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THE EFFECT OF DISSOLVED LIGANDS UPON THE SORPTION OF 
Cu(II) BY Ca-MONTMORILLONITE 
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Abstract--The effect of three organic ligands on the adsorption of Cu on Ca-montmorillonite was studied. 
The results indicate that these effects include three different processes: 

l) Enhanced uptake of positively charged Cu-ligand complexes by ion-exchange. 
2) Formation of ternary surface complexes involving surface aluminol groups. 
3) Inhibited uptake due to competition between the surface ligands and the dissolved ligands for dissolved 

copper. 

Ethylenediamine promotes Cu uptake by ion-exchange at low pH but tends to suppress adsorption at 
aluminol groups by ligand competition at high pH. The same mechanisms are operative for ~-alanine; 
however, the uptake ofCu(fl-ala) § by ion-exchange is not promoted by the attached ligand. The influence 
of malonate includes both ligand competition and formation of ternary complexes. A quantitative inter- 
pretation based on the surface complexation model using the least-square programs FITEQL (Westall, 
1982) and GRFIT (Ludwig, 1992) is presented. The obtained equilibrium constants are listed in Tables 
2b and 3. 
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I N T R O D U C T I O N  

In a previous paper (Stadler and Schindler, 1993), a 
model of  Cu adsorption on Ca-montmoril lonite was 
presented. It was found that Cu interaction with mont- 
morillonite can be described with a model that contains 
adsorption of  Cu by ion-exchange in the interlayers of  
montmoril lonite in the range of  3 < pH < 4.5 and by 
the formation of  surface complexes with aluminol 
groups in the region pH > 4. 

The uptake of  metal ions by clay minerals (and ox- 
ides) is strongly influenced by the presence of  ligands 
with complexing characteristics. Metal ions in natural 
systems are in part present as dissolved metal-ligand 
complexes because of  the vast abundance of  such li- 
gands. The study of  metal uptake by clay minerals in 
the presence of  complexing ligands is, therefore, nec- 
essary to understand the fate o f  metals in soils. 

The electrolyte concentration used in this study was 
significantly higher than normally found in natural soils. 
The authors are aware that this choice reduces the 
relevance of  the study to the fate of  heavy metals in 
natural soils. On the other hand, such a high electrolyte 
concentration offers some important advantages: Ac- 
tivity coefficients of  almost all involved components, 
including surface species and dissolved species, can be 
neglected, which simplifies the modeling of  the inves- 
tigated systems. Moreover, numerous equilibrium con- 
stants in the range of  1.0 > I > 0.1 (I = ionic strength) 
for important reactions in this study are present in the 
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literature, which offers a broad and reliable control of  
the results of  this work. Finally, the aim of  this study 
is to give an overview over possible interactions of  
metals and surface components in the presence of  or- 
ganic ligands and to show the possibilities and limits 
of  least-square programs in modeling and interpreting 
complex systems. 

The influence of  ligands on metal uptake is mani- 
fested in different ways. In the simplest case, dissolved 
ligands compete with the solid phase for the metal 
cation causing a decreased adsorption of  the metal. 
Ligand competit ion for metal ions is always occurring, 
but this decreased adsorption can be compensated by 
other forms ofligand-metal-solid interactions: The for- 
mation of  ternary complexes promotes metal adsorp- 
tion at oxide minerals (Schindler and Stumm, 1987; 
Schindler, 1990). For clay minerals, an enhanced up- 
take of  cationic metal-ligand complexes by ion-ex- 
change as compared with the free metal ion has been 
reported (Bodenheimer et  al., 1962, 1963, and 1966; 
Cloos et  al., 1972; Maes et al., 1978). This effect was 
interpreted as a stabilization of  the metal-ligand com- 
plex by the interlayer phase as compared to the aqueous 
solution (Maes et  al., 1978). The possible formation of  
ternary surface complexes at clay-water interfaces has, 
so far, not been investigated. 

In this paper, the clay mineral montmoril lonite was 
chosen because of  its variety of  adsorption sites. Cu 
was selected because of  its ability to form very stable 
complexes with different ligands. The ligands used in 
this study were ethytenediamine (en), fl-alanine, and 
malonic acid. fl-alanine and malonic acid form six 
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Table 1. Layer distances of montmorillonite. 

d [~] Ref. 

Ca-montmorillonite 14.5 Stadler and Schindler, 
1993 

Ca-en-montmorillonite 15.2 This work 
Cu-montmorillonite 12 Stadler and Schindler, 

1993 
Cu-en-rnontmorillonite 15.5 This work 

m e m b e r e d  chelate t ings with Cu, which are thought  to 
stabilize Cu complexes ,  whereas  en forms a f ive -mem-  
bered chelate ring. 

This  work  consists o f  two parts. In the first pa{t, the 
interact ions o f  mon tmor i l l on i t e  with the chosen li- 
gands were invest igated.  In the second part, the three 
t e rnary  sys tems  C u - e n - m o n t m o r i l l o n i t e ,  Cu-f l -a la-  
n ine -mon tmor i l l on i t e  and Cu-ma lona t e -mon tmor i l -  
lonite were studied. Exper imenta l  data  were used to 
establish a mode l  for the invest igated systems with the 
aid o f  the least-square fit p rograms F I T E Q L  (Westall, 
1982) and G R F I T  (Ludwig, 1992). 

M A T E R I A L S  A N D  M E T H O D S  

Survey 

1.00 g Ca -mon tmor i l l on i t e  was suspended in Vo = 
0.1 d m  3 o f  a solut ion S o f  the general compos i t ion  [H +] 
= H0 m o l / d m  3, [CUT] = Co m o l / d m  3, [L] = Lo m o l /  
d m  3, [CAT] = (0.1 -- Co) m o l / d m  3, [CIO4 ] = 0.2 m o l /  
d m  3 and pre-equi l ibra ted  for one week. Afterwards,  
the suspension was t i t rated at 298.2 K with v d m  3 o f  
a solut ion S 1 o f  the general compos i t ion  [Ca 2+ ