c u l a t i o n s o f mass l o s s d u r i n g d i s s o l u t i o n e x p e r i m e n t s 
( e . g . , 23,24) i n t o d i r e c t a g r e e m e n t w i t h XPS m e a s u r e m e n t s ( e . g . , 
47) s h o w i n g an u n d e t e c t a b l y t h i n r e s i d u a l l a y e r , a n d make b o t h 
c o n s i s t e n t w i t h o b s e r v a t i o n s o f t h e s u r f a c e m o r p h o l o g y o f w e a t h e r e d 
f e l d s p a r . 

Much r e m a i n s t o be done r e g a r d i n g t h e s u r f a c e c o m p o s i t i o n o f 
w e a t h e r e d f e l d s p a r s . I n a d d i t i o n t o a c t u a l a n a l y t i c a l wo rk o n 
f e l d s p a r s u r f a c e s , wo rk i s r e q u i r e d i n c o m p a r i n g t h e r e s u l t s o f 
s u r f a c e a n a l y s i s ( d e t e r m i n i n g t h e amounts o f e l e m e n t s r e m o v e d f r o m 
t h e m i n e r a l ) w i t h r e s u l t s f r o m d i s s o l u t i o n e x p e r i m e n t s ( w h i c h t e l l 
u s how much m a t e r i a l was r e l e a s e d t o t h e s o l u t i o n ) . N i c k e l ' s (8) 
w o r k , f o r i n s t a n c e , c a l c u l a t e d " r e s i d u a l l a y e r " t h i c k n e s s e s f r o m 
d i s s o l v e d c o n c e n t r a t i o n , a n d l a t e r work o n f e l d s p a r c h e m i s t r y h a s 
been c o n s i s t e n t w i t h h i s r e s u l t s , s u g g e s t i n g t h a t h i s r e s u l t s a r e 
o f t h e c o r r e c t o r d e r o f m a g n i t u d e , i . e . , i f a h y d r o g e n - e x c h a n g e 
c a t i o n - d e p l e t e d s u r f a c e l a y e r d o e s e x i s t , i t i s a t m o s t s e v e r a l 
t e n s o f n a n o m e t e r s t h i c k , a n d i s p r o b a b l y f a r t o o t h i n t o be 
d i f f u s i o n i n h i b i t i n g . 

L a b o r a t o r y S t u d i e s o f F e l d s p a r W e a t h e r i n g - A Summary 

T a k e n a s a w h o l e , a s y n t h e s i s o f a l l t h e above o b s e r v a t i o n s 
s u g g e s t s t h a t t h e w e a t h e r i n g o f f e l d s p a r p r o c e e d s a s f o l l o w s : 

1. H y d r o g e n - i o n e x c h a n g e f o r a l k a l i s and a l k a l i n e e a r t h s 
c r e a t e s a t h i n l a y e r o f h y d r o l y z e d a l u m i n o s i l i c a t e , t h e c o m p o s i t i o n 
o f w h i c h i s pH d e p e n d e n t . G a r d n e r (J_9) h a s c a l c u l a t e d , u s i n g t h e 
d a t a o f B u s e n b e r g a n d C l e m e n c y ( 9,JK)), t h a t t h e t h i c k n e s s o f t h e 
" l e a c h e d l a y e r " p r o d u c e d i n t h e i r e x p e r i m e n t s was a b o u t two u n i t 
c e l l s ( a b o u t 1.5-2.5 nm) t h i c k . S i m i l a r c a l c u l a t i o n s a n d e m p i r i c a l 
o b s e r v a t i o n s by o t h e r w o r k e r s (8 ,22 ,43,45,^6 ) a l l s u g g e s t t h a t t h e 
a l t e r e d r e s i d u a l l a y e r i s no more t h a n s e v e r a l t o a few t e n s o f 
n a n o m e t e r s t h i c k . T h i s i n i t i a l e x c h a n g e a c c o u n t s f o r t h e i n i t i a l 
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n o n - s t o i c h i o m e t r i c re l ease o f a l k a l i s and a l k a l i n e earths r e l a t i v e 
to s i l i c a and aluminum (as per J_3). Further non - s to ich iometry 
( e . g . , between Na and K) may be apparent o n l y . Gardner (19) 
postu la ted that such non - s to i ch iomet ry may be due to d i f f e r e n t i a l 
d i s s o l u t i o n of two d i s t i n c t phases ( r e c a l l that a l k a l i f e l d spa r s 
u sua l l y c o n s i s t o f m i c r o p e r t h i t i c e x so lu t i on f e a tu re s , c o n s i s t i n g 
of d i s c r e t e sod ic p l a g i o c l a s e lamel lae i n d i s c r e t e potassium 
f e l d s p a r ) . Congruent d i s s o l u t i o n o f two d i s t i n c t but i n t i m a t e l y 
intergrown phases at d i f f e r e n t r a t e s may appear to be incongruent 
d i s s o l u t i o n o f the bulk phase. Wi lson and McHardy (4^) have 
documented d i f f e r e n t i a l a t t ack on such p e r t h i t i c intergrowths ; 
r e s u l t s o f Holdren and Speyer (27) may be r e l a t e d to t h i s 
phenomenon. However, i n the i n i t i a l stage o f d i s s o l u t i o n , 
n o n - s t o i c h i o m e t r i c r e l ease ( e . g . , S i and A l ) i s r e a l , r e f l e c t i n g 
the pH-dependent composit ion of the r e s i d u a l l a ye r (23-25) . 

2. Continued d i s s o l u t i o n removes whatever hyper f ine p a r t i c l e s 
may have been created dur ing sample preparat ion fo r l abo ra to ry 
d i s s o l u t i o n . Where f i n e
i n most n a t u r a l m a t e r i a l s )
outer surface o f the r e s i d u a l l a ye r at the same ra te that a l k a l i s 
are rep laced by hydrogen at the i n t e r f a c e between the f resh 
f e ldspar and the r e s i d u a l l a y e r , r e l e a s i n g a l l c ons t i tuen t s to 
s o l u t i o n . Element re lease dur ing t h i s stage of the r e a c t i o n i s 
s t o i c h i o m e t r i c (based on observat ions o f surface morphology and 
surface chemistry ( e . g . , _H,22) and s o l u t i o n chemistry ( e . g . , 25) ) , 
but f u r the r work on the sur face chemistry o f n a t u r a l l y weathered 
fe ldspar i s requ i red to determine t h i s with c e r t a i n t y . Th is stage 
of the r e a c t i o n i s a l so l i n e a r with time ( J J , 2 5 ) ; the r e s i d u a l 
sur face l a y e r i s not t h i c k enough to i n h i b i t t r anspor t (30), i t 
a t t a i n s a quas i - s teady s t a te th ickness (provided s o l u t i o n 
composit ion remains constant ; 23-25) , and no cont inuous , tenaceous 
l aye r o f secondary p r e c i p i t a t e s forms (2M,22,4Ί) · The 
r a t e - l i m i t i n g step i s the detachment o f spec ies from the 
m i n e r a l - s o l u t i o n i n t e r f a c e , i . e . , a s u r f a c e - c o n t r o l l e d r e a c t i o n 
(21,22) . 

Rates o f Fe ldspar Weathering i n the Laboratory 

Numerous sur face c h a r a c t e r i s t i c s have been postu la ted to p lay a 
r o l e determining mechanisms, r a t e - l i m i t i n g s t ep s , and ra tes o f 
f e ldspar d i s s o l u t i o n dur ing weathering (as d i scussed above) . These 
i n c l u d e : 

1. Adhered f i n e p a r t i c l e s ( e . g . , 11). 
2. Defects and d i s l o c a t i o n outcrops ( e . g . , 28 ,11 ) . 
3. A r t i f i c i a l l y s t r a i n e d sur faces ( e . g . , 7 ,8 ) . 
4. Res idua l sur face l aye r s o f a l t e r e d composit ion ( e . g . , 13)» 
5. Surface l aye r s c o n s i s t i n g o f secondary p r e c i p i t a t e s ( e . g . , 

13,^4). 
6. Surface l aye r s whose composit ion has been a l t e r e d 

chemica l l y dur ing sample preparat ion ( e . g . , 45) . 
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T a b l e I. S i l i c a R e l e a s e R a t e s f r o m S o d i c F e l d s p a r s 
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pH S y s t e m 

L a b o r a t o r y S t u d i e s 
R a t e χ 1 0 1 2 

T r e a t m e n t ( m o l e s / m ^ / s e c ) R e f e r e n c e 
5.6 F l o w t h r o u g h None 3.1 

None 4.4 
(8) 
(9,10) 
(JL1) 
(23) 
(26) 

4.5 -5 .1 B a t c h 
6 B a t c h U l t r a s o n i c & HF 13 

ι None 15 5.1 F l o w t h r o u g h 
5 B a t c h U l t r a s o n i c 22 

F i e l d S t u d i e s 
0.024 
0.89 

(56) 
(57) 

Numerous l a b o r a t o r
e f f e c t s o f many o f t h e a f o r e m e n t i o n e d s u r f a c e c h a r a c t e r i s t i c s . 
T a b l e I shows t h e r e s u l t s o f s e v e r a l s u c h s t u d i e s . The p H ' s o f t h e 
s p e c i f i c e x p e r i m e n t a l r u n s u s e d i n T a b l e I were c h o s e n t o 
f a c i l i t a t e c o m p a r i s o n w i t h n a t u r a l ( f r e s h ) s u r f a c e w a t e r s . R a t e s 
were t a k e n d i r e c t l y f r o m r e p o r t e d r e s u l t s , o r were d e t e r m i n e d f r o m 
t h e l i n e a r p o r t i o n s o f t a b u l a t e d o r g r a p h e d d a t a . R a t e s were 
n o r m a l i z e d u s i n g e i t h e r r e p o r t e d s u r f a c e a r e a s , o r e s t i m a t e s o f 
s u r f a c e a r e a b a s e d on r e p o r t e d p a r t i c l e s i z e d a t a . R e s u l t s i n 
T a b l e 1 compa re f a v o r a b l y w i t h a s i m i l a r c o m p i l a t i o n by L a s a g a 
(50) . T a b l e I shows t h a t f e l d s p a r d i s s o l u t i o n r a t e s i n s l i g h t l y 
a c i d i c s o l u t i o n s v a r y by l e s s t h a n one o r d e r o f m a g n i t u d e , d e s p i t e 
d i f f e r e n t e x p e r i m e n t a l c o n d i t i o n s and s a m p l e p r e t r e a t m e n t s . 
H e l g e s o n and o t h e r s (J8) come t o an i d e n t i c a l c o n c l u s i o n o n t h e 
b a s i s o f a more r i g o r o u s a n a l y s i s o f numerous p u b l i s h e d 
e x p e r i m e n t a l s t u d i e s , i n c l u d i n g many ( bu t n o t a l l ) o f t h o s e 
i n c l u d e d i n t h i s c o m p i l a t i o n . T h e y c o n c l u d e t h a t t h e g r e a t e s t 
a m b i g u i t y a t t e n d i n g i n t e r p r e t a t i o n o f e x p e r i m e n t a l r a t e s o f 
s i l i c a t e h y d r o l y s i s a r i s e s f r o m s e v e r a l f a c t o r s , w h i c h i n c l u d e 
u n c e r t a i n t y a b o u t t h e e f f e c t i v e s u r f a c e a r e a , a n d t h e e x t e n t t o 
w h i c h s u r f a c e a r e a and s u r f a c e r o u g h n e s s c h a n g e w i t h r e a c t i o n 
p r o g r e s s . 

R a t e s o f F e l d s p a r W e a t h e r i n g i n N a t u r a l W e a t h e r i n g P r o f i l e s f r o m 
G e o c h e m i c a l Mass B a l a n c e o f S m a l l W a t e r s h e d s 

G e o c h e m i c a l mass b a l a n c e s t u d i e s ( a l s o known a s i n p u t - o u t p u t 
b u d g e t s ) i n v o k e a s i m p l e c o n s e r v a t i o n - o f - m a s s p r i n c i p l e . I f t h e 
f l u x o f a n y e l e m e n t l e a v i n g a w a t e r s h e d ( e . g . , v i a s t r e a m s ) , a n d 
t h e f l u x o f t h a t e l e m e n t i n t o t h e w a t e r s h e d ( e . g . , v i a a t m o s p h e r i c 
p r e c i p i t a t i o n ) a r e known , t h e d i f f e r e n c e be tween t h e two c a n be 
c a l c u l a t e d , a n d t h i s d i f f e r e n c e mus t be due t o t h e sura o f a l l 
r e a c t i o n s and t r a n s f o r m a t i o n s i n v o l v i n g t h a t e l e m e n t w h i c h t o o k 
p l a c e w i t h i n t h e w a t e r s h e d . P i o n e e r i n g mass b a l a n c e s t u d i e s on 
w e a t h e r i n g p r o f i l e s a n d / o r s m a l l w a t e r s h e d s i n c l u d e t h o s e o f 
G a r r e l s and M a c k e n z i e (.51,52) a n d C l e a v e s a n d B r i c k e r a n d t h e i r 
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c o w o r k e r s (53,54) . G e o c h e m i c a l mass b a l a n c e s t u d i e s a r e w i d e l y 
r e c o g n i z e d a s t h e m o s t r e l i a b l e means o f e s t i m a t i n g m i n e r a l 
w e a t h e r i n g r a t e s i n n a t u r e (55) . 

Many mass b a l a n c e s t u d i e s w h i c h r e p o r t w e a t h e r i n g r a t e s a s a 
f u n c t i o n o f u n i t a r e a o f l a n d s c a p e s u r f a c e do n o t p e r m i t c o m p a r i s o n 
o f t h o s e r a t e s w i t h l a b o r a t o r y d i s s o l u t i o n r a t e s , a n d c a n n o t , 
t h e r e f o r e , c o n t r i b u t e t o t h e o b j e c t i v e s o f t h i s p a p e r . O n l y two 
p u b l i s h e d s t u d i e s have t h u s f a r a t t e m p t e d t o r e n o r m a l i z e s u c h 
c a l c u l a t e d r a t e s t o m i n e r a l s u r f a c e a r e a . D i s c u s s i o n o f t h e s e 
s t u d i e s t h e r e f o r e f o r m s t h e b a s i s f o r c o m p a r i s o n s o f l a b o r a t o r y 
r a t e s w i t h n a t u r a l w e a t h e r i n g r a t e s . 

P a i e s (j>6) e s t i m a t e d t h e r a t e c o n s t a n t o f o l i g o c l a s e 
d i s s o l u t i o n f r o m t h e mass b a l a n c e o f s o d i u m i n E u r o p e a n d r a i n a g e 
b a s i n s . S e v e r a l o r d e r s o f m a g n i t u d e o f v a r i a b i l i t y a r e a s s o c i a t e d 
w i t h h i s e s t i m a t e , due t o u n c e r t a i n t i e s i n e s t i m a t i n g t h e a r e a o f 
m i n e r a l s u r f a c e i n c o n t a c t w i t h p e r c o l a t i n g f l u i d s . H o w e v e r , 
d e s p i t e t h i s u n c e r t a i n t y , t h e t o t a l r a n g e o f e s t i m a t e d v a l u e s f a l l s 
o u t s i d e t h e r a n g e o f l a b o r a t o r
w e a t h e r i n g r a t e s a r e , a c c o r d i n
o f m a g n i t u d e s l o w e r t h a n h i s f a v o r e d l a b o r a t o r y r a t e . Pac*es (56) 

a t t r i b u t e s t h i s d i s c r e p a n c y t o t h e d i f f e r e n c e i n t h e c h a r a c t e r o f 
f e l d s p a r s u r f a c e s i n n a t u r e a s o p p o s e d t o t h o s e u s e d i n l a b o r a t o r y 
e x p e r i m e n t s . He s u g g e s t s t h a t e x p e r i m e n t a l l y d i s s o l v e d f e l d s p a r s 
a r e f r e s h , r o u g h , c h a r a c t e r i z e d by k i n k s , l e d g e s a n d t e r r a c e s w h i c h 
w o u l d r e s u l t i n h i g h e r d i s s o l u t i o n r a t e s t h a n o l d , " s m o o t h , 
r o u n d e d " s u r f a c e s o f n a t u r a l l y w e a t h e r e d f e l d s p a r w h i c h may a l s o be 
" p a r t l y c o v e r e d w i t h w e a t h e r i n g p r o d u c t s w h i c h may a c t a s 
i n h i b i t o r s o f d i s s o l u t i o n " ( p . 1861). H i s e x p l a n a t i o n f o r t h e 
d i s c r e p a n c y be tween l a b o r a t o r y a n d n a t u r a l r a t e s i s a t v a r i a n c e 
w i t h many o b s e r v a t i o n s a n d t h e o r e t i c a l i n f e r e n c e s ; f o r i n s t a n c e , i t 
i s w i d e l y b e l i e v e d t h a t c l a y c o a t i n g s c o u l d n o t i n h i b i t f e l d s p a r 
d i s s o l u t i o n ( e . g . , _41,jM,22). I t i s a l s o w e l l e s t a b l i s h e d t h a t t h e 
s u r f a c e s o f n a t u r a l l y w e a t h e r e d f e l d s p a r g r a i n s a r e n o t s m o o t h a n d 
r o u n d e d , b u t a r e i n s t e a d r o u g h and d e e p l y e t c h e d ( e . g . , F i g u r e 3 ) ; 

f u r t h e r m o r e , b o t h o b s e r v a t i o n s ( e . g . , 43 a n d F i g u r e 3) a n d 
t h e o r e t i c a l c o n s i d e r a t i o n s (JjB) i n d i c a t e t h a t s u r f a c e r o u g h n e s s 
( and s u r f a c e a r e a ) may a c t u a l l y i n c r e a s e w i t h r e a c t i o n p r o g r e s s . 
D e s p i t e t h e i n a d e q u a c y o f P a i e s » (56) s u g g e s t e d e x p l a n a t i o n f o r t h e 
d i s c r e p a n c y b e tween h i s f i e l d - d e t e r m i n e d r a t e c o n s t a n t s a n d 
l a b o r a t o r y r a t e c o n s t a n t s , t h e q u a n t i t a t i v e r e s u l t s t h e m s e l v e s a r e 
u n a f f e c t e d by w h a t e v e r a r g u m e n t i s i n v o k e d t o e x p l a i n t h e m . 

V e l b e l (57) c a l c u l a t e d r a t e s o f w e a t h e r i n g o f i n d i v i d u a l 
m i n e r a l s f r o m w a t e r s h e d g e o c h e m i c a l mass b a l a n c e s f o r s e v e n s m a l l 
f o r e s t e d c o n t r o l ( u n m a n i p u l a t e d ) w a t e r s h e d s i n t h e s o u t h e r n B l u e 
R i d g e o f N o r t h C a r o l i n a . U s i n g a s y s t e m o f l i n e a r e q u a t i o n s 
f o r m a l i z e d by Plummer and B a c k (58) c o m b i n e d w i t h v o l u m e t r i c 
e s t i m a t e s o f m i n e r a l a b u n d a n c e ( b a s e d o n p é t r o g r a p h i e d a t a ) , 
e s t i m a t e s o f m i n e r a l g r a i n s i z e and g e o m e t r y , a n d t h e a v e r a g e 
t h i c k n e s s o f t h e w e a t h e r i n g p r o f i l e , V e l b e l (57) t r a n s f o r m e d t h e 
r e s u l t s o f t h e mass b a l a n c e c a l c u l a t i o n s f o r one o f t h e s e 
w a t e r s h e d s ( i n m o l e s o f r e a c t i o n / h a o f w a t e r s h e d / y r ) i n t o 
m o l e s / m 2 o f m i n e r a l s u r f a c e / s e c , t h e u n i t s i n w h i c h l a b o r a t o r y 
e x p e r i m e n t a l r a t e d a t a a r e o f t e n r e p o r t e d . The r e s u l t s (57) f o r 
r a t e s o f p l a g i o c l a s e w e a t h e r i n g a r e a p p r o x i m a t e l y o n e o r d e r o f 
m a g n i t u d e s l o w e r t h a n r a t e s d e t e r m i n e d i n l a b o r a t o r y e x p e r i m e n t s 
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under s i m i l a r hydrogeochemical c o n d i t i o n s . Ve l b e l (57) suggested 
that two major sources of the remaining ra te d i screpancy are (a) 
the character o f a r t i f i c i a l l y t r ea ted minera l sur faces i n 
l abo ra to ry experiments , which renders them more r e a c t i v e than t h e i r 
n a t u r a l counterpar ts ( e . g . , VO and/or (b) d i f f i c u l t i e s i n 
e s t imat ing the r e a c t i v e minera l surface area i n n a t u r a l systems. 
These r e s u l t s are d i scussed at l ength i n Ve l b e l (57) . 

Rates est imated i n the above s tud ies are shown i n Table I . 
Watershed-scale geochemical mass balance s tud i e s y i e l d c a l c u l a t e d 
fe ldspar weathering ra tes one to three orders o f magnitude slower 
than r a te s determined i n l abo ra to ry experiments. 

Summary and Eva lua t i on 

Studies o f weathering ra tes i n nature have i d e n t i f i e d two major 
sources o f unce r t a in ty a s soc i a ted with c a l c u l a t i o n o f n a t u r a l 
weathering r a t e s : 1) d i f f e r ences i n surface c h a r a c t e r i s t i c s between 
na tu r a l and a r t i f i c i a l f e ldspa
the e f f e c t i v e sur face are
review, however, the sur face c h a r a c t e r i s t i c s which p lay major r o l e s 
i n i n f l u e n c i n g f e ldspa r d i s s o l u t i o n rates have e i t h e r not been 
i d e n t i f i e d i n n a t u r a l ma te r i a l s (see d i s c u s s i o n o f 56 above) , o r do 
not r e s u l t i n s u f f i c i e n t v a r i a b i l i t y i n ( l aboratory determined) 
r a tes to account fo r the d i f f e r ence between l a b o r a t o r y - and 
f i e l d -de te rmined r a t e s (as was o p t i m i s t i c a l l y suggested by V e l b e l , 
57). In other words, the range o f v a r i a b i l i t y i n f e ldspar 
weathering r a te s due to f i ne p a r t i c l e s , s t r a i n e d su r f a ce s , de fects 
and d i s l o c a t i o n outc rops , and surface l aye r s i s too sma l l to 
account f o r the d i f f e r ence between l abora to ry and f i e l d - e s t i m a t e d 
ra tes o f f e ldspar weather ing. There fore , e i t h e r the sur face 
c h a r a c t e r i s t i c s o f n a t u r a l ma te r i a l s f a l l we l l outs ide the range 
which inc ludes a l l l abo ra to ry experiments, or f a c t o r s other than 
those h i t h e r t o i n v e s t i g a t e d must account f o r the d i s p a r i t y between 
l a b o r a t o r y - and f i e l d - de t e rmined ra tes of minera l weather ing. 
Furthermore, the sense and magnitude of the d i s p a r i t y suggests that 
e i t h e r 1) the volume (modal abundance) and corresponding surface 
area have been v a s t l y overest imated i n n a t u r a l systems, o r , 2) the 
f r a c t i o n o f the n a t u r a l minera l surface area which a c t u a l l y r e ac t s 
with s o l u t i o n s i s much smal le r than that i n l abo ra to ry 
experiments. The l a t t e r could s t i l l be due to some property o f the 
minera l sur faces themselves. A l t e r n a t i v e l y , h y d r o l o g i c a l f a c to r s 
c o n t r o l l i n g the d i s t r i b u t i o n o f water c i r c u l a t i o n i n weathering 
p r o f i l e s could exert a s i g n i f i c a n t in f luence on how much o f the 
a v a i l a b l e minera l sur face w i l l a c t u a l l y p a r t i c i p a t e i n 
m i n e r a l - s o l u t i o n i n t e r a c t i o n s . In other words, the r o l e o f surface 
area and sur face c h a r a c t e r i s t i c s i s not we l l understood, because 1) 
est imates o f t o t a l surface area i n na tu ra l systems may be 
fundamentally f lawed; 2) the r a t i o of e f f e c t i v e sur face area to 
t o t a l surface i n n a t u r a l systems may be s i g n i f i c a n t l y lower than i n 
l abora tory experiments; or 3) there may be some a d d i t i o n a l 
h y d r o l o g i c a l f ac to r which must be introduced i n order b r ing n a t u r a l 
weathering r a t e s i n t o q u a n t i t a t i v e agreement with l abo ra to ry r a t e 
da ta . 
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One a d d i t i o n a l f a c to r which p lays a s i g n i f i c a n t r o l e (at l e a s t 
i n p r i n c i p l e ) i n determining r a te s o f minera l weathering i s the 
chemical a f f i n i t y o f the weathering r e a c t i o n - i . e . , how fa r the 
system i s from thermodynamic e q u i l i b r i u m . As shown by Aagaard and 
Helgeson (59) and Helgeson and others Q8), the e f f e c t of a f f i n i t y 
on r a te s o f f e ldspa r d i s s o l u t i o n i n most l abora to ry experiments i s 
n e g l i g i b l y s m a l l . Th i s i s because the experiments are u s u a l l y o f 
such short du ra t i on that concentra t ions o f d i s s o l u t i o n products 
have not b u i l t up to l e v e l s s u f f i c i e n t to s i g n i f i c a n t l y reduce the 
a f f i n i t y . M i n e r a l - s o l u t i o n contact times i n n a t u r a l systems are 
g ene ra l l y much longer than i n l abora to ry systems; s a t u r a t i o n with 
respect to secondary minera l products i s obv ious ly widely a t t a i n e d , 
for such secondary minera l s ( e . g . , g i b b s i t e , k a o l i n i t e , e t c . ) 
abound i n n a t u r a l weathering p r o f i l e s , and t h e i r presence can o f ten 
be r e l a t e d d i r e c t l y to the composit ion o f c o e x i s t i n g s o l u t i o n s 
( e . g . , 51,52,60-73)« Under these c o n d i t i o n s , m i n e r a l - s o l u t i o n 
i n t e r a c t i o n r e s u l t s i n s o l u t i o n s h i gh l y evolved toward 
e q u i l i b r i u m . The chemical a f f i n i t y and, consequent ly , the r a tes o f 
the weathering r e a c t i o n s
ra tes a r e , t he r e f o r e , expected to be slower than l abo ra to ry r a t e s ; 
the magnitude of the d i f f e r ence i n r a te s depends on the d i f f e r ence 
between the chemical a f f i n i t i e s of n a tu r a l v s . l a bo ra to ry systems. 
Some e f f e c t s of s o l u t i o n composit ion on r e a c t i o n r a t e s i n 
l abora to ry s e t t i n g s have r e c e n t l y been i nve s t i g a t ed by Chou and 
Wol last (24) . Un fo r tunate ly , aqueous geochemical data fo r n a t u r a l 
weathering systems are g ene ra l l y inadequate to permit d e f i n i t v e 
q u a n t i t a t i v e eva lua t i on o f t h i s hypothes i s . 

One s u i t a b l e compi l a t ion o f data for performing a p r e l im ina ry 
eva lua t i on o f t h i s hypothes is does e x i s t , that of Paies (64) . 
Paces determined a d i s e q u i l i b r i u m index, 

I = l og 1 0 (Q/K ) 

where Q i s the r e a c t i o n quot ient fo r the r e a c t i o n and Κ i s the 
e q u i l i b r i u m constant . According to Aagaard and Helgeson (59) the 
a f f i n i t y term, 

A = RTln(K/Q) 

has a n e g l i g i b l e e f f e c t on r e a c t i o n ra te (that i s , the a c t u a l r a te 
i s 95Î or more o f i t s maximum poss i b l e value) i f A/aRT > 3· I f σ 
i s assumed to be 1 (59, p. 259), then Pa i e s 1 I i s r e l a t e d to the 
a f f i n i t y term i n r a te express ions based on t r a n s i t i o n s t a t e theory 
such that (-2.31 = A/RT). Rearranging and r e l a t i n g the r e s u l t to 
the i n e q u a l i t y from Aagaard and Helgeson (59) r evea l s that s o l u t i o n 
composit ion has a n e g l i g i b l e e f f e c t on r e a c t i o n ra te i f (-1 >̂  1.3; 
o r , I < 1.3). The compi l a t i on o f Paies (£4) suggests that many 
n a t u r a l s o l u t i o n s are s u f f i c i e n t l y c l o se to thermodynamic 
e q u i l i b r i u m with potassium fe ldspar and c l ay s to r equ i r e the 
cons i de r a t i on o f the a f f i n i t y term i n ra te exp res s i ons . However, 
many n a t u r a l s o l u t i o n s are s u f f i c i e n t l y fa r from e q u i l i b r i u m with 
respect to a l b i t e and c l ay s to render the a f f i n i t y term (and any 
consequent ra te v a r i a t i o n ) n e g l i g i b l e , and v i r t u a l l y a l l o f the 
s o l u t i o n s i n Pa i e s 1 (^4) compi l a t ion are far enough from 
e q u i l i b r i u m with respect to a n o r t h i t e and c l ay s so that a f f i n i t y 
p lays no r o l e i n a f f e c t i n g n a t u r a l weathering r a te s o f a n o r t h i t e . 
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F u r t h e r m o r e , many o f t h e s o l u t i o n s w h i c h a r e c l o s e t o e q u i l i b r i u m 
a r e g e o t h e r m a l w a t e r s ; v i r t u a l l y a l l s o l u t i o n s l e s s t h a n 25 °C a r e 
f a r f r o m e q u i l i b r i u m . 

A p p a r e n t l y , many n a t u r a l s y s t e m s a r e s u f f i c i e n t l y f a r f r o m 
e q u i l i b r i u m w i t h p l a g i o c l a s e f e l d s p a r s t h a t t h e c h e m i c a l a f f i n i t y 
i n t h e s e s y s t e m s w i l l n o t s i g n i f i c a n t l y s l o w r e a c t i o n r a t e s 
r e l a t i v e t o t h o s e i n l a b o r a t o r y s y s t e m s . N e v e r t h e l e s s , t h e 
d i s e q u i l i b r i u m i n d i c e s o f P a £ e s (6k) do n o t c o v e r t h e f u l l r a n g e o f 
p o s s i b l e s i t u a t i o n s . F o r e x a m p l e , PaSes (64) d i d n o t c a l c u l a t e 
i n d i c e s o f d i s e q u i l i b r i u m f o r s t o i c h i o m e t r i c d i s s o l u t i o n o f 
f e l d s p a r s u n a c c o m p a n i e d by f o r m a t i o n o f c l a y m i n e r a l s . P r e l i m i n a r y 
c a l c u l a t i o n s , u s i n g t h e same d a t a a s were u s e d by V e l b e l (57 ) t o 
c a l c u l a t e n a t u r a l w e a t h e r i n g r a t e s , s u g g e s t t h a t s o l u t i o n s i n t h e 
N o r t h C a r o l i n a w a t e r s h e d a r e p r o b a b l y f a r enough f r o m e q u i l i b r i u m 
t o r e n d e r t h e a f f i n i t y t e r m i n r a t e e x p r e s s i o n s n e g l i g i b l e . 
C o n f i r m a t i o n r e q u i r e s b o t h more d e t a i l e d e x a m i n a t i o n o f e x i s t i n g 
d a t a ( e s p e c i a l l y pH) a n d , e s p e c i a l l y , much b e t t e r c o n s t r a i n t s on 
d i s s o l v e d a l u m i n u m t h a
c o u r s e , t h e c h e m i c a l a f f i n i t
h y d r o l y s i s i n a n y s p e c i f i c n a t u r a l s y s t e m mus t be d e t e r m i n e d f o r 
e a c h i n d i v i d u a l c a s e ; e x i s t i n g d a t a do n o t p e r m i t g e n e r a l i z a t i o n s 
r e g a r d i n g t h e e f f e c t o f a f f i n i t y on n a t u r a l w e a t h e r i n g r a t e s . 
N e v e r t h e l e s s , p r e l i m i n a r y e x a m i n a t i o n o f e x i s t i n g d a t a s u g g e s t s 
t h a t a f f i n i t y e f f e c t s o f f e r a p r o m i s i n g a v e n u e o f f u t u r e r e s e a r c h 
i n r e l a t i n g l a b o r a t o r y w e a t h e r i n g r a t e t o t h e i r n a t u r a l 
c o u n t e r p a r t s . 

Many o f t h e same f a c t o r s w h i c h c o m p l i c a t e t h e i n t e r p r e t a t i o n o f 
l a b o r a t o r y k i n e t i c s t u d i e s a r e among t h e mos t i m p o r t a n t l i m i t a t i o n s 
on t h e a p p l i c a t i o n o f l a b o r a t o r y d i s s o l u t i o n r a t e d a t a t o n a t u r a l 
s y s t e m s . T h e s e i n c l u d e u n c e r t a i n t y a b o u t 1) t h e e f f e c t i v e s u r f a c e 
a r e a i n n a t u r a l s y s t e m s ( . 56 ,57 ) ; 2) t h e e x t e n t t o w h i c h s u r f a c e 
a r e a a n d s u r f a c e r o u g h n e s s c h a n g e w i t h r e a c t i o n p r o g r e s s (JJ3) ; a n d 
3) t h e m a g n i t u d e o f s o l u t i o n c o m p o s i t i o n e f f e c t s o n r a t e s i n 
n a t u r a l s y s t e m s . 

C o n c l u s i o n s 

1. Numerous s u r f a c e c h a r a c t e r i s t i c s may p l a y a r o l e i n d e t e r m i n i n g 
m e c h a n i s m s , r a t e - l i m i t i n g s t e p s , a n d r a t e s o f f e l d s p a r d i s s o l u t i o n 
d u r i n g w e a t h e r i n g ( as d i s c u s s e d a b o v e ) . T h e s e i n c l u d e : A . A d h e r e d 
f i n e p a r t i c l e s ; B . D e f e c t s a n d d i s l o c a t i o n o u t c r o p s ; C . 
A r t i f i c i a l l y s t r a i n e d s u r f a c e s ; D . R e s i d u a l s u r f a c e l a y e r s o f 
a l t e r e d c o m p o s i t i o n ; E . S u r f a c e l a y e r s c o n s i s t i n g o f s e c o n d a r y 
p r e c i p i t a t e s ; F . S u r f a c e l a y e r s whose c o m p o s i t i o n h a s b een a l t e r e d 
c h e m i c a l l y d u r i n g s a m p l e p r e p a r a t i o n . 

2 . Samp le p r e t r e a t m e n t and v a r i e d e x p e r i m e n t a l p r o c e d u r e s 
d e s i g n e d t o c o n t r o l o r e l i m i n a t e t h e e f f e c t s o f one o r more o f t h e 
a f o r e m e n t i o n e d c h a r a c t e r i s t i c s do n o t r e s u l t i n more t h a n one o r d e r 
o f m a g n i t u d e c h a n g e i n t h e e x p e r i m e n t a l d i s s o l u t i o n r a t e s . 

3. W a t e r s h e d - s c a l e g e o c h e m i c a l mass b a l a n c e s t u d i e s y i e l d 
c a l c u l a t e d f e l d s p a r w e a t h e r i n g r a t e s one t o t h r e e o r d e r s o f 
m a g n i t u d e s l o w e r t h a n r a t e s d e t e r m i n e d i n l a b o r a t o r y e x p e r i m e n t s . 

4. The r a n g e o f v a r i a b i l i t y i n f e l d s p a r w e a t h e r i n g r a t e s due t o 
f i n e p a r t i c l e s , s t r a i n e d s u r f a c e s , d e f e c t s and d i s l o c a t i o n 
o u t c r o p s , and s u r f a c e l a y e r s i s t o o s m a l l t o a c c o u n t f o r t h e 
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d i f f e r ence between l abo ra to ry and f i e l d - e s t i m a t e d r a t e s o f f e ld spa r 
weather ing . 

5. E i t h e r the i n t r i n s i c sur face c h a r a c t e r i s t i c s ( e . g . , r a t i o o f 
e f f e c t i v e - t o - t o t a l sur face area) o f n a t u r a l ma te r i a l s are 
s i g n i f i c a n t l y d i f f e r e n t from those used i n l abo ra to ry experiments, 
or other f a c t o r s must account f o r the d i s p a r i t y between l a b o r a t o r y -
and f i e l d - de t e rmined ra tes o f f e ldspar weather ing. Pos s i b l e 
non -mine ra l og i ca l f a c to r s inc lude inhomogenous f l u i d mig ra t ion 
through the weathering p r o f i l e . D i f f e rences i n s o l u t i o n 
composit ion between l abo ra to ry and n a t u r a l systems may a l so p lay a 
s i g n i f i c a n t r o l e , which remains to be eva lua ted . 

Future improvements i n the a p p l i c a t i o n o f l abora to ry 
d i s s o l u t i o n data to n a t u r a l systems w i l l come not (only) from 
a d d i t i o n a l work on l abo ra to ry k i n e t i c s , but w i l l a l s o depend 
h e a v i l y on much more comprehensive s tud ie s o f surface area 
d i s t r i b u t i o n , e v o l u t i o n , and a c c e s s i b i l i t y to a t t ack by f l u i d s i n 
n a t u r a l systems, and by improved understanding o f thermodynamic 
p rope r t i e s o f n a t u r a l f l u i d s
k i n e t i c data con t r i bu te
nuc lea r waste d i s p o s a l and eva lua t i ng the impact o f a c i d 
d e p o s i t i o n . 
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Dislocation Etch Pits in Quartz 

S. L. Brantley, S. R. Crane, D. A. Crerar, R. Hellmann, and R. Stallard 
Department of Geological and Geophysical Sciences, Princeton University, Princeton, 
NJ 08544 

Quartz samples were etched hydrothermally at 300°C in 
etchants of controlled Si concentration to measure the 
concentration above which dislocation etch pits would 
not nucleate. The C  for 300°C was predicted to be 
0.6C and the measure
equilibrium concentration)
that for C > Ccrit, dissolution occurs at edges and 
kinks on the surface; while for C < Ccrit, dislocation 
etch pits form rapidly, contributing to the overall 
dissolution rate. Analysis of quartz particles from a 
soil profile revealed a transition from angularly-
pitted grain surfaces at the top to rounded surfaces 
at the bottom, suggesting that downward permeating 
fluids pass through the critical Si concentration. The 
theory of etch pit formation may be useful in inter
preting the chemical conditions of low temperature 
mineral-water interactions. 

D i s s o l u t i o n o f a c r y s t a l s u r f a c e i s i n i t i a t e d a t s i t e s o f h i g h 
s u r f a c e e n e r g y : e d g e s , c o r n e r s , c r a c k s , s c r a t c h e s , a n d h o l e s a r e 
f a v o r a b l e s i t e s f o r f a s t d i s s o l u t i o n . A t t h e m i c r o - s c a l e , t r a p p e d 
i m p u r i t i e s , p o i n t d e f e c t s , t w i n b o u n d a r i e s , a n d d i s l o c a t i o n s c a n 
a l s o c a u s e e n h a n c e d d i s s o l u t i o n . T h e f o r m a t i - o n o f e t c h p i t s b y 
d i s s o l u t i o n a t d i s l o c a t i o n s h a s b e e n o f p a r t i c u l a r i n t e r e s t t o 
e x p e r i m e n t a l i s t s i n t e r e s t e d i n t e s t i n g and d e v e l o p i n g t h e o r i e s o f 
d i s s o l u t i o n , l a t t i c e s t r a i n , and m a t e r i a l d e f o r m a t i o n . F r a n k ( 1 ) , 
C a b r e r a , e t a l . (2_), a n d C a b r e r a a n d L e v i n e ( 3 ) d e v e l o p e d t h e f i r s t 
t h e o r y o f e t c h p i t f o r m a t i o n b a s e d o n d i s l o c a t i o n l a t t i c e s t r a i n . 
E x p e r i m e n t s b y S e a r s ( 4 ) , G i l m a n , J o h n s t o n a n d S e a r s (5_), a n d I v e s 
and H i r t h (6) showed t h a t t h e s e s i m p l e t h e o r i e s a p p e a r e d c o n s i s t e n t 
w i t h d i s s o l u t i o n o f L i F . L a s a g a (7) r e c e n t l y p o i n t e d o u t i m p l i c a 
t i o n s f o r i n t e r p r e t a t i o n o f d i s s o l v e d m i n e r a l s u r f a c e s a n d p a l e o -
f l u i d h i s t o r i e s . S e v e r a l t y p e s o f e x p e r i m e n t s a r e s u g g e s t e d by t h e s e 
t h e o r i e s w h i c h a p p l y t o g e o c h e m i c a l p r o c e s s e s s u c h a s h y d r o t h e r m a l 
a l t e r a t i o n , w e a t h e r i n g , and o t h e r d i s s o l u t i o n r e a c t i o n s . 

We d e s c r i b e h e r e an e x p e r i m e n t w h i c h i n d i c a t e s t h a t t h e d i s l o 
c a t i o n e t c h p i t t h e o r y i s a u s e f u l t o o l i n i n t e r p r e t i n g f o r m a t i o n o f 
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e t c h p i t s i n q u a r t z b y h y d r o t h e r m a l d i s s o l u t i o n . We h a v e a l s o t e s t e d 
t h e t h e o r y by d o c u m e n t i n g t h e i n c i d e n c e o f e t c h p i t s o n s u r f a c e s o f 
q u a r t z g r a i n s s a m p l e d f r o m a s o i l p r o f i l e . F i n a l l y , we d i s c u s s o t h e r 
a p p r o a c h e s s u g g e s t e d by o u r e x p e r i m e n t s and by e x p e r i m e n t s t n t h e 
l i t e r a t u r e w h i c h w o u l d p r o v i d e u s e f u l g e o c h e m i c a l i n f o r m a t i o n a b o u t 
t h e r a t e s and m e c h a n i s m s o f n a t u r a l d i s s o l u t i o n p r o c e s s e s . 

T h e o r y o f E t c h P i t F o r m a t i o n 

P i t f o r m a t i o n . I f we c o n s i d e r a d i s s o l u t i o n n u c l e u s a t a s c r e w 
d i s l o c a t i o n i n t e r s e c t i n g t h e s u r f a c e w h i c h c o n s i s t s o f a c y l i n d r i c a l 
h o l e o f r a d i u s r , o n e a t o m l a y e r d e e p ( a ) , t h e n t h e f r e e e n e r g y o f 
f o r m a t i o n o f t h i s n u c l e u s w i l l b e c o m p o s e d o f a v o l u m e e n e r g y , 
s u r f a c e e n e r g y , a n d e l a s t i c s t r a i n e n e r g y t e r m , r e s p e c t i v e l y , a s 
f o l l o w s : 

A G = i r r
2 a g + 2 i r r a Y - a x b 2 ( I n ( r / r Q ) ) /4 π (1 ) 

w h e r e τ i s t h e s h e a r m o d u l u s
d i s l o c a t i o n c o r e r a d i u s , Ύ i s t h e s u r f a c e e n e r g y , and g i s t h e f r e e 
e n e r g y o f d i s s o l u t i o n p e r u n i t v o l u m e (2 , 3 ) . E q u a t i o n 1 s h o w s t h a t 
o p e n i n g o f a p i t o n a c r y s t a l s u r f a c e i s a c o m p e t i t i o n b e t w e e n t e r m s 
w h i c h d e c r e a s e t h e f r e e e n e r g y ( d i s s o l u t i o n o f a v o l u m e o f c r y s t a l 
i n t o a n u n d e r s a t u r a t e d m e d i u m a n d r e l e a s e o f d i s l o c a t i o n s t r a i n 
e n e r g y ) a n d a t e r m w h i c h i n c r e a s e s t h e f r e e e n e r g y ( c r e a t i o n o f 
a d d i t i o n a l s u r f a c e a r e a ) . T h e c y l i n d r i c a l h o l e g e o m e t r y i s c h o s e n 
f o r s i m p l i c i t y . T o p r e d i c t w h e t h e r a n e t c h p i t w i l l f o r m a t a 
d i s l o c a t i o n , we want t o d e t e r m i n e t h e v a r i a t i o n o f Δ G w i t h r a d i u s , 
r , a n d f r e e e n e r g y o f d i s s o l u t i o n , g , d e f i n i n g g a s t h e c h e m i c a l 
a f f i n i t y p e r u n i t v o l u m e and n e g l e c t i n g a c t i v i t y c o r r e c t i o n s : 

g * R T I n ( C / C Q ) / V (2) 

w h e r e C • c o n c e n t r a t i o n o f d i s s o l v i n g s p e c i e s , C 0 » e q u i l i b r i u m 
s o l u b i l i t y o f t h e s p e c i e s , V i s t h e m o l a r v o l u m e , R i s t h e g a s 
c o n s t a n t a n d Τ i s t h e a b s o l u t e t e m p e r a t u r e . E q u a t i o n 1 e x p r e s s e s 
t h e f r e e e n e r g y i n e n l a r g i n g t h e p i t f r o m a r a d i u s r Q t o a r a d i u s r . 
T h e c o r e r a d i u s , r Q , i s t h e r a d i u s o f t h e c e n t r a l v o l u m e o f t h e 
d i s l o c a t i o n w h e r e t h e c o n t i n u u m a p p r o x i m a t i o n b r e a k s down and e l e c 
t r o n i c e n e r g i e s b e c o m e i m p o r t a n t . F o r r < r Q , t h e e l a s t i c s t r a i n 
t e r m o f E q u a t i o n 1 c a n n o t a d e q u a t e l y p r e d i c t t h e d i s l o c a t i o n e n e r g y . 
B e c a u s e t h e n a t u r e a n d e n e r g e t i c s o f t h e d i s l o c a t i o n c o r e a r e n o t 
w e l l u n d e r s t o o d , t h e v a l u e o f r Q i s u n d e t e r m i n e d , a n d we h a v e c h o s e n 
t o s e t r G - b , f o l l o w i n g o t h e r w o r k e r s ( 8 ) . F o r q u a r t z a t 3 0 0 ° C , 
u s i n g a s h e a r m o d u l u s o f 0 . 4 8 χ 1 0 1 1 P a ( 9 ) , a B u r g e r ' s v e c t o r o f 
7.3 A ( 9 ) , a s u r f a c e e n e r g y o f 360 rnJm"2 ( 10 ) , and a m o l a r v o l u m e o f 
2 2 . 6 8 8 c m , we c a n c a l c u l a t e Δ G a s a f u n c t i o n o f r f o r d i f f e r e n t 
v a l u e s o f t h e s a t u r a t i o n i n d e x , C / C Q . I n F i g u r e 1 we h a v e p l o t t e d 
c a l c u l a t e d v a l u e s o f a s a f u n c t i o n o f r (> r Q ) a n d C f o r a p i t 
o n e m o l e c u l e d e e p i n q u a r t z a t 3 0 0 o c > a t e m p e r a t u r e w h e r e q u a r t z 
r e a d i l y d i s s o l v e s i n w a t e r . L e t t e r e d c u r v e s c o r r e s p o n d t o t h e 
f o l l o w i n g c o n c e n t r a t i o n s : A ( 0 . 0 4 C Q ) , Β ( 0 . 3 6 C Q ) , C ( 0 . 5 1 C Q ) , Ό 
( 0 . 6 4 C Q ) , Ε ( 0 . 7 3 C Q ) , F ( 0 . 8 2 C Q ) , G ( 0 . 8 9 C Q ) . C o n c e n t r a t i o n s w e r e 
c h o s e n t o c o r r e s p o n d t o s e l e c t e d e x p e r i m e n t a l r u n c o n d i t i o n s . N o t e 
t h a t a l l c a l c u l a t i o n s h a v e u s e d E q u a t i o n 1, w h i c h i s s t r i c t l y v a l i d 
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F i g u r e 1. C a l c u l a t e d v a l u e s o f AG, f r e e e n e r g y o f f o r m a t i o n o f a 
p i t a t a d i s l o c a t i o n o n a q u a r t z s u r f a c e a t 3 0 0 ° C , p l o t t e d v s . 
p i t r a d i u s , r . L a b e l s d e f i n e d i n t e x t . A d a p t e d w i t h p e r m i s s i o n 
f r o m R e f . 16 . C o p y r i g h t 1986 P e r g a m o n P r e s s . 
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o n l y f o r s c r e w d i s l o c a t i o n s . F o r e d g e d i s l o c a t i o n s , t h e s t r a i n 
e n e r g y t e r m i s m o d i f i e d by t h e f a c t o r ( l / ( l - v ) ) w h e r e ν i s P o i s s o n ' s 
r a t i o . F o r q u a r t z , ν = 0 . 0 7 7 , and t h e c o r r e c t i o n i s v e r y s m a l l . 

As F i g u r e 1 s h o w s , a l l t h e c a l c u l a t e d A G c u r v e s above c u r v e D 
s h o w a m i n i m u m ( v e r y n e a r t o r a 10 A ) a n d a m a x i m u m ( a t l a r g e 
v a l u e s o f r Q ) i n t h e f r e e e n e r g y . The c r i t i c a l c o n c e n t r a t i o n w h e r e 
t h e m i n i m u m and max imum i n t h e AG c u r v e d i s a p p e a r c a n be d e t e r m i n e d 
by m a x i m i z i n g Δ G w i t h r e s p e c t t o r and s o l v i n g f o r r ( 2 , 3 ) : 

r = ( - Y / 2 g ) [ l + (1 - Tb2g/2v2yZ)l/2] (3) 

V a l u e s o f r s a t i s f y i n g E q u a t i o n 3 ( c o r r e s p o n d i n g t o t h e m i n i m u m and 
max imum p o i n t s i n A G ) w i l l y i e l d s t e a d y s t a t e s o l u t i o n s w h e r e a p i t 
r a d i u s s h o u l d r e m a i n c o n s t a n t , w h i l e t h e r e s t o f t h e c r y s t a l g r o w s 
o r d i s s o l v e s d e p e n d i n g on t h e c h e m i c a l a f f i n i t y ( E q u a t i o n 2 ) . I f t h e 
t e r m τ b 2 g / 2 π 2 Υ 2 > 1, t h e r e a r e no r e a l s o l u t i o n s t o E q u a t i o n 3 and 
t h e r e i s no s t e a d y s t a t e v a l u e o f r , w h i c h i n d i c a t e s t h a t a s m a l l 
p i t n u c l e a t e d a t a d i s l o c a t i o
f o r m a m a c r o s c o p i c e t c
t h i s o c c u r s ( s e t t i n g t h e a bove t e r m e q u a l t o one ) i s : 

C c r i t * C o e x p ( - 2 7 T 2 Y 2 v / R T T b 2 ) (4) 

F o r C = C c r ^ t , t h e r e i s a d o u b l e r o o t t o t h e m a x i m i z a t i o n e q u a t i o n , 
a n d t h e r e i s a n i n f l e c t i o n p o i n t i n t h e A G f u n c t i o n ( c u r v e D o n 
F i g u r e 1 ) . S i n c e t h e r e i s n o a c t i v a t i o n b a r r i e r t o o p e n i n g u p t h e 
e t c h p i t , a n y p i t n u c l e a t e d a t a d i s l o c a t i o n s h o u l d o p e n u p i n t o a 
m a c r o s c o p i c e t c h p i t . S i m i l a r l y , f o r C < C c r ^ t , t h e r e a r e no r e a l 
s o l u t i o n s a n d n o m a x i m a a n d m i n i m a i n t h e Δ G f u n c t i o n , a n d 
n u c l e a t e d p i t s o p e n u p i n t o e t c h p i t s . A t 3 0 0 ° C , t h e c a l c u l a t e d 
C c r i t ^ o r c l u a r t z e q u a l s 0 . 6 C Q . 

A b o v e C c r ^ t ( i . e . Ε o r F i n F i g u r e 1 ) , t h e r e a r e t w o r e a l r o o t s 
t o t h e e q u a t i o n , s o t h e r e i s a m i n i m u m a n d a m a x i m u m i n t h e A G 
f u n c t i o n . I f a p i t i s n u c l e a t e d a t t h e c o r e , t h e p i t s h o u l d s p o n t a 
n e o u s l y o p e n u n t i l i t s r a d i u s f u l f i l l s t h e c o n d i t i o n t h a t ^ A G i s a t a 
m i n i m u m (~10 A ) . T h e r e i s t h e n a n a c t i v a t i o n b a r r i e r Δ G ( =A G M A X I _ 

M - Δ G m ^ ^ ) t o w a r d f u r t h e r o p e n i n g o f t h e p i t i n t o a m a c r o s c o 
p i c e t c h p i t . M o n t e C a r l o s i m u l a t i o n s o f e t c h p i t f o r m a t i o n h a v e 
s h o w n t h a t s u c h h o l l o w t u b e s s h o u l d b e s t a b l e f o r s o m e m a t e r i a l s , 
i n c l u d i n g g u a r t z ( 2 7 ) . A b o v e C c r ^ t , t h e h e i g h t o f t h e a c t i v a t i o n 
b a r r i e r ( A G ) w i l l d e t e r m i n e t h e r a t e o f f o r m a t i o n o f e t c h p i t s . I f 
m e t a s t a b l e e q u i l i b r i u m i s a s s u m e d f o r t h e p i t n u c l e i s i z e d i s t r i 
b u t i o n , t h e r a t e o f f o r m a t i o n o f p i t s p e r u n i t a r e a , J , f o r c o n c e n 
t r a t i o n s a b o v e c r i t i c a l s h o u l d h a v e t h e f o r m : 

J - X d A e x p ( - A G * / R T ) (5) 

w h e r e i s t h e f r a c t i o n o f s u r f a c e s i t e s i n t e r s e c t e d b y d i s l o c a 
t i o n s , a n d A i s a f r e q u e n c y f a c t o r ( 1 1 ) . I f t h e c o r e e n e r g y i s 
i n c l u d e d i n t h e A G c a l c u l a t i o n , a s m a l l a c t i v a t i o n b a r r i e r e x i s t s 
e v e n f o r p i t n u c l e a t i o n b e l o w C c r i t . P i t n u c l e a t i o n i n h i g h l y 
u n d e r s a t u r a t e d s o l u t i o n s s h o u l d t h e n a l s o show a r a t e d e p e n d e n c e a s 
i n E q u a t i o n 5 , w i t h a s u b s t a n t i a l l y s m a l l e r a c t i v a t i o n e n e r g y . 

D i s s o l u t i o n k i n e t i c s a t e t c h p i t s . I f a n e t c h p i t o p e n s u p a t a 
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d i s l o c a t i o n , t h e s l o p e o f t h e s i d e s o f t h e p i t , d e t e r m i n e d b y t h e 
r a t i o o f downward d i s s o l u t i o n r a t e v n t o o u t w a r d d i s s o l u t i o n r a t e 
v g , m u s t b e h i g h i n o r d e r f o r t h e e t c h p i t t o b e m i c r o s c o p i c a l l y 
o b s e r v a b l e . I f t h e c r y s t a l s u r f a c e i s c l o s e - p a c k e d , t h e n h o l e s 
n u c l e a t e d i n t h e c l o s e - p a c k e d s u r f a c e w i l l c o n s i s t o f h i g h - i n d e x 
f a c e s c o m p o s e d o f s t e p p e d l e d g e s . A n i s o t r o p y o f v g w i l l c a u s e e t c h 
p i t s t o h a v e c r y s t a l l o g r a p h i c a l l y - c o n t r o l l e d n o n - c y l i n d r i c a l 
g e o m e t r i e s . T h e r a t e v n i s t h e r a t e o f f o r m a t i o n o f h o l e s a t a 
d i s l o c a t i o n , a n d t h e r a t e v g i s t h e l e d g e v e l o c i t y o r t h e r a t e o f 
r e c e s s i o n o f l e d g e s a w a y f r o m t h e n u c l e a t e d h o l e s . K i n k s i n t h e 
l e d g e s s e r v e a s s i t e s o f e a s i e s t t r a n s f e r o f m o l e c u l e s f r o m t h e 
s u r f a c e i n t o s o l u t i o n . J o h n s t o n (12) s u g g e s t e d t h a t t h e r a t i o v n / v g 

> 0.1 f o r an e t c h p i t t o be m i c r o s c o p i c a l l y v i s i b l e . 
When v n i s s m a l l c o m p a r e d t o v g , l e d g e s p a c i n g a t t h e a p e x o f 

t h e n u c l e a t e d p i t w i l l be l a r g e , and a s t h e l e d g e s r e c e d e , t h e w a l l s 
o f t h e p i t w i l l b e m a i n t a i n e d a t a v e r y s h a l l o w a n g l e , m a k i n g t h e 
p i t u n i d e n t i f i a b l e . S e a r s and c o - w o r k e r s (4 ,5 ) p o i n t e d o u t t h a t t h e 
a d s o r p t i o n o f p o i s o n s o n t
v g , p r o d u c i n g a m o r e v i s i b l
e t c h i n g i n L i F , t h e y c o n c l u d e d t h a t p o i s o n s w e r e e s s e n t i a l f o r t h e 
f o r m a t i o n o f e t c h p i t s o n c r y s t a l s u r f a c e s . T h e i m p o r t a n c e o f 
p o i s o n s i n t h e f o r m a t i o n o f e t c h p i t s i n o t h e r s u b s t a n c e s n e e d s t o 
b e i n v e s t i g a t e d . 

E t c h P i t s i n Q u a r t z : A T e s t o f t h e T h e o r y 

H y d r o t h e r m a l e t c h i n g . To t e s t t h e p r e d i c t i o n o f a c r i t i c a l c o n c e n 
t r a t i o n i n e t c h p i t f o r m a t i o n , we i n v e s t i g a t e d t h e h y d r o t h e r m a l 
d i s s o l u t i o n o f q u a r t z . P r e v i o u s w o r k e r s ( 13 ,14 ) n o t e d two t y p e s o f 
t r i a n g u l a r e t c h f e a t u r e s , d e e p p y r a m i d a l p i t s and s h a l l o w f l a t p i t s , 
p r o d u c e d b y h y d r o t h e r m a l e t c h i n g w i t h d i s t i l l e d w a t e r o n t h e r h o m b o 
h e d r a l f a c e . T h e s e w o r k e r s a r g u e d t h a t t h e s h a l l o w f l a t p i t s c o r r e s 
pond t o s u r f a c e d e f e c t s w h i l e t h e d e e p e r p i t s c o r r e s p o n d t o d i s l o c a 
t i o n s . B e c a u s e o f t h e b a c k g r o u n d w o r k c o m p l e t e d on d i s l o c a t i o n e t c h 
p i t s o n r h o m b o h e d r a l f a c e s o f q u a r t z , we d e c i d e d t o i n v e s t i g a t e 
e t c h i n g o n t h i s s u r f a c e . 

We r a n two d i f f e r e n t t y p e s o f d i s s o l u t i o n e x p e r i m e n t s : c l o s e d 
a n d f l o w . F o r t h e c l o s e d e x p e r i m e n t s , we p l a c e d c u t p i e c e s o f 
A r k a n s a s q u a r t z w i t h 50 m l o f s i l i c a s o l u t i o n ( p r e p a r e d a c c o r d i n g t o 
t h e m e t h o d o f C r e r a r e t a l . , (15) and n e u t r a l i z e d t o pH 7 w i t h NaOH) 
i n s t a n d a r d s e a l e d a u t o c l a v e s i n a t e m p e r a t u r e - c o n t r o l l e d o i l b a t h . 
I n e a c h e x p e r i m e n t , a l l p i e c e s w e r e c u t f r o m o n e f a c e o f a l a r g e 
c r y s t a l . D i f f e r e n t c r y s t a l s , a l l o f t h e c o a r s e - c r y s t a l l i z e d v a r i e t y 
f r o m Ho t S p r i n g s , A r k a n s a s , w e r e u s e d f o r e a c h r u n . D i s s o l u t i o n was 
a l l o w e d t o p r o c e e d f o r 6 . 5 h o u r s a t 3 0 0 ° C a t s a t u r a t e d v a p o r p r e s 
s u r e . H e a t up t i m e was f r o m 3 - 5 h o u r s , a n d s i l i c a c o n c e n t r a t i o n 
d u r i n g t h e r u n u s u a l l y i n c r e a s e d t o s u p e r s a t u r a t e d c o n d i t i o n s . I n 
t h e f l o w e x p e r i m e n t s , q u a r t z was p l a c e d i n a f l o w - t h r o u g h c h e m i c a l 
r e a c t o r a t 300 °C ( h e a t up t i m e a p p r o x i m a t e l y 30 m i n u t e s ) , and a S i 
s o l u t i o n o f k n o w n c o n c e n t r a t i o n was pumped t h r o u g h a t a r a t e o f 0.7 
m l / m i n a t s a t u r a t e d v a p o r p r e s s u r e . S o l u t i o n c h e m i s t r y was m o n i 
t o r e d t h r o u g h o u t t h e r u n . A f t e r t h e e x p e r i m e n t , e t c h i n g o n t h e 
c r y s t a l f a c e was a n a l y z e d by SEM. 

S p e c i f i c e x p e r i m e n t a l r u n c o n d i t i o n s and o b s e r v a t i o n s a r e d e s 
c r i b e d i n B r a n t l e y e t a l . (16 ) . I n o r d e r t o q u a n t i f y t h e p r e s e n c e o f 
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e t c h p i t s , p i t d e n s i t y c o u n t s we re made f o r m o s t s a m p l e s . F i f t e e n 
t o f o r t y s u r f a c e s a m p l e s w e r e r a n d o m l y s e l e c t e d and i m a g e d a t lOOOx 
u n d e r S E M , and d e e p p y r a m i d a l p i t s w e r e c o u n t e d . P i t d e n s i t i e s a r e 
p l o t t e d i n F i g u r e 2 , a l o n g w i t h t h e c a l c u l a t e d c r i t i c a l c o n c e n t r a 
t i o n . E r r o r b a r s ( s e e 16 ) a r e l i b e r a l e s t i m a t e s o f s t a t i s t i c a l 
c o u n t i n g e r r o r and t h e s y s t e m a t i c e r r o r i n v o l v e d i n d i s t i n g u i s h i n g 
e t c h p i t s . A l e a s t s q u a r e s l i n e a r f i t t o t h e d a t a f r o m e a c h i n d i v i 
d u a l c r y s t a l f a c e i s p l o t t e d i n o r d e r t o e s t i m a t e t h e C c r : £ t w h e r e 
p i t d e n s i t i e s r e a c h b a c k g r o u n d l e v e l s . 

F o r a l l r u n s , t h e r e i s a c l e a r d e c r e a s e i n m e a s u r e d p i t d e n s i t y 
w i t h i n c r e a s i n g C / C Q r a t i o . I n t h e c l o s e d e x p e r i m e n t s , p i t d e n s i 
t i e s r e a c h b a c k g r o u n d l e v e l s (<3 χ 1 0 3 c m " 2 ) a t C / C 0 - 0 .75 . I n t h e 
f l o w e x p e r i m e n t s , s a m p l e s f r o m c r y s t a l R5 ( e t c h e d f o r 6.5 h o u r s ) and 
R 5 S E ( c r y s t a l R5 a f t e r e t c h i n g 6 .5 h o u r s c l e a n e d a n d r e - e t c h e d f o r 
25 m o r e h o u r s ) s h o w b a c k g r o u n d l e v e l s (1 χ 10 c i " ) a b o v e C / C Q » 
0 .8 . F i g u r e 3 shows R5SE s u r f a c e s e t c h e d a bove and b e l o w 0.8 C Q . 

C r y s t a l R 9 , w h o s e u n r e a c t e d s u r f a c e w a s r o u g h e r a n d m o r e 
d i s t u r b e d t h a n t h e R5 s u r f a c e
d e n s i t y b e t w e e n C / C Q = 0.7
d a t a t o b a c k g r o u n d p i t d e n s i t y (~ 2 χ 10 cm"" 2 ) p r e d i c t s C c r £ t / C 0

 3 8 

0 . 9 . A l t h o u g h f o r m a t i o n o f e t c h p i t s d e c r e a s e d m a r k e d l y a b o v e 
0 . 7 5 C Q f o r R 9 , s o m e e t c h p i t s s t i l l f o r m e d a t C / C β 0 . 9 . I n a d d i 
t i o n , c r y s t a l R9 s h o w e d c o n s i d e r a b l e " a r c u a t e e t c h i n g " , a g e n e r a l 
t e r m w h i c h d e s c r i b e s a v a r i e t y o f u n u s u a l e t c h f e a t u r e s common t o 
q u a r t z : c u r v e d e t c h l i n e s , e l o n g a t e d e t c h t r i a n g l e s , a n d l i n e a r 
a r r a y s o f e t c h l i n e s and e t c h t r i a n g l e s , u s u a l l y w i t h c u r v e d e d g e s 
( 1 6 , 1 7 ) . T h e s e f e a t u r e s c o u l d be a s s o c i a t e d w i t h s u r f a c e s c r a t c h e s , 
h i g h i m p u r i t y c o n t e n t , i n c l u s i o n s , o r o t h e r f l a w s d i s t u r b i n g t h e 
s u r f a c e . T E M a n a l y s i s o f s a m p l e s R5 and R9 i n d i c a t e d t h a t d i s l o c a 
t i o n d e n s i t i e s w e r e s i m i l a r i n t h e t w o c r y s t a l s ; t h e r e f o r e , 
h e i g h t e n e d e t c h i n g o f R9 m i g h t be a t t r i b u t e d t o s e g r e g a t e d i m p u r i 
t i e s w h i c h p e r t u r b t h e s u r f a c e e n e r g y o f t h e R5 o r R9 d i s l o c a t i o n s . 
A l t e r n a t i v e l y , i n c r e a s e d e t c h i n g m i g h t r e s u l t f r o m d i f f e r e n c e s i n 
B u r g e r ' s v e c t o r s o r t h e s c r e w o r edge c h a r a c t e r o f t h e two c r y s t a l s ' 
g r o w n - i n d i s l o c a t i o n s . T h e p r e s e n c e o f d i s t u r b e d s u r f a c e l a y e r s o n 
s o m e c r y s t a l s o f n a t u r a l q u a r t z w a s a l s o n o t i c e d i n t h e e t c h i n g 
e x p e r i m e n t s o f H i c k s ( 17 ) . 

O u r b e s t e s t i m a t e f r o m t h e e x p e r i m e n t a l d a t a i n F i g u r e 2 f o r 
C i t a t 3 0 0 ° C i s . 0 0 7 8 + . 0 0 0 7 m S i w h i c h c o r r e s p o n d s t o 0 . 8 (+ 
0.0/) C . H o w e v e r , we h a v e u s e d W a l t h e r and H e l g e s o n * s (18 ) v a l u e 
o f 0 .0097 m S i a s t h e b e s t v a l u e f o r t h e e q u i l i b r i u m c o n c e n t r a t i o n , 
C Q . I f we u s e F o u r n i e r and P o t t e r ' s (19) v a l u e o f 0 .011m S i f o r C Q , 
t h e n o u r e x p e r i m e n t a l C c r - i t a 0 . 7 C Q , w h i c h i s c l o s e r t o t h e t h e o r e 
t i c a l l y p r e d i c t e d G c r i t o f 0 . 6 C Q . B e c a u s e o f t h e u n c e r t a i n t y i n C Q 

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

C c r i t " 0 , 7 5 ± " 1 5 C o a t 3 0 0 ° c -
A v e r y a c c u r a t e m e a s u r e m e n t o f C c r j t w o u l d a l l o w b a c k - c a l c u l a 

t i o n o f t h e s u r f a c e e n e r g y f o r a g i v e n c r y s t a l . B e c a u s e C c r ^ t i s 
d e p e n d e n t o n t h e s q u a r e o f Ύ , s u c h a m e a s u r e m e n t c o u l d b e a v e r y 
s e n s i t i v e m e t h o d o f m e a s u r i n g i n t e r f a c i a l e n e r g y a t d i s l o c a t i o n 
o u t c r o p s . T h e c a l c u l a t e d i n t e r f a c i a l e n e r g y f r o m o u r e x p e r i m e n t s i s 
280+ 90 m J m " 2 f o r t h e r h o m b o h e d r a l f a c e o f q u a r t z a t 300 °C . P a r k s 
( 1 0 ) e s t i m a t e d 2 5 ° C v a l u e o f 3 6 0 + 3 0 mJ m i s w e l l w i t h i n t h e 
e x p e r i m e n t a l e r r o r o f o u r m e a s u r e m e n t . T h e b e s t way t o d e t e r m i n e 
t h e v a l u e o f C r i f . w o u l d be t o m e a s u r e e t c h p i t n u c l e a t i o n r a t e o n 
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Saturation index (C/Co) 

F i g u r e 2 . T h e e f f e c t o f d i s s o l v e d S i c o n c e n t r a t i o n o n e t c h p i t 
d e n s i t y o n q u a r t z s u r f a c e s e t c h e d : a) i n s e a l e d a u t o c l a v e s f o r 
6 . 5 h o u r s , b ) i n a f l o w r e a c t o r f o r 6 . 5 h o u r s ( R 5 ) , 3 1 . 5 h o u r s 
( R 5 S E ) , a n d 2 5 - 2 8 h o u r s ( R 9 ) . R e p r o d u c e d w i t h p e r m i s s i o n f r o m 
R e f . 16 . C o p y r i g h t 1986 P e r g a m o n P r e s s . 
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one s u r f a c e u n d e r d i f f e r e n t s i l i c a c o n c e n t r a t i o n s . By p l o t t i n g l o g 
( r a t e ) v s . l o g (C/CQ)~^ a s s u g g e s t e d by E q u a t i o n 5 , a b r e a k i n s l o p e 
s h o u l d o c c u r a t C c r ^ t r e g a r d l e s s o f t h e d i s l o c a t i o n d e n s i t y o f t h e 
s t a r t i n g m a t e r i a l . 

Low t e m p e r a t u r e e t c h i n g . Ou r d a t a s u g g e s t s t h a t , u n d e r h y d r o t h e r m a l 
c o n d i t i o n s t h e r a t e o f p i t f o r m a t i o n i s d r a m a t i c a l l y r e d u c e d , a l 
t h o u g h p e r h a p s n o t c o m p l e t e l y s t o p p e d , a t C = C r £ t . E t c h p i t s on a 
n a t u r a l , h y d r o t h e r m a l l y - e t c h e d q u a r t z s u r f a c e t h e r e f o r e i n d i c a t e e x 
t e n d e d d i s s o l u t i o n t i m e s , b u t n o t n e c e s s a r i l y e t c h i n g a t C < C c r ^ t . 
T h i s i s b e c a u s e t h e r a t e o f e t c h p i t f o r m a t i o n e v e n a bove C c r ^ t c a n 
b e s i g n i f i c a n t a t e l e v a t e d t e m p e r a t u r e s ( a s s h o w n b y c r y s t a l R 9 ) . 
H o w e v e r , a t l o w t e m p e r a t u r e s , f o r m a t i o n o f e t c h p i t s when C > C c r ^ t 

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

I n o r d e r t o t e s t t h i s h y p o t h e s i s , C r a n e ( 2 0 ) a n a l y z e d t h e 
s u r f a c e s o f q u a r t z g r a i n s a m p l e s f r o m a 90 cm d e e p s o i l p r o f i l e 
d e v e l o p e d i n s i t u on t h
shows c h a r a c t e r i s t i c s u r f a c
a b o v e g r a n i t e b e d r o c k (90 cm deep ) and f r o m 50 cm a b o v e b e d r o c k (40 
cm d e e p ) . A s s u g g e s t e d b y t h i s f i g u r e , a t r a n s i t i o n o c c u r s a t a 
d e p t h b e t w e e n 60 and 80 cm f r o m a n g u l a r l y - p i t t e d s u r f a c e s t o r o u n d e d 
s u r f a c e s , s u g g e s t i n g t h a t t h e c r i t i c a l c o n c e n t r a t i o n i s r e a c h e d a t 
t h a t p o i n t . T h e s e o b s e r v a t i o n s s u g g e s t t h a t , a t 2 5 ° C , r a t e s a r e 
s l o w e n o u g h t h a t f o r C > C c r ^ 1 _ , no e t c h p i t f o r m a t i o n o c c u r s . 

B a s e d on p r e d i c t e d w e a t h e r i n g and e r o s i o n r a t e s o f t h e r e g i o n , 
we e s t i m a t e t h e p r o f i l e t o b e s e v e r a l m i l l i o n y e a r s o l d . B e c a u s e 
t h e s o i l h a s d e v e l o p e d in s i t u , t h e t o p m o s t g r a i n s h a v e r e a c t e d w i t h 
w a t e r f o r t h e g r e a t e s t e x t e n t o f t i m e . W i t h d e p t h , t h e t o t a l " l i f e 
t i m e " o f t h e p a r t i c l e s a s s o i l d e c r e a s e s . T h i s i m p l i e s t h a t t h e 
t o p m o s t q u a r t z s u r f a c e s s h o u l d b e " r e a c t i v e l y m a t u r e " ( a l l f i n e s 
r e m o v e d , d e e p g r o w n - t o g e t h e r e t c h p i t s ) and t h e b o t t o m - m o s t q u a r t z 
s u r f a c e s s h o u l d be " r e a c t i v e l y y o u n g " ( p l e n t i f u l f i n e s , f r e s h s u r 
f a c e s ) . 

R e a c t i v e l y young s u r f a c e s i n c o n t a c t w i t h u n d e r s a t u r a t e d s o l u 
t i o n s s h o u l d s h o w h i g h r a t e s o f p i t t i n g . T h e l a c k o f p i t t i n g i n 
b o t t o m s a m p l e s s u g g e s t s t h a t t h e c r i t i c a l S i c o n c e n t r a t i o n i n t h e 
p e r m e a t i n g f l u i d h a s b e e n e x c e e d e d and e t c h p i t s a r e n o t f o r m i n g a t 
s i g n i f i c a n t r a t e s . M o d e l i n g ( 21 ) , c o r r o b o r a t e d by t h e o b s e r v a t i o n o f 
r o u n d e d g r a i n s h a p e s o b s e r v e d i n b o t t o m - m o s t l a y e r s , i n d i c a t e s o n 
g o i n g q u a r t z d i s s o l u t i o n . A p p a r e n t l y , d i s s o l u t i o n o f q u a r t z c o n t i 
n u e s i n t h i s z o n e b y d i s s o l u t i o n o f f i n e s , e d g e s , c r a c k s , e t c . , b u t 
w i t h o u t t h e f o r m a t i o n o f e t c h p i t s . A t a s l i g h t l y h i g h e r z o n e o f 
t h e p r o f i l e , r e a c t i v e l y y o u n g s u r f a c e s a r e e x p o s e d t o s o l u t i o n s w i t h 
C < C c r ^ t . A t t h i s p o i n t i n t h e p r o f i l e , " r e a c t i v e l y y o u n g " q u a r t z 
m e e t s v e r y r e a c t i v e s o l u t i o n , and a g g r e s s i v e q u a r t z d i s s o l u t i o n and 
p i t t i n g o c c u r s ( F i g u r e 4b ) . T o p m o s t q u a r t z g r a i n s show d e e p , a n g u 
l a r , g r o w n - t o g e t h e r p i t s a s e x p e c t e d (16 ) . 

R a t e s o f P i t G r o w t h . J o s h i a n d V a g ( 1 4 ) m e a s u r e d t h e r a t e o f e t c h 
p i t g r o w t h i n q u a r t z a t s e v e r a l t e m p e r a t u r e s I n a c o n c e n t r a t e d NaOH 
s o l u t i o n . T h e y r e p o r t t h a t t h e r a t e o f d i s s o l u t i o n n o r m a l t o t h e 
s u r f a c e , v n , i s 0.09 m i c r o n / m i n a t 2 0 0 ° C , 0.10 m i c r o n / m l n a t 2 5 0 ° C , 
and 0.12 m i c r o n / m i n a t 2 7 5 ° C , and 0 .166 m i c r o n / m i n a t 300°C . By 
a s s u m i n g a s a f i r s t a p p r o x i m a t i o n t h a t p r e c i p i t a t i o n i n t o a d i s l o c a -
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F i g u r e 3 . S E M p h o t o m i c r o g r a p h o f s u r f a c e s o f R 5 S E : a ) R 5 S 1 S E 
e t c h e d 3 1 . 5 h o u r s a t 0 . 0 0 8 m S i , b ) R 5 S 3 S E e t c h e d 3 1 . 5 h o u r s a t 
0 . 0 0 6 - 0 . 0 0 7 m S i ( S c a l e b a r » 10 m i c r o n s ) . 

F i g u r e 4. SEM p h o t o m i c r o g r a p h o f c h a r a c t e r i s t i c s u r f a c e s o f s a n d 
g r a i n s f r o m a V e n e z u e l a n s o i l p r o f i l e . S a m p l e s f r o m : a ) 90 cm 
d e e p , b ) 40 cm d e e p . ( S c a l e b a r » 2 .5 m i c r o n s ) . 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



644 G E O C H E M I C A L PROCESSES AT MINERAL SURFACES 

t i o n p i t i s z e r o t h r o u g h o u t t h e e x p e r i m e n t , we c a n a s s u m e t h a t v n i s 
d i r e c t l y p r o p o r t i o n a l t o t h e r a t e c o n s t a n t f o r d i s s o l u t i o n a t a 
d i s l o c a t i o n . B y r e g r e s s i n g I n ( v n ) v s . ( 1 / T ) f o r t h i s d a t a , we c a n 
e s t i m a t e an a c t i v a t i o n e n e r g y f o r t h i s d i s s o l u t i o n p r o c e s s a t h i g h 
pH: E a • 13 k J / m o l . As e x p e c t e d , t h i s a c t i v a t i o n e n e r g y i s s m a l l e r 
t h a n t h e a c t i v a t i o n e n e r g y f o r d i s s o l u t i o n o f b u l k q u a r t z i n w a t e r 
d e t e r m i n e d f o r 0 ° C t o 300 °C ( E a « ~ 7 0 k J / m o l , 22) a t n e a r - n e u t r a l pH. 
I t i s i n t e r e s t i n g t o n o t e t h a t t h i s f o r m e r a c t i v a t i o n e n e r g y i s o f 
t h e same o r d e r o f m a g n i t u d e a s t h a t m e a s u r e d by R i m s t i d t and B a r n e s . 
S i n c e d i s s o l u t i o n a t a d i s l o c a t i o n h a s a s m a l l e r a c t i v a t i o n e n e r g y 
t h a n t h a t m e a s u r e d f o r b u l k q u a r t z , p i t f o r m a t i o n i s p r o b a b l y n o t 
t h e r a t e - l i m i t i n g s t e p f o r h y d r o t h e r m a l q u a r t z d i s s o l u t i o n . F u r t h e r 
e x p e r i m e n t s on e t c h p i t k i n e t i c s a r e c l e a r l y n e c e s s a r y i n o r d e r t o 
c o n c l u s i v e l y i n t e r p r e t b u l k d i s s o l u t i o n d a t a . 

A l t h o u g h we d i d n o t m e a s u r e t h e r a t e o f p i t d e e p e n i n g , we d i d 
m e a s u r e t h e w i d t h o f e t c h p i t s p r o d u c e d o n t h e q u a r t z e t c h e d i n t h e 
f l o w s y s t e m s . P i t s w e r e i m a g e d b y SEM a n d t h e s m a l l d i m e n s i o n o f 
t h e e t c h t r i a n g l e was m e a s u r e d
t a l R5 e t c h e d f o r 31 .5 h o u r
c o m p a r e p i t g r o w t h r a t e s f o r d i f f e r e n t C / C Q v a l u e s . P i t w i d t h s f o r 
c r y s t a l R 5 , a l o n g w i t h S i c o n c e n t r a t i o n o f f l o w i n g f l u i d s , a r e 
t a b u l a t e d i n T a b l e I . We o b s e r v e d a f a i r l y b r o a d v a r i a t i o n i n p i t 
s i z e f o r e a c h s a m p l e . I n p a r t i c u l a r , we o b s e r v e d t h a t some p i t s w e r e 
a s y m m e t r i c ( t h e d e e p e s t e t c h p o i n t o f f - c e n t e r f r o m t h e b r o a d e r 
t r i a n g l e ) , w h i l e o t h e r s w e r e s y m m e t r i c ; t h e a s y m m e t r i c p i t s w e r e 
g e n e r a l l y s m a l l e r t h a n t h e s y m m e t r i c p i t s . P i t s y m m e t r y i s r e l a t e d 

T a b l e I . C r y s t a l R 5 : E t c h P i t W i d t h s 

Samp le S i C o n c e n . A v e r a g e p i t w i d t h E t c h t i m e 
R5S1SE 0 . 0 0 8 m 1 .5 + . 5 m i c r o n s 31 . 5 h o u r s 
R5S2SE 0 . 0 0 7 - - . 0 0 8 m 4 . 4 + . 9 31 . 5 h o u r s 
R5S3SE 0 . 0 0 6 - - . 0 0 7 m 5 + 2 31 . 5 h o u r s 
R5S5SE 0 . 0 0 5 m 6 + 2 31 . 5 h o u r s 

t o t h e a n g l e b e t w e e n t h e d i s l o c a t i o n l i n e and t h e s u r f a c e a s w e l l a s 
t h e a n i s o t r o p y o f d i s s o l u t i o n r a t e . D e s p i t e t h e u n c e r t a i n t y i n t h e 
d a t a , t h e r e i s a n o t i c e a b l e d e c r e a s e i n r a t e w i t h i n c r e a s i n g C / C Q . 
I n a d d i t i o n , t h e l a r g e s t c h a n g e i n g r o w t h r a t e o c c u r s a b o v e C β 

C c r i t ( ~ 0 , 8 C o ^ ' E t c h p i t s o n c r y s t a l R9 w e r e l a r g e r t h a n p i t s 
o b s e r v e d on R5 . A p p a r e n t l y , w h a t e v e r s u r f a c e f e a t u r e o f R9 c a u s e s 
e n h a n c e d f o r m a t i o n o f p i t s a l s o c a u s e s i n c r e a s e d r a t e s o f p i t 
w i d e n i n g . 

I v e s and H i r t h (6) r e p o r t s i m i l a r d a t a f o r e t c h p i t s i n L i F , i n 
w h i c h t h e r a t e o f p i t w i d e n i n g d r o p s t o 0 a t 0 . 2 2 C Q a n d 3 2 ° C i n 
d i l u t e f e r r i c f l u o r i d e s o l u t i o n , w h e r e t h e 2 .5 p p m F e a c t s a s a 
d i s s o l u t i o n p o i s o n . T h e y a r g u e t h a t , when no p o i s o n i s p r e s e n t , t h e 
r a t e s h o u l d d e c r e a s e l i n e a r l y w i t h i n c r e a s i n g C / C Q , u n t i l t h e r a t e 
e q u a l s 0 a t C · C Q . I n t h e p r e s e n c e o f a p o i s o n a d s o r b e d t o a k i n k , 
h o w e v e r , d i s s o c i a t i o n o f a m o l e c u l e s h o u l d be s l o w e d , r e d u c i n g t h e 
l o c a l e q u i l i b r i u m c o n c e n t r a t i o n t o a v a l u e o f C f < C Q . I f p o i s o n 
m o l e c u l e s c o m p l e t e l y c o v e r t h e k i n k s i t e s , t h e r a t e o f p i t w i d e n i n g 
c o u l d r e a c h 0 a t C r a t h e r t h a n C Q . T h e c o n t r i b u t i o n o f p o i s o n s t o 
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f o r m a t i o n o f e t c h p i t s i n q u a r t z i s u n c l e a r . I n o u r e x p e r i m e n t s , we 
o b s e r v e d t h a t e t c h p i t s f o r m e d d u r i n g c l o s e d r u n s w e r e b e t t e r d e 
f i n e d t h a n t h o s e o f t h e f l o w e x p e r i m e n t s , w h i c h c o u l d b e r e l a t e d 
e i t h e r t o t h e h i g h e r Na c o n t e n t o f t h e c l o s e d r u n s o l u t i o n s o r t o 
t h e f l o w c o n d i t i o n s . We a l s o t e s t e d f o r F e c o n t e n t i n t h e f l o w 
s a m p l e s and f o u n d l e s s t h a n 1 ppm F e . 

E t c h T u b e s a n d T e r r a c e d P i t s . One i n t e r e s t i n g f e a t u r e we o b s e r v e d 
i n some l o n g q u a r t z d i s s o l u t i o n e x p e r i m e n t s was t h e d e v e l o p m e n t o f 
v e r y d e e p e t c h h o l e s c e n t e r e d o n t r i a n g u l a r p i t s . H i c k s ( 1 7 ) h a s 
a l s o r e p o r t e d t h e s e f e a t u r e s . F i g u r e 5 shows an e x a m p l e f r o m s a m p l e 
R 5 S 5 S E e t c h e d 3 1 . 5 h o u r s a t 0 .5 C Q . N o t i c e t h a t t h e s h a p e o f t h e 
e t c h h o l e i s d i s t i n c t l y d i f f e r e n t t h a n t h e l a r g e r , t r i a n g u l a r e t c h 
f i g u r e . We b e l i e v e t h e s e f e a t u r e s a r e e x a m p l e s o f e t c h t u b e s , f i r s t 
n o t e d b y N i e l s e n a n d F o s t e r ( 2 3 ) i n b o t h s y n t h e t i c a n d n a t u r a l 
q u a r t z e t c h e d i n 48% H F . T h e s e f e a t u r e s d o c u m e n t c o n d i t i o n s s u c h 
t h a t v n , r a t e o f p i t d e e p e n i n g , i s v e r y l a r g e . T h e y a r e t h o u g h t t o 
be c h a r a c t e r i s t i c o f q u a r t
A p p a r e n t l y , v n c a n b e c h a n g e
i m p u r i t y c o n t e n t . T h e c h a n g e i n e t c h h o l e s h a p e c o u l d a l s o b e d u e 
t o i m p u r i t i e s i n t h e q u a r t z . F o r m a t i o n o f e x t r e m e l y l a r g e , w i d e l y -
s p a c e d e t c h h o l e s a s o b s e r v e d i n f e l d s p a r ( 2 5 ) , a n d i n q u a r t z ( 2 6 ) , 
may a l s o be r e l a t e d t o i m p u r i t y o r i n c l u s i o n c o n t e n t o f t h e c r y s t a l . 
F i g u r e 5 a l s o shows a n o t h e r f e a t u r e p r e v i o u s l y d e s c r i b e d f o r e t c h e d 
a m e t h y s t c r y s t a l s ( 24 ) : t e r r a c e d e t c h p i t s . T e r r a c e d e t c h p i t s a r e 
t h o s e i n w h i c h c o n t i n u e d d i s s o l u t i o n r e v e a l s t h a t t h e d i s l o c a t i o n 
l i n e h a s a s t e p p e d c o n f i g u r a t i o n . As t h e p i t d e e p e n s , t h e d i s l o c a 
t i o n l i n e j o g s o r b r a n c h e s , w h i c h c a u s e s t h e c e n t e r o f d i s s o l u t i o n 
t o move f r o m t h e c e n t e r o f t h e e t c h t r i a n g l e . S e v e r a l e x a m p l e s o f 
e t c h i n g a l o n g a p p a r e n t l y s t e p p e d o r b r a n c h i n g d i s l o c a t i o n s a r e shown 
i n F i g u r e 5 . 

I n g e n e r a l , t h e s h a p e a n d c h a r a c t e r o f e t c h p i t s m a y r e v e a l 
i n f o r m a t i o n a b o u t t h e i m p u r i t y c o n t e n t o f t h e c r y s t a l . " B e a k e d 
p i t s " ( p i t s w i t h c u r v e d a p e x e s , s e e 12 ) c a n i n d i c a t e i m p u r i t y h a 
l o e s . Some f o r m s o f t h e a r c u a t e e t c h i n g we o b s e r v e d i n q u a r t z (16 ) 
m a y b e e x a m p l e s o f b e a k i n g . V e r y s h a l l o w p i t s c a n f o r m a t a g e d 
d i s l o c a t i o n s w h i l e v e r y d eep p i t s f o r m a t new d i s l o c a t i o n s . " A g i n g " 
may be r e l a t e d t o i m p u r i t y d i f f u s i o n i n t h e c r y s t a l l a t t i c e . 

C o n c l u s i o n s and I m p l i c a t i o n s f o r F u t u r e R e s e a r c h 

We h a v e d e s c r i b e d a s e t o f e x p e r i m e n t s w h i c h s u g g e s t s t h a t t h e e t c h 
p i t f o r m a t i o n t h e o r y d e v e l o p e d by C a b r e r a and L e v i n e (2 ,3 ) and F r a n k 
(1 ) w o r k s w e l l i n p r e d i c t i n g h y d r o t h e r m a l e t c h i n g o f q u a r t z . O u r 
wo rk shows t h a t a t 300 °C t h e r e i s a c r i t i c a l c o n c e n t r a t i o n (0.75 + 
0 . 1 5 C Q ) a b o v e w h i c h t h e r a t e o f e t c h p i t f o r m a t i o n s l o w s 
d r a m a t i c a l l y . We a l s o r e p o r t e d q u a l i t a t i v e o b s e r v a t i o n s o f s u r f a c e 
f e a t u r e s o f q u a r t z s a n d g r a i n s f r o m a 90 cm s o i l p r o f i l e w h i c h show 
a s y s t e m a t i c s u r f a c e m o r p h o l o g y v a r i a t i o n w i t h d e p t h . I n t h e p r o 
f i l e , we o b s e r v e d a t r a n s i t i o n f r o m a n g u l a r l y - p i t t e d s u r f a c e s t o 
r o u n d e d s u r f a c e s a t a d e p t h b e t w e e n 60 a n d 80 c m , s u g g e s t i n g t h a t 
t h e c r i t i c a l S i c o n c e n t r a t i o n i s r e a c h e d i n t h e p e r m e a t i n g f l u i d s a t 
t h a t p o i n t . We s u g g e s t t h a t t h e o b s e r v a t i o n o f e t c h f e a t u r e s o n 
t h e s e l o w - t e m p e r a t u r e e t c h e d g r a i n s i n d i c a t e s t h a t o u r h i g h t e m p e 
r a t u r e w o r k d o e s h a v e r e l e v a n c e t o d i s s o l u t i o n f e a t u r e s f o r m e d u n d e r 
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F i g u r e 5 . S E M p h o t o m i c r o g r a p h o f e t c h t u b e s ( a ) a n d t e r r a c e d 
e t c h p i t s (b ) o n s a m p l
( S c a l e b a r = 10 m i c r o n s . ) 

d i f f e r e n t t e m p e r a t u r e c o n d i t i o n s . T h e i m p u r i t y c o n t e n t o f t h e 
q u a r t z a n d t h e s o l u t i o n may a l s o a f f e c t e t c h i n g . I f s o , n a t u r a l 
e t c h i n g m a y g i v e c l u e s t o t h e s a t u r a t i o n i n d e x a n d t h e i m p u r i t y 
c o n t e n t o f p a l e o - f l u i d s . 

S e v e r a l r e f i n e m e n t s o f o u r e x p e r i m e n t s c o u l d t e s t t h e s e t h e o 
r i e s f u r t h e r . By m e a s u r i n g e t c h p i t d e n s i t i e s a s w e l l a s p i t d i m e n 
s i o n s on s e q u e n t i a l l y - e t c h e d c r y s t a l s , n u c l e a t i o n r a t e d a t a and p i t 
g r o w t h d a t a c o u l d be c o l l e c t e d , y i e l d i n g i n f o r m a t i o n a b o u t t h e r a t e -
l i m i t i n g s t e p s and m e c h a n i s m s o f d i s s o l u t i o n . I n a d d i t i o n , s i n c e t h e 
c r i t i c a l c o n c e n t r a t i o n i s e x t r e m e l y d e p e n d e n t on s u r f a c e e n e r g y o f 
t h e c r y s t a l - w a t e r i n t e r f a c e ( E q u a t i o n 4 ) , c a r e f u l m e a s u r e m e n t o f 
^ c r i t y i e l d s a P r e c i s e m e a s u r e m e n t o f Ύ . O u r d a t a i n d i c a t e s a n 
i n t e r f a c i a l e n e r g y o f 280 + 90 m J m " 2 f o r A r k a n s a s q u a r t z a t 3 0 0 ° C , 
w h i c h c o m p a r e s w e l l w i t h P a r k s 1 v a l u e o f 3 6 0 m J m " 2 f o r 2 5 ° C ( 1 0 ) . 
S i m i l a r e x p e r i m e n t s o n o t h e r m i n e r a l s c o u l d p r o v i d e e s s e n t i a l s u r 
f a c e e n e r g y d a t a . 

W h e t h e r e t c h p i t f o r m a t i o n i s i m p o r t a n t i n d e t e r m i n i n g d i s s o 
l u t i o n k i n e t i c s and c o n t r o l l i n g t h e g e n e r a l r e a c t i v i t y o f a c r y s t a l 
w i l l d e p e n d o n t h e n a t u r e o f d i f f e r e n t c r y s t a l s , a s w e l l a s t h e 
o v e r a l l d i s l o c a t i o n d e n s i t y . N o r m a l l y , c r y s t a l e d g e s a r e a r e a d y 
s o u r c e o f l e d g e s f o r c r y s t a l d i s s o l u t i o n . A t l o w c o n c e n t r a t i o n s (C < 

w e l f ' a s a t n u c l e a t e d p i t s i n b o t h p e r f e c t a n d i m p e r f e c t c r y s t a l . 
The f a s t e s t o f t h e s e p a r a l l e l p r o c e s s e s s h o u l d be r a t e - d e t e r m i n i n g . 
I f d i s l o c a t i o n d e n s i t y i s l a r g e e n o u g h , o r i f d i s s o l u t i o n f r o m edge s 
i s s l o w e n o u g h , e t c h p i t d i s s o l u t i o n may make a m a j o r c o n t r i b u t i o n 
t o t h e r a t e o f b u l k d i s s o l u t i o n a n d be r a t e - d e t e r m i n i n g . I n t h i s 
c a s e , t h e s e m i n e r a l s w o u l d show a c h a n g e i n r a t e - l i m i t i n g s t e p a s C 
r i s e s a bove C c r ^ t and d i s s o l u t i o n a t d i s l o c a t i o n s s l o w s . 

W i n t s c h a n d D u n n i n g ( 8 ) c a l c u l a t e d t h a t t h e s o l u b i l i t y o f 
p l a s t i c l y d e f o r m e d q u a r t z i n w a t e r s h o u l d n o t b e s i g n i f i c a n t l y 
h i g h e r t h a n t h e i d e a l e q u i l i b r i u m v a l u e . H o w e v e r , e n h a n c e d d i s s o 
l u t i o n a t d i s l o c a t i o n s c o u l d s i g n i f i c a n t l y i n c r e a s e t h e d i s s o l u t i o n 

s t e p s , c r a c k s , e t c . , a s 
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r a t e . T h i s e n h a n c e d r e a c t i v i t y w o u l d b e i m p o r t a n t i n d e t e r m i n i n g 
r a t e s o f m a s s t r a n s f e r i n z o n e s o f i n t e n s e d e f o r m a t i o n . We a r e 
c u r r e n t l y c o n d u c t i n g d i s s o l u t i o n k i n e t i c s e x p e r i m e n t s w i t h s u c h 
d e f o r m e d m a t e r i a l . 

F o r m a t i o n o f e t c h p i t s on n a t u r a l l y - w e a t h e r e d m i n e r a l s u r f a c e s 
h a s b e e n n o t e d b y many w o r k e r s ( 2 8 - 3 0 ) . A t h e o r y b a s e d o n l a b o r a t o 
r y e t c h i n g e x p e r i m e n t s ( 3 1 , 3 2 ) h a s s u g g e s t e d t h a t , f o r f e l d s p a r s , 
s u r f a c e l a y e r b u i l d u p i n e t c h i n g h o l e s m a y e x p l a i n n o n - c o n g r u e n t 
d i s s o l u t i o n ( 33 ) . R e c e n t e v i d e n c e f r o m H o l d r e n and S p e y e r (34) h a s 
a l s o s h o w n t h a t t h e d i s s o l u t i o n r a t e o f f e l d s p a r i s n o t a l w a y s 
d i r e c t l y p r o p o r t i o n a l t o s u r f a c e a r e a , b u t may i n s t e a d b e p r o p o r 
t i o n a l t o a c t i v e s i t e c o n c e n t r a t i o n . T h e s e r e s u l t s s e e m t o i m p l y 
t h a t e t c h p i t f o r m a t i o n may be a r a t e - c o n t r o l l i n g s t e p i n f e l d s p a r 
d i s s o l u t i o n u n d e r some c o n d i t i o n s . I n o r d e r t o g e n e r a l i z e l a b o r a t o 
r y d i s s o l u t i o n r a t e s f o r t h e s e m a t e r i a l s t o n a t u r a l w e a t h e r i n g 
p r o c e s s e s , i t may be n e c e s s a r y t o m e a s u r e n a t u r a l d e f e c t d e n s i t i e s . 
H o w e v e r , t h e r e p r o d u c i b i l i t y o f d i s s o l u t i o n r a t e s f o r f l u o r i t e and 
c a l c i t e i n o u r l a b o r a t o r
( 2 2 ) i n d i c a t e s t h a t p r e s u m e
d e n s i t y d o e s n o t a f f e c t t h e d i s s o l u t i o n k i n e t i c s o f t h e s e m i n e r a l s 
w i t h i n a f a c t o r o f +10%. T h i s c o u l d be e x p l a i n e d by a s s u m i n g t h a t 
l a b o r a t o r y s a m p l e s h a v e d i s l o c a t i o n d e n s i t i e s w h i c h a r e e q u a l t o 
w i t h i n + 1 0 % , o r t h a t l a b o r a t o r y p r e p a r a t i o n t e c h n i q u e s p r o d u c e 
e q u i v a l e n t d i s l o c a t i o n d e n s i t i e s . A l t e r n a t i v e l y , t h e s e o b s e r v a t i o n s 
c o u l d i m p l y t h a t e t c h p i t c o n t r i b u t i o n t o o v e r a l l b u l k d i s s o l u t i o n 
r a t e f o r t h e s e m i n e r a l s i s m i n i m a l . 

T o f u r t h e r u n d e r s t a n d and m o d e l b u l k d i s s o l u t i o n o f m i n e r a l s , 
c a r e f u l e x p e r i m e n t s s u c h as we h a v e d i s c u s s e d a bove w i l l be n e c e s 
s a r y . D i s l o c a t i o n e t c h p i t s , a s s o u r c e s o f l e d g e s o n a s u r f a c e , 
p r o v i d e good c o n t r o l i n m e a s u r i n g l e d g e o r k i n k v e l o c i t i e s . Work i n 
t h i s a r e a , a p p l i e d t o g e o l o g i c a l l y i m p o r t a n t m i n e r a l s , w i l l e x t e n d 
o u r u n d e r s t a n d i n g o f t h e r a t e s and m e c h a n i s m s o f a l t e r a t i o n r e a c 
t i o n s . I n a d d i t i o n , o u r s o i l p r o f i l e w o r k s u g g e s t s t h a t t h e r e may 
be i n f o r m a t i o n r e c o r d e d o n m i n e r a l s u r f a c e s w h i c h w i l l be u s e f u l i n 
r e c o n s t r u c t i n g f l o w , c o m p o s i t i o n a l , a n d t e m p e r a t u r e h i s t o r i e s o f 
p a l e o - f l u i d s . 
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v n d i s s o l u t i o n r a t e i n a d i r e c t i o n n o r m a l t o t h e 
s u r f a c e 

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

V m o l a r v o l u m e 
X<1 f r a c t i o n o f s u r f a c e s i t e s i n t e r s e c t e d b y 

d i s l o c a t i o n s 
γ i n t e r f a c i a l e n e r g y 
τ s h e a r m o d u l u s 
ν P o i s s o n ' s r a t i o 
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The Growth of Calcium Phosphates 

S. J. Zawacki1, P. B. Koutsoukos2, M. H. Salimi1,3, and G. H. Nancollas1 

1State University of New York at Buffalo, Department of Chemistry, Buffalo, NY 14214 
2 University of Patras, Department of Chemistry, Physical Chemistry Laboratory, Patras, 
Greece 

The interactions of ions with growing calcium phosphate 
interfaces were investigated. The effect of various 
background electrolyte h  NaCl  KCl d KNO
the growth rate o
a constant solutio  compositio
electrophoretic mobility measurements have also been made. 
The growth rate of HAP is markedly inhibited in the 
presence of magnesium ions which also induce a reversal 
of surface charge. The rate of octacalcium phosphate 
(OCP) crystallization is reduced in the presence of 
magnesium ion, although to a lesser extent than HAP. In 
contrast, dicalcium phosphate dihydrate (DCPD) 
crystallization is uneffected by magnesium. Strontium 
ions reduce the growth of both HAP and DCPD, and, unlike 
magnesium, are incorporated into these grown phases. 

The growth of calcium phosphate salts is of importance both in the environment 
and in biological mineralization. In recent years there has been a resurgence 
of interest in these minerals because of their involvement in areas such as the 
removal of phosphate from waste water, the fate of elements such as aluminum, 
iron, and other heavy metals in the formation of lake and ocean sediments, and 
in industry where the production of scale on metal surfaces is a continuing 
problem. The increase in phosphate concentrations in lakes and rivers near 
heavily populated areas is another reason why the elucidation of the mechanism 
of precipitat ion and the nature of the phases which form are problems of 
considerable importance (1,2). In the environment, the adsorption of metal 
ions on the surface of calcium phosphate salts may serve to immobilize them in 
natural waters. In this process, changes in morphology and stoichiometry of 
the calcium phosphate crystals may prevent them from forming hard scale 
deposits when these waters are used industrial ly in applications such as cooling 
towers. Since both calcium and phosphate concentrations may be re lat ive ly 
high, perhaps through the use of lime additions for the removal of phosphates 
from sewage, calcium phosphate precipitation may be of part icular importance. 
Higher phosphate levels are also being encountered in cooling waters due to 
increased water re-use, the use of lower quality sewage p l an t e f f l u e n t 
and c o r r o s i o n i n h i b i t o r s which are degraded to or thophosphate . 
JCurrent address: Department of Environmental Science and Engineering, 
Rice University, PO Box 1892, Houston, TX 77251. 
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Calcium phosphate precipitation may also be involved in the f ixat ion of 
phosphate f e r t i l i z e r in soils. Studies of the uptake of phosphate on calcium 
carbonate surfaces at low phosphate concentrations typ ica l of those in soils, 
reveal that the threshold concentration for the precipitat ion of the calcium 
phosphate phases from solution is considerably increased in the pH range 8.5 -
9.0 (3). It was concluded that the presence of carbonate ion from the calc i te 
inhibits the nucleation of calcium phosphate phases under these conditions. A 
recent study of the seeded crystal growth of calc i te from metastable 
supersaturated solutions of calcium carbonate, has shown that the presence of 
orthophosphate ion at a concentration as low as 1 0 " 6 mol L " 1 and a pH of 8.5 
has a remarkable inhibit ing influence on the rate of crystal l izat ion (4). A 
seeded growth study of the influence of carbonate on hydroxyapatite 
crystal l izat ion has also shown an appreciable inhibit ing influence of carbonate 
ion.(5). 

Despite the importance of the precipitation of calcium phosphates, there 
is s t i l l considerable uncertainty as to the nature of the phases formed in the 
early stages of the precipitation reactions under differing conditions of 
supersaturation, pH, an
considerations yie ld the drivin
reaction is frequently mediated by kinetic factors. Whether dicalcium 
phosphate dihydrate (CaHPO^HoO, DCPD), octacalcium phosphate 
(Ca 4 H(P0 Z i )3 , 2 · 5 H2°> 0 C P ) > hydroxyapatite ( C a 5 ( P0 4 ) 3 ( 0H ) , HAP), amorphous 
calcium phosphate (ACP), or a defect apatite form from aqueous solution 
depends both upon the driving force for the precipitat ion and upon the in i t iat ing 
surface phase. Thermodynamically, the re lat ive supersaturation, o*> is given 
by 

σ= ( Ι Ρ ^ - Κ ^ ) / ^ 1 7 * 

where ν represents the number of ions in a formula unit of a calcium phosphate. 
The ionic act iv i ty product, IP, of the solution with respect to the three most 
dominant calcium phosphate phases are: 

DCPD : IP = (Ca 2 + ) (HP0|) , ν = 2 

OCP : IP = ( C a 2 + ) 4 ( H P 0 ^ ) ( P 0 3 4 ) 2 , ν = 7 

HAP : IP = ( C a 2 + ) 5 ( P 0 3 4 ) 3 ( 0 H ) , ν = 9 

K s o , the thermodynamic solubil i ty values at 37°C are, 1.87 χ 10" 7 (mol L " 1 ) 2 for 

DCPD, 5.0 χ 1 0 " 5 0 ( m o l L " 1 ) 7 for OCP, and 2.35 x 1 0 ' 5 9 (mol L " 1 ) 9 for apatite. 
The driving force for crystal l izat ion is expressed as a free energy of transfer, 

AG, of an average ion of the calcium phosphate from supersaturated to a 
saturated solution: 

A G = -RT Ι π ί Ι Ρ / Κ ^ ) 1 ^ 

The experimental conditions, free energies, and the observed rates of growth of 
the different calcium phosphates at pH 6.0 and at 37° C are summarized in 
Table 1. Although thermodynamically, HAP may be the preferred phase, 
k inet ica l ly i t has a slow growth rate even though i t has the highest 
thermodynamic driving force and i t is quite sensitive to the presence of other 
ions in the supernatant solution. Moreover, more acidic precursor phases may 
persist for long periods, especially as surface components, without conversion 
to the thermodynamically most stable phase. 
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Modifications of surface layers due to lat t ice substitution or adsorption of 
other ions present in solution may change the course of the reactions taking 
place at the solid/liquid interface even though the uptake may be undetectable 
by normal solution analyt ical techniques. Thus i t has been shown by 
electrophoretic mobility measurements, (6,7) that suspension of synthetic HAP 
in a solution saturated with respect to caTcite displaces the isoelectr ic point 
almost 3 pH units to the value (pH = 10) found for calc i te crystal l i tes . In 
pract ice, therefore, the presence of " ine r t " ions may markedly influence the 
behavior of precipitated minerals with respect to the ir rates of crysta l l i zat ion, 
adsorption of foreign ions, and electrokinetic properties. 

In the environment, the presence of other alkaline earth cations such as 
magnesium and strontium may also markedly influence the course of the calcium 
phosphate precipitat ion. In natural j^ater svstems, magnesium ion 
concentrations may be as high as 5 χ 1 0 " 2 mol L " r (1), while in biological 
ca lc i f i cat ion, magnesium concentrations ranging from 0.5% in outer tooth 
enamel layers to 2% in the innermost dentine are l ike ly to have important 
consequences on the rate of remineral ization of carious enamel (8). It has 
been suggested that magnesium ions kinet ical ly hinder the nucTeation and 
subsequent growth of HAP
similar but larger calcium ions (9). It was shown that in the presence of 
magnesium ions, magnesium-containing tr icalc ium phosphate was formed 
(10,11). In contrast to the influence of magnesium ion which is v ir tual ly 
exc1ïï3ed from the growing calcium phosphates, strontium is readi ly 
incorporated into HAP latt ices because of the s imi lar i ty of i ts ionic radius with 
that of calcium (12,13). Thus a complete series of solid solutions can be 
prepared with lat t ice parameters l inearly dependent upon the extent of 
strontium incorporation into the apatite lat t ice (14,15). The interest in the 
incorporation of strontium into calcium phosphate stems from the concern about 
the 9 O S r content of bones and teeth. Moreover, i t has been suggested that 
the lack of strontium in the diet causes a high incidence of dental caries and 
poor growth conditions (16). 

In the present work, a constant composition method has been used to 
investigate the growth of HAP from solutions of low supersaturation and in the 
presence of different background electrolytes. The influence of magnesium 
and strontium ions both on the rate of crystal l i zat ion and upon the 
electrokinet ic properties of the crysta l l i te surfaces has also been investigated. 

Experimental 

Experiments were made in a nitrogen atmosphere using reagent grade chemicals 
and t r ip ly disti l led carbon dioxide-free water. Standard solutions of 
phosphate were prepared from potassium dihydrogen phosphate (J.T. Baker Co., 
Ultrex grade), after drying at 105 eC. Ultrapure calcium nitrate tetrahydrate 
(ATfa Products) and reagent grade magnesium and strontium nitrates (J.T. Baker 
Co.) were used to prepare standard solutions. Alkaline earths were 
determined by atomic absorption spectrophotometry (Perkin Elmer Model 503); 
phosphate was determined spectrophoto metrical ly as the 
phosophovanodomolybdate complex as described previously (17). A l l standard 
solutions were prepared using the same electrolyte composition as the growth 
media. Specif ic surface area (SSA) was measured by BET nitrogen adsorption 
(30/70 nitrogen/helium mixture, Quantasorb II, Quantachrome, Greenvale, 
N.Y.). HAP seed crystals were prepared by the method of Nancollas and 
Mohan (18) using calcium nitrate and potassium dihydrogen phosphate with 
potassium hydroxide for the control of pH. Crystal composition was verif ied 
by infrared spectroscopy (Perkin Elmer grating infrared spectrometer 
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Model 467), x - ray powder dif fracton (Philips XRG-3000, x - ray dif fractometer, 
CuKoc radiat ion Ni f i l t e r ) , and scanning electron microscopy, SEM (ISI scanning 
electron microscope, Model II). Infrared spectra and powder di f fraction data 
were in agreement with the published values for apatite (19,20). Chemical 
aaalysis of the solid gave a molar rat io of Ca/P = 1.64 +0.01; the SSA was 21.5 
m g" · 

Crystal l izat ion experiments were made at 37°C in a water thermostatted 
double-walled vessel in metastable supersaturated solutions using the constant 
composition method. Presaturated nitrogen gas, at 37°C was bubbled through 
the solutions which were stirred with Teflon coated magnetic st irr ing bars. 
The stabi l i ty of supersaturated solutions prepared by mixing calcium nitrate, 
potassium phosphate, and potassium hydroxide solutions was verif ied by the 
constancy of pH for a period of at least 4h. Following the introduction of 
seed crystals, crystal l izat ion started immediately, and two t i t rant solutions 
consisting of (i) calcium and potassium nitrate, and (ii) potassium phosphate 
and potassium hydroxide were added automatically from mechanically coupled 
burets (Metrohm Herisau, Model 3D Combititrator) in order to maintain the pH 
constant. The pH was measure
silver/silver chloride referenc
means of an intermediate salt-bridge consisting of 0.1 mol L " * potassium 
nitrate. Crystal l izat ion experiments in the presence of magnesium and 
strontium ions required a third t i t rant containing these ions in order to 
compensate for dilution effects during the crysta l l i zat ion reactions. Titrant 
addition was continuously monitored and aliquots were periodical ly withdrawn 
from the precipitat ion ce l l , f i l tered (0.2 jim f i l t ers , Mil l ipore, Bedford, Ma.), 
and the solution phase was analyzed for divalent metal and phosphate ions, to 
verify constancy of composition. Typical constant composition rate curves 
for the dominant calcium phosphate phases at pH = 6.0 are shown in Figure 1. 

The adsorption of magnesium by the HAP substrates was investigated by 
equil ibrating samples of the solid with solutions of calcium phosphate in 0.1 mol 
L " 1 potassium nitrate calculated to be saturated with respect to HAP and with 
pH adjusted to 8.0 +0.1. The polycarbonate equil ibration vials were gently 
rotated end over end for 24h at 37*C. Following this period, solid and liquid 
phases were separated by centr i f ugation and the supernatant analyzed for 
magnesium. The electrophoretic mobilities of the HAP particles in the 
presence and absence of adsorbed magnesium were measured using a Rank 
Microelectrophoresis Mark II instrument with a four electrode cy l indr ica l ce l l . 
The HAP solutions containing pre-calculated saturation concentrations of 
calcium and phosphate were equilibrated with the solid phases overnight and 
the pH was adjusted to the required values by the addition of potassium 
hydroxide or nitr ic acid. Mobility measurements were made on at least forty 
part ic les. 

Results and Discussions 

In order to prepare calcium phosphate solutions of known supersaturation with 
respect to each of the phases, i t was necessary to calculate the act iv i t ies of the 
free ionic species by successive approximation for the ionic strength, from 
phosphate protonation, calcium phosphate, magnesium phosphate, and strontium 
phosphate ion-pair equilibrium constants together with mass balance and 
electroneutral i ty expressions as described previously (8,21). In the experiments 
containing magnesium or strontium ions, i t was important to maintain the ionic 
strength constant by adjusting the concentration of added background 
electrolyte (potassium nitrate) . 
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In a conventional study of the seeded growth of HAP crystals, in which 
the calcium and phosphate concentrations were allowed to decrease during the 
reactions, i t was shown that the rate of crystal l izat ion varied depending upon 
the nature of the background electrolyte (22). Towards the end of the 
growth react ion (1,000 min) the extent of crystal growth increased in the order 
KCl < CsCl < NH 4C1 < L i C l < NaCl at pH = 7.4. Moreover, i t was shown that 
the precipitated solids at these extended times of react ion contained from 5.5 
to 6.0 mol % of sodium in the presence of sodium chloride but almost no 
potassium in the presence of potassium chloride. These results were in 
general agreement with those of Newman and co-workers (23), who found that 
sodium could replace calcium in the calcium phosphate solid whereas potassium 
was reversibly adsorbed on the surface. 

A disadvantage of the conventional precipitat ion method in which the 
supersaturation was allowed to decrease during the reactions, was that 
different calcium phosphate phases could form and subsequently dissolve during 
the course of the reactions. In the present work, the constant composition 
method was used to investigate the influence of sodium chloride, potassium 
chloride, and potassium nitrate
crystal l izat ion of HAP in
phase. These experiments were made in solutions containing tota l 
concentrations of calc ium, T ç a , and phosphate, T p , of 1.0 χ 10"^ and 0.6 χ 10~ 3 

mol L~*, respectively, pH = 7.0, 37T , with ionic strength made up to 0.10 mol L~* 
using background electrolyte and 50.5 mg of inoculating apatite seed (21.5 

m 2 g " 1 ) . The rates of crystal l izat ion (+5%) in NaCl, KCl and KNO3, 
background electrolytes were 2.34 χ 1 0 " 8 , 2.09 χ 1 0 " 8 and 1.92 χ 1 0 " 8 mol 
apatite m~ 2min , respectively. To interpret the order of the 
crystal l izat ion rate NaCl > KCl > KNOq, electrophoretic mobility 
measurements were made on HAP particles suspended in solutions of 
compositions similar to those of the crysta l l i zat ion experiments. In addition, 
potentiometric t i trat ions were made in the presence of these electrolytes (24) 
in order to determine the point of zero charge, pzc. Electrophoretic mobility 
results as a function of pH, shown in figure 2, reveal that in the case of 
potassium nitrate no specif ic interact ion of the electrolyte with HAP takes 
place since the isoelectr ic point (iep), pH = 6.7 in f igure 2 ; coincides with that 
corresponding to the pzc. In potassium nitrate solutions, the surface charge 
of HAP as determined by microelectrophoresis did not show any change for 
extents of growth up to 60% of new material deposited on the inoculating seed. 
In contrast, in the presence of potassium chloride, the iep (pH = 6.4 in figure 2) 
is markedly different from the pzc value (at pH = 8.5) indicating a stronger 
interaction of C T compared to NO3 ion. In the case of sodium chloride 
(figure 2) the iep is shifted to pH = 5.20 ref lect ing the combined ef fect of both 
sodium and chloride ions. Under the conditions of the crystal l izat ion 
experiments, i t can be seen from figure 2 that at pH = 7, the HAP surface carries 
the most negative charge in the presence of sodium chloride. The observed 
decreasing negative charge, NaCl > KCl > KNO3 fol lows the same trend as the 
corresponding rates of crysta l l i zat ion. 

An advantage of the constant composition technique is that re lat ive ly 
large extents of growth and enhanced crysta l l in i ty can be achieved at low 
supersaturations. Improved crysta l l in i ty of the particles during 
crystal l izat ion is ref lected in lower specif ic surface areas of the solid phases; 
x - ray powder diffractograms of the solid phases removed from the 
crystal l izat ion ce l l also show increases in sharpness. Experiments in which 
crystal growth was allowed to proceed unti l f ive or six times the amount of 
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Figure 2. The e l e c t r o p h o r e t i c m o b i l i t y o f HAP p l o t t e d aga ins t pH, 
i n d i f f e r e n t background e l e c t r o l y t e s (0.01 mol L - l ) a t 37°C; • , 
NaCl ; Ο , KCI ; Ο , KN0 3 . 
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original seed was deposited, showed striking changes in morphology in the 
presence of chloride ion when added as potassium chloride (25) or lithium 
chloride (26). In contrast to the needle-l ike HAP morphology grown in the 
absence of chloride ion, platel ike crystals were formed in its presence and 
measurements of the unit ce l l la t t ice parameters revealed a slight increase in 
the a axis and decrease in the c axis during crysta l l i zat ion. Such changes may 
re f lect the presence of chloride ion in the apatite lat t ice and this suggestion is 
supported by the electrophoretic mobility results given above. In 
experiments conducted in the absence of chloride ion in which the 
supersaturated calcium phosphate solutions and t i t rant solutions were prepared 
using calcium hydroxide and phosphoric acid, character ist ic needle-l ike HAP 
crystal l i tes with the required hexagonal unit ce l l la t t ice parameters were 
obtained (25). 

Uptake of magnesium ions by HAP surfaces at pH = 8.0 is i l lustrated in the 
adsorption isotherm shown in figure 3. The adsorption markedly exceeds that 
corresponding to a monolayer coverage (approximately 1.5/umol m " 2 , 
calculated assuming that the hydrated ion radius is equal to its magnesium 
crystal radius plus the diamete
rising adsorption at low magnesiu
aff inity between substrate and adsorbent. No plateau was observed in the 
isotherm and further increase of magnesium concentration in the equilibrium 
solution leads to magnesium uptake levels as high as 27 y mol m " 2 (26). 
Studies of the influence of magnesium ion upon the crystal l izat ion of calcium 
phosphate phases, showed l i t t l e or no evidence for incorporation of this ion 
into the la t t i ce . It has been suggested that the inhibit ion was due to 
adsorption of the added metal ion at the surface of the crystals (8). 

The results of the electrophoretic mobility measurements on HAP 
particles having surface concentrations of magnesium ion of 2.5 and 25 x l O " ^ 
μ mol m " 2 are shown in figure 4. It can be seen that adsorption of magnesium 
ions leads to marked changes in zeta potential . It appears that magnesium 
uptake on HAP surfaces may not be a simple adsorption process since the 
isoelectr ic point is shifted in a direction opposite to that expected for cation 
uptake. An apparent surface concentration greater than that corresponding 
to a monolayer of hydrated magnesium ions may be attributed to part ia l 
dehydration of the adsorbed ions. This may suggest the formation of a 
"surface phase" of calcium-magnesium-phosphate. The electrophoretic 
mobility profile as a function of pH of the HAP samples with increasing 
concentration of magnesium ions at the surface, approaches that exhibited by 
Whitlockite (26). 

The influence of magnesium and strontium ions upon the crystal l izat ion 
rates of calcium phosphate phases are summarized in figures 5 and 6. 
Previous work has shown that while having no detectable ef fect on the growth 
of DCPD, magnesium ions appreciably retard the rates of OCP and HAP 
crystal l izat ion (8). In figure 5 i t can be seen that the moderate retardation of 
OCP crystal l izat ion by magnesium ion at pH = 6.0 contrasts the much greater 
inhibition of HAP growth at ρ H 7.4 and ρ H 8.5 (28). 

Unlike magnesium, the strontium ion is readi ly incorporated into the 
growing calcium phosphate crystal lat t ices {2Vj. It can be seen in figure 4 
that at pH = 7.40 and ionic strength of 0.01 mol L ~ \ the inhibit ing influence 
of magnesium ions on the crystal l i zat ion of HAP is considerably greater than 
that observed in the presence of strontium ion. In contrast to the 
insensit ivity of DCPD growth to the presence of magnesium ion, small decreases 
in crystal l izat ion rate of 6% relat ive to results in the absence of strontium 
accompany the incorporation of 3 mole per cent strontium into the DCPD lat t ice 
as shown in figure 6. Incorporation of 2% strontium resulted in a 40% 

In Geochemical Processes at Mineral Surfaces; Davis, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



658 G E O C H E M I C A L PROCESSES AT MINERAL SURFACES 

10 
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0 2

C Mg ] oq / 1 0 " 4 mol L _ 1 

Figure _3. P l o t o f magnesium adsorbed per m 2 o f HAP aga ins t the 
e q u i l i b r i u m magnesium c o n c e n t r a t i o n s , remaining i n s o l u t i o n a t 
pH 8 . 0 , 0.10 mol L " 1 KN0 3 background e l e c t r o l y t e a t 37°C. 

3 

- 2 - M · 1 1 1 · 1 · 1 · 1 · h -
4 5 6 7 8 9 10 

P H 

Figure 4 . In f luence o f magnesium adso rp t i on on the e l e c t r o p h o r e t i c 
m o b i l i t y o f HAP at 37°C, 0.01 mol L"1 KNO3 background e l e c t r o l y t e ; 

Ο , HAP s u r f a c e , no a d s o r p t i o n ; • , 2 .5 /xmol m-2; <> , 
25 jx mol m-2, Mg2+ adsorbed. 
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0-M , 1 , 1 • 1 , 1 , μ 
0 2 4 6 8 10 

C M ] / 1 0 " 4 mol L " 1 

Figure 5. In f luence of magnesium and s t r on t ium on the r a t e o f 
p r e c i p i t a t i o n o f a p a t i t e s a t 37°C. ftyj and RQ are the r a t e s i n the 
presence and absence o f metal i o n s , r e s p e c t i v e l y . • , Mg2+ on HAP, 
pH 8 .50 , 0.01 mol L " l KCI , T C a = 3.0 χ 10-4 mol L - l , T p = 1.8 χ 10-4 
mol L - Ί ; • , Mg2+ on HAP, pH 7 .40 , 0.01 mol L - l KCI , Tc a=5.0 x 10~4 
mol L-Ί , Tn = 3.0 x 10-4 mol L - l ; Ο , Sr2+ on HAP, pH 7 .40 , 
0.01 mol L - l KC1, T C a = 5.5 x 10-4 mol L - l , T p = 3.3 x 10-4 m o l L - l ; 

Ο , Mg2+ on OCP; pH 6.00, 0.10 mol L - l KNO3, T C a = 3.7 x 10-3 
mol L - l , T p = 2.98 x 10-3 mol L - l . 
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T i m Q / m i n . 

Figure 6. In f luence o f s t r on t ium ion on the i n i t i a l p r e c i p i t a t i o n 
o f DCPD and HAP. • , DCPD, pH = 5 .60, 8 χ 1 0 " 3 mol L " ' Ca(N03)2 
and 8 χ 1 0 - 3 m o l Η K H 2 P 0 4 , 0 .078 mol L - l K N 0 3 ; • , DCPD w i th 3% Sr 
i n c o r p o r a t i o n , 6.6 χ 10 -3 mol H C a C l 2 + 1 .4 χ 1 0 - 3 mol L"1 S r C l 2 
and 8 x 1 0 - 3 mol L - l K H 2 P 0 4 , 0 .078 mol L - l K C l ; Ο , HAP, pH = 7 .40 , 
0 . 55 x 1 0 - 3 mol L " 1 C a C l 2 and 0 . 33 mol L - l KH2PO4 0.01 mol H K C l ; 

0 , HAP, 2% Sr i n c o r p o r a t i o n ; φ , HAP, pH = 7 .40 , 12% Sr 
i n c o r p o r a t i o n . 
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retardation whereas a 12% strontium uptake reduced the growth rate by 57% 
(figure 5). The incorporation of strontium into the DCPD lat t ice was 
accompanied by small but signif icant expansions of the a and c la t t ice 
parameters (28) as was found for the HAP system (21). In contrast to the 
growth experiments in the presence of magnesium ion, the addition of strontium 
markedly reduces the average size of the crystal l i tes formed (21). 

In conclusion, i t has been found that ions frequently found in the 
environment may have very different effects on the growth and surface 
properties of calcium phosphate phases. Chloride ion appears to accelerate 
the reactions either due to its electrostat ic interactions with the apatite 
surface or as a result of substitution for hydroxyl ions. In contrast, sodium 
ions reduce the rate and may be incorporated into the growing phase (22). 
Strontium and magnesium ions appear to influence the rate by very different 
mechanisms. The small magnesium ion has no measurable effect on the least 
thermodynamically stable and fastest growing DCPD, i t has a moderate 
inhibit ing ef fect on OCP and markedly inhibits the slow growing apatite, even at 
micro molar concentrations. Since there is l i t t l e evidence for appreciable 
incorporation of magnesiu
reduction probably result
being similar in size to calcium, not only slows down the growth of DCPD and 
HAP, but is readi ly incorporated into the growing crystals. 
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Heating e f f e c t s , pentavalent Sb-119 

ions on hematite, 420 
H e c t o r i t e 

anisotropy of motion, 373 
orientation-dependence of hyperfine 

s p l i t t i n g , 370-371f 
o x i d a t i o n of benzidine, 467 
s o r p t i o n of C u ( I I ) , 225-226 

Hematite 
corundum-type s t r u c t u r e , 416-419 
d i v a l e n t Co-57 i o n s , 419-420 
magnetic i n t e r a c t i o n s on 

su r f a c e s , 414-416 
Mossbauer s t u d i e s of metal 

o x i d e - s o l u t i o n 
i n t e r f a c e s , 405-406 

pentavalent Sb-119 i o n s , 420-423 
suspensions con t a i n i n g S ( I V ) , 

s o l u b i l i z a t i o n , 432,434f 
See a l s o Iron oxide 

Hematite-divalent Co-57, i n s i t u 
Mossbauer measurement, 406-409 

Hematite-pentavalent Sb-119, i n s i t u 
Mossbauer measurement, 409-414 

Heterovalent exchange, c l a y 
minerals, 262-265 

High-temperature d i f f u s i o n s t u d i e s , 
rubidium, cesium, and 
strontium, 595 

Highly s e l e c t i v e i o n exchange i n cl a y 
minerals and z e o l i t e s , 254-290 

Homogeneity, p r e c i p i t a t e of a s o l i d 
s o l u t i o n , 539 

Homovalent exchange of i n o r g a n i c 
c a t i o n s , c l ay minerals, 256-260 

Hydrated k a o l i n i t e s , IR s p e c t r a , 45-48 
Hydration 

ca t i o n s of l a y e r s i l i c a t e s , 362-364 
c l a y s , 40 
e f f e c t s on i o n exchange i n clay 

minerals, 256-265 
f o r c e , i n t e r f a c i a l water, 30 
sur f a c e , e f f e c t on a l k a l i 

d i f f u s i o n , 597 
Hydrogen bonding, l a y e r s i l i c a t e s , 364 
Hydrogen-exchange r e a c t i o n s , promotion 

by Bronsted or Lewis a c i d i t y , 479 
Hydrogen-ion a c t i v i t y i n s o l u t i o n , 

d i p r o t i c surface group model, 71 
Hydrogen-ion exchange, f e l d s p a r 

decompositio y
H y d r o l y s i s , metal-ion complexes, 

homogeneous s o l u t i o n s of 
i n c r e a s i n g pH, 453 

Hy d r o l y s i s r e a c t i o n s 
mineral surfaces, 474-478 
surface groups on a metal oxide, 491 

Hydrophobic e f f e c t , i n t e r f a c i a l 
water, 30 

Hydrophobic organic s o l u t e s , s o r p t i o n 
by sediments, 191-213 

Hydrothermal e t c h i n g , quartz, 639-642 
Hydroxyapatite 

c r y s t a l growth, 655-661 
e f f e c t of magnesium and strontium 

ions on c r y s t a l l i z a t i o n , 657-661 
i n systems with 

f l u o r a p a t i t e , 544-554 
Hyperfine i n t e r a c t i o n , magnetic, 

t e t r a v a l e n t Sn-119 i o n s , 416 
Hyperfine magnetic f i e l d s 

a c t i n g on Fe-57 n u c l e i , 419 
a c t i n g on Sn-119 n u c l e i , 420 

Hyperfine s p l i t t i n g 
c l a y f i l m s , 367-373 
tempamine adsorbed on clay 

f i l m s , 372t 

I 
I l l i t e 

a l k a l i and a l k a l i n e earth metal-ion 
exchange, 274-278 

ion exchange, 256-283 
potassium-calcium exchange 

e q u i l i b r i a , 330-334 
I l l i t e l a y e r s 

potassium kinney, temperature 
e f f e c t s , 321t 

potassium smectites subjected to 
wetting and d r y i n g , 308t,310 

sodium kinney, e f f e c t of 
potassium mineral, 323t 
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I l l i t e - s m e c t i t e i n t e r l a y e r s , cesium 
and rubidium exchange, 278-280 

I n e f f i c i e n c y of p a r t i t i o n i n g , 203-204 
I n e l a s t i c e l e c t r o n t u n n e l i n g 

spectroscopy, complexes adsorbed 
on c l a y minerals, 353 

I n f r a r e d spectroscopy 
complexes adsorbed on clay 

m inerals, 354 
i n t e r l a y e r water, 45-48 

Inner-sphere mechanism 
reduc t i o n of t e r v a l e n t metal i o n by 

phenol, 448,449f 
r e d u c t i v e d i s s o l u t i o n of metal oxide 

su r f a c e , 448,450f 
Inner-sphere surface r e a c t i o n , 

t r i p l e - l a y e r model, 123t 
Inorganic c a t i o n s , clay minerals, 

homovalent exchange, 256-260 
Inorganic s u r f a c e s , 

adsorption, 204-208 
I n t e g r a t i o n rate constant,

growth i n s o l u t i o n , 607 
I n t e r a c t i o n f r e e energy between two 

p l a t e s , 109-112 
I n t e r a c t i o n parameter, s o l i d 

s o l u t i o n s , 534 
I n t e r a c t i o n p o t e n t i a l , i n t e r f a c i a l 

water s i m u l a t i o n s , 23-28 
I n t e r a c t i o n p o t e n t i a l energy, 

p a r t i c l e s i n a c e l l , 21 
I n t e r c a l a t i o n 

e f f e c t of a c i d i c p r o p e r t i e s , 250-252 
k i n e t i c s , 244-252 
molecules i n t o the i n t e r l a m e l l a r 

l a y e r , 244 
I n t e r d i f f u s i o n c o e f f i c i e n t , 

Nernst-Plank equation, 592-593 
I n t e r f a c i a l t e n s i o n , c r y s t a l growth i n 

s o l u t i o n , 607 
I n t e r f a c i a l water s i m u l a t i o n s 

general d i s c u s s i o n , 28-32 
i n t e r a c t i o n p o t e n t i a l s , 23-28 
surface p o t e n t i a l s , 25-28 
water p o t e n t i a l s , 24-25 

I n t e r l a y e r chemistry, potassium 
smectites subjected to wetting and 
d r y i n g , 308t 

I n t e r l a y e r d i s t a n c e , i n t e r c a l a t i o n 
s t u d i e s , 247-248t 

I n t e r l a y e r water 
c h a r a c t e r i z a t i o n , 45-48 
heat capacity measurements of 

s t r u c t u r e , 48-50 
I n t r i n s i c constants, d i v a l e n t metal-

ion b i n d i n g , 243t 
I n t r i n s i c surface r e a c t i o n constants, 

determination, 89-94 
Ion(s) 

adsorption-desorption 
k i n e t i c s , 233-244 

Ion(s) (Continued) 
e f f e c t on Mn(II) o x i d a t i o n i n the 

presence of 
l e p i d o c r o c i t e , 492-497 

metal, adsorption on a l u m i n o s i l i c a t e 
minerals, 342-358 

Ion exchange 
general d i s c u s s i o n , 7-9 
use i n complex formation constant 

measurement, 269-270 
Ion - p a i r s t a b i l i t y constant, c r y s t a l 

growth i n s o l u t i o n , 606 
I o n - s e n s i t i v e f i e l d e f f e c t t r a n s i s t o r 

(ISFET), 80 
Ion s i z e , e f f e c t on ra t e s of 

i n t e r c a l a t i o n , 245-250 
Ion s p u t t e r i n g , mineral samples, 399 
I o n i c a c t i v i t y products 

calcium phosphate s o l u t i o n s , 651 

I o n i c s o l i d s o l u t i o n 
general formula, 524 
i n contact with aqueous 

s o l u t i o n , 524-528 
I o n i c s t r e n g t h , e f f e c t on adsorption 

of metal i o n s , 346 
Iron-57, e l e c t r o n i c 

environment, 404-405 
Iron complexes, adsorption on clay 

minerals, 354-356 
I r o n ( I I I ) hydroxy s p e c i e s , 

photoreduction, 429 
Iron oxide 

e f f e c t of c i t r a t e on 
d i s s o l u t i o n , 431-433 

p h o t o d i s s o l u t i o n , 429-431,437t 
photoredox chemistry, 429-441 
photoredox r e a c t i o n s , 431 
See a l s o Hematite and 

Le p i d o c r o c i t e 
Iron oxyhydroxide, p h o t o d i s s o l u t i o n 

process, 435 
Iron redox chemistry, hematite 

suspensions c o n t a i n i n g 
S ( I V ) , 432,434f 

I r o n - s a l i c y l a t e complex, CIR-FTIR 
spectrum, 157f 

Isotherm a n a l y s i s , macroscopic proton 
c o e f f i c i e n t , mathematical 
development, 187-188 

Isotherm s u b t r a c t i o n , macroscopic 
proton c o e f f i c i e n t 
determination, 172 

Κ 

K a o l i n minerals 
behavior of water on the 

surfa c e , 37-52 
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K a o l i n minerals (Continued) 
experimental s t u d i e s of adsorbed 

water, 43-50 
K a o l i n i t e 

groups of exchange s i t e s , 336t 
h y d r o l y s i s of parathion, 477 
i o n exchange, 256-265 
potassium-calcium exchange 

e q u i l i b r i a , 330-334 
K a o l i n i t e hydrates 

IR s p e c t r a , 45-48 
s y n t h e s i s , 44-45 

K i n e t i c s 
adsorption-desorption at the metal 

o x i d e - s o l u t i o n 
i n t e r f a c e , 230-252 

c r y s t a l growth i n s o l u t i o n 
s u r f a c e - c o n t r o l l e d , 604-606 
t r a n s p o r t - c o n t r o l l e d , 601-604 

d i s s o l u t i o n at etch p i t s , 638-639 
evidence f o r increased Bronste

a c i d i t y at c l a y s u r f a c e s  476 
i n t e r c a l a t i o n , 244-252 
le a d - i o n adsorption at the 

goethite-water 
i n t e r f a c e , 127-132 

methods, d i s t i n g u i s h i n g adsorption 
from surface 
p r e c i p i t a t i o n , 222-224 

mineral d i s s o l u t i o n experiments, 
p a r a b o l i c , 616-620 

model, l e a d - i o n adsorption at the 
goethite-water 
i n t e r f a c e , 125-127 

red u c t i v e d i s s o l u t i o n 
mechanisms, 451 

s o r p t i o n , 208-211 
surface r e a c t i o n , 232-244 

Kinney smectites, k i n e t i c s of the 
transformation toward 
i l l i t e , 314-317 

Kurbatov c o e f f i c i e n t s , adsorption 
p r e d i c t i o n , 179-181 

Kurbatov p l o t s , macroscopic proton 
c o e f f i c i e n t determination, 169-172 

L 

Langmuir equation, 219 
Langmuir isotherm, solid-aqueous 

s o l u t i o n i n t e r f a c e , 167 
L a t t i c e s t r u c t u r e , e f f e c t on ra t e s of 

l i g a n d s u b s t i t u t i o n , 454-455 
L a t t i c e s u b s t i t u t i o n , Ba(II) and 

S r ( I I ) on c a l c i t e , 576-579 
Layer s i l i c a t e s 

adsorbed copper, 376-387 
adsorbed n i t r o x i d e s p i n 

probes, 366-376 
expansion i n water, 364 
paramagnetic probes of 

su r f a c e s , 362-387 

Lead i o n s , adsorption on clay 
minerals, 349 

Lead oxide minerals, X-ray induced AES 
sp e c t r a , 398f 

Leadhydroxyapatite, i n systems with 
calciumhydroxyapatite, 554 

Lennard-Jones p o t e n t i a l , i n t e r f a c i a l 
water s i m u l a t i o n s , 25-28 

L e p i d o c r o c i t e 
o x i d a t i o n of Mn(II), 487-500 
photoredox chemistry, 429-431 
prep a r a t i o n and 

c h a r a c t e r i z a t i o n , 489 
surface p r o p e r t i e s , 489t 
See a l s o Iron oxide 

Lewis a c i d i t y of c l a y m i n e r a l s , 
r e a c t i o n promotion, 464-479 

L i g a n d ( s ) , e f f e c t on adsorption of 
metal i o n s  347-348 

Ligand exchange 
e f f e c t on Mn(II) o x i d a t i o n , 492 
ra t e i n precursor complex 

formation, 454 
Ligand number, adsorption 

r e a c t i o n s , 136-137 
L i g h t absorption 

metal oxide bulk, 427-429 
su r f a c e - l o c a t e d 

chromophores, 429-441 
Line widths of n i t r o x i d e ESR 

s p e c t r a , 370,371f 
Linear growth r a t e , c r y s t a l s i n 

s o l u t i o n , 601,605 
Linear r a t e law, c r y s t a l growth i n 

s o l u t i o n , 608-609 
L i q u i d water near hydrophobic mineral 

s u r f a c e s , methods and l i m i t a t i o n s 
of s i m u l a t i o n , 20-34 

Low-temperature e t c h i n g , quartz 
s u r f a c e s , 642 

M 

Macroscopic c o e f f i c i e n t s and 
s u r f a c e - s i t e heterogeneity, 181 

Macroscopic p a r t i t i o n i n g c o e f f i c i e n t s , 
metal-ion a d s o r p t i o n , 162-188 

Macroscopic p r o p e r t i e s , c a n o n i c a l 
ensemble, 22 

Macroscopic proton c o e f f i c i e n t 
d e s c r i p t i o n , 164-169 
determination, 169-186 
mathematical development of isotherm 

a n a l y s i s , 187-188 
microscopic subreactions, 181-185 
r e l a t i o n to pH and adsorption 

d e n s i t y , 172,175 
Magnesite, i n s o l i d s o l u t i o n s i n 

contact with aqueous 
s o l u t i o n s , 540-544 
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Magnesium carbonate, i n systems w i t h 
calcium carbonate, 540-544 

Magnesium c a t i o n 
adsorption on and i n t e r a c t i o n s with 

the l e p i d o c r o c i t e s u r f a c e , 494t 
e f f e c t on Mn(II) o x i d a t i o n , 492-497 

Magnesium ions 
e f f e c t on calcium phosphate 

c r y s t a l l i z a t i o n r a t e s , 657-661 
e f f e c t on e l e c t r o p h o r e t i c m o b i l i t y 

of hydroxyapatite, 657,658f 
Magnesium w h i t l o c k i t e , formation, 555 
Magnetic i n t e r a c t i o n s on hematite 

s u r f a c e s , 414-416 
Magnetic oxide s u r f a c e s , 

corundum-type, 416-419 
Manganese 

n a t u r a l waters, removal 
times, 499t 

o x i d a t i o n s t a t e s , 487-48
Manganese-cobalt r a t i o s 

SIMS st u d i e s of c o b a l t complexes on 
b i r n e s s i t e , 514-519 

XPS s t u d i e s of co b a l t complexes on 
b i r n e s s i t e , 507-514 

Manganese i o n s , adsorption on c l a y 
minerals, 350 

Manganese(II) o x i d a t i o n 
comparison with p r e d i c t i o n s 

based on lab o r a t o r y 
data, 499-500 

i m p l i c a t i o n s of experimental 
s t u d i e s , 497-500 

i n f l u e n c e of other i o n s , 497-499 
metal oxides, 491-492 
presence of l e p i d o c r o c i t e , 487-500 

Manganese oxides 
d i s s o l u t i o n , 438,440f 
r e a c t i o n s w i t h metals, 504 

Mass a c t i o n expressions 
l i n e a r i z a t i o n , 170 
surface r e a c t i o n k i n e t i c s , 232 
t r i p l e - l a y e r model surface 

complexes, 118 
Mass balance s t u d i e s , f e l d s p a r 

weathering,, 627-629 
Mathematical development of isotherm 

a n a l y s i s , macroscopic proton 
c o e f f i c i e n t , 187-188 

Mechanisms 
adsorption of organic s o l u t e s onto 

s u r f a c e s , 192-193 
e l e c t r o l y t e c r y s t a l growth from 

aqueous s o l u t i o n , 600-611 
le a d - i o n adsorption at the 

goethite-water 
i n t e r f a c e , 114-140 

Mn(II) o x i d a t i o n on metal 
oxides, 492,493f 

o x i d e - e l e c t r o l y t e 
i n t e r f a c e , 55-56 

s o r p t i o n processes, 5-6 

Mercaptans, o x i d a t i o n by a metal oxide 
s u r f a c e , 456 

Mercaptoacetic a c i d , e f f e c t on 
d i s s o l u t i o n of i r o n 
oxide, 44l,442f 

Mercury s u r f a c e , equation of 
s t a t e , 100 

Metal complexes, ad s o r p t i o n on 
a l u m i n o s i l i c a t e minerals, 342-358 

Metal ions 
adsorbed 

c h a r a c t e r i z a t i o n , 348-353 
r e a c t i o n s i n v o l v i n g , 355-357 

adsorption 
a l u m i n o s i l i c a t e m i n e r a l s , 342-358 
Langmuirian d e s c r i p t i o n , 167 
macroscopic p a r t i t i o n i n g 

c o e f f i c i e n t s , 162-188 
mixtures of m u l t i p l e s o l i d 

compounds, 446-447 
d i v a l e n t , a d s o r p t i o n - d e s o r p t i o n 

k i n e t i c s , 241-244 
r e d u c t i o n , XPS and AES, 390 

Metal organic complexes, p r e p a r a t i o n 
using c l a y m i n e r a l s , 356 

Metal oxide(s) 
a d d i t i v e - f r e e media, 

p h o t o d i s s o l u t i o n , 429-431 
bulk, l i g h t a b s o r p t i o n , 427-429 
c o l l o i d a l , photoredox 

chemistry, 426-443 
Mn(II) o x i d a t i o n , 491-492 
photoredox r e a c t i o n s , 431 
surfaces 

adsorption of organic reductants 
and subsequent e l e c t r o n 
t r a n s f e r , 446-460 

e f f e c t on photoinduced redox 
r e a c t i o n s , 441-443 

Mn(II) ad s o r p t i o n , 490-491 
Metal o x i d e - s o l u t i o n i n t e r f a c e s 

adsorption-desorption 
k i n e t i c s , 230-252 

i n s i t u Mossbauer s t u d i e s with 
adsorbed Co-57 and Sb-119 
ion s , 403-423 

Metal-proton exchange r e a c t i o n , 164 
Mica 

number of charges per u n i t c e l l , 26t 
potassium-calcium exchange 

e q u i l i b r i a , 330-334 
Microscopic subreactions and 

macroscopic proton 
c o e f f i c i e n t s , 181-185 

M i n e r a l ( s ) 
a l u m i n o s i l i c a t e , potassium-

calcium exchange 
e q u i l i b r i a , 330-334 

chemical bonding s t u d i e s , 
a p p l i c a t i o n s of surface 
techniques, 389-401 
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M i n e r a l ( s ) (Continued) 
c l a y , h i g h l y s e l e c t i v e i o n 

exchange, 256-283 
o x i d a t i o n of organic 

compounds, 480-483 
used i n wetting and d r y i n g 

experiments, d e s c r i p t i o n , 300t 
M i n e r a l phases 

c a l c i f i e d t i s s u e s , 557t 
d e n t a l c a l c u l u s , 557t 

M i n e r a l surfaces 
a b i o t i c organic r e a c t i o n s , 462-483 
overview of geochemical 

processes, 2-14 
s o r p t i o n , 204-208 

Mineral-water i n t e r f a c e 
p h y s i c a l p r o p e r t i e s , 3-5 
transformation r e a c t i o n s , 13-14 

Mineralogy, oxide, e f f e c t on 
reductive d i s s o l u t i o n  458-459 

Mixed adsorbates, d e f i n i t i o n
Modes of c o p r e c i p i t a t i o n o

S r ( I I ) with c a l c i t e , 574-585 
Moisture content 

e f f e c t on Bronsted a c i d i t y of c l a y 
minerals, 472 

e f f e c t on Bronsted surface 
a c i d i t y , 476-477 

Molecular dynamics 
simulations of i n t e r f a c i a l 

systems, 22-23 
si m u l a t i o n s of i n t e r f a c i a l water, 33 
simu l a t i o n s of water near 

hydrophobic s u r f a c e s , 29t 
Molecular l e v e l d e s c r i p t i o n of 

reductive d i s s o l u t i o n , 451-459 
Molecular simulations of i n t e r f a c i a l 

water, merits and str e n g t h s , 32 
Mo l e c u l e - f i x e d axes, a n i s o t r o p i c 

motion of sp i n probes on hydrated 
smectites, 373 

Monoprotic surface groups 
general d i s c u s s i o n , 62-63 
model, i n t e r p r e t a t i o n of data, 75 

Monte C a r l o s i m u l a t i o n s 
i n t e r f a c i a l systems, 22 
i n t e r f a c i a l water, f u t u r e uses, 33 
water near hydrophobic s u r f a c e s , 28t 

M o n t m o r i l l o n i t e s 
cesium and rubidium 

exchange, 278-280 
groups of exchange s i t e s , 335t 
h y d r o l y s i s of phosmet, 477-478 
i o n exchange, 256-283 
o r i e n t a t i o n dependence of hyperfine 

s p l i t t i n g , 370-371f 
potassium-calcium exchange 

e q u i l i b r i a , 330-334 
Mossbauer s t u d i e s , metal oxide-aqueous 

s o l u t i o n i n t e r f a c e s 
p r i n c i p l e s , 403-405 
with adsorbed i o n s , 403-423 

M u l t i l a y e r adsorption 
d e f i n i t i o n , 218 
water, 41-43 

M u l t i p l e t s p l i t t i n g , XPS, 395 

Ν 

N a t u r a l organic matter-water systems, 
p a r t i t i o n i n g , 196-197 

Nernst-Plank equation, i n t e r d i f f u s i o n 
c o e f f i c i e n t , 592-593 

Net proton r e l e a s e and l i g a n d number, 
adsorption r e a c t i o n s , 136-137 
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p h o t o f i x a t i o n , a b i o l o g i c a l , 428-429 
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s o l u t i o n , 605 
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uptake, 588-591 

Occ l u s i o n , r e l a t i o n to the speed of 
formation o f a p r e c i p i t a t e , 539 

Octacalcium phosphate, e f f e c t of 
magnesium and strontium ions on 
c r y s t a l l i z a t i o n , 657-661 

Octanol, water-saturated, 
n o n i d e a l i t i e s , 195-196 

Octanol-water systems, 
p a r t i t i o n i n g , 194-195 

O l i v i n e s , s t r u c t u r a l formula, 533 
Order parameter 

s o l i d s o l u t i o n s of calcium carbonate 
and magnesium carbonate, 542 

s u r f a c e s , 372 
Ordering, s o l i d s o l u t i o n s , 534-535 
Organic ammonium c a t i o n exchange, clay 

m i n e r a l s , 260-262 
Organic c a t i o n exchange, c l a y 

minerals, 273-274 
Organic compounds 

i n f l u e n c e o f mineral surfaces on 
s o r p t i o n , 206,207f 

o x i d a t i o n by oxides and primary 
minerals, 480-483 

s o r p t i o n processes, 7 
Organic c o s o l v e n t s , e f f e c t on humic 

polymers, 202-203 
Organic l i g a n d s , e f f e c t on adsorption 
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r e a c t i o n s at mineral s u r f a c e s , 479 
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mineral s u r f a c e s , 468-471 
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s o l u t i o n , 165 

trace elements i n t o c a l c i t e , 584-585 
P a r t i t i o n i n g c o e f f i c i e n t s 
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d e n s i t y , 175-178 

d e f i n i t i o n , 201-202 
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d e f i n i t i o n , 201 
P a r t i t i o n i n g experiments 
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l i m i t a t i o n s , 203-208 
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d i f f u s i o n c o e f f i c i e n t s , 593 
Pentavalent Sb-119, on 

hematite, 409-414 
Pentavalent Sb-119 i o n s , on 

hematite, 420-423 
Pétrographie observations, weathered 

f e l d s p a r , 620-623 
pH 

amphoteric surface with complexation 
model, 87-89 

curves, i n t e r p r e t a t i o n , 91,94 
dependence of adsorption of metal 

i o n s , 347 
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e f f e c t on copper adsorption on c l a y 
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P o l a r i z a b i l i t y , c a t i o n s , i o n exchange 

i n c l a y m i n e r a l s , 265-274 
Polymeric metal i o n s , formation on 

mineral s u r f a c e s , 348 
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Potassium c h l o r i d e , e f f e c t on 
hydroxyapatite c r y s t a l l i z a t i o n 
r a t e , 655-657 

Potassium-exchanged smectites without 
wetting and d r y i n g , behavior, 303 

Potassium f i x a t i o n i n smectite 
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m a t e r i a l s and methods, 299-302 
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z e o l i t e , 285 

Potassium kinney r e a c t i o n , e f f e c t of 
temperature, 320 
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water, 303-317 
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P o t e n t i a l 
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p a r t i c l e s i n a c e l l , 21 
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Precursor complex formation 
between reductant molecules and 

oxide surface s i t e s , 453-455 
r a t e , 455 

P r e d i c t i o n of growth r a t e s , c r y s t a l s 
i n s o l u t i o n , 607-610 

Pressure-jump apparatus with 
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l e a d - i o n adsorption at the 
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paramagnetic, 362-387 
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t i t r a t i o n c a l o r i m e t r y 
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Proton c o e f f i c i e n t 
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comparison, I85t 
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s i t e s , 453 
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surface group model, 71-72 

P r o v i s i o n a l a c t i v i t i e s and a c t i v i t y 
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f e l d s p a r weathering, 626-629 
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c r y s t a l growth i n s o l u t i o n , 601 
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t r i p l e - l a y e r model, 123t 
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minerals, 464-479 

Reaction k i n e t i c s , d i s t i n g u i s h i n g 
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p r e c i p i t a t i o n , 223-224 

Reaction p a t t e r n s , w e t t i n g and d r y i n g 
of potassium smectites, 310 
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group model, 69-71 

R e c r y s t a l l i z a t i o n i n the KCl-KBr-water 
system, 561-573 

Redox d i s p r o p o r t i o n a t i o n , 
d e f i n i t i o n , 468 

Reduced magnetization, surface f e r r i c 
i o n s , 414 

Reduced surface s i t e s , 
d i s s o l u t i o n , 457-458 

Reduction 
metal i o n , XPS and AES, 390 
metal ion complexes by organic 

compounds, 446-447 
Reduction p o t e n t i a l s , t r a n s i t i o n metal 

oxide-hydroxides, 448t 
Reductive d i s s o l u t i o n 

d e s c r i p t i o n on a molecular 
l e v e l , 451-459 

e f f e c t of oxide mineralogy, 458-459 
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r e a c t i o n scheme, 447-448 
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adsorption-desorption k i n e t i c s at 
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methods 
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adsorption-desorption k i n e t i c s , 
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dependence, 233-239 

adsorption-desorption of d i v a l e n t 
metal i o n s , 243 

d i f f u s i o n r e a c t i o n , 236 
d i v a l e n t Co-57 ions on hematite, 420 
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Removal times, manganese i n n a t u r a l 
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R e v e r s i b i l i t y 
i o n exchange i n c l a y 

minerals, 280,283 
ion exchange i n z e o l i t e s , 290 
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parameters, 592-594 
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high-temperature d i f f u s i o n 
s t u d i e s , 595 
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S a l i c y l a t e 
adsorption on g o e t h i t e , 148-150 
CIR-FTIR spectrum, 156f 
complex with i r o n , CIR-FTIR 

spectrum, 157f 
e f f e c t on Mn(II) o x i d a t i o n , 492-497 

S a l i c y l i c a c i d , e f f e c t on i r o n oxide 
d i s s o l u t i o n r a t e , 435,436f 
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Saponite f i l m s , copper-doped, ESR 

sp e c t r a , 379,382f 
S a t e l l i t e s t r u c t u r e , XPS, 392 
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z e o l i t e , 283-285 
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S i t e d e n s i t y of g o e t h i t e , 

e s t i m a t i o n , 115-117 
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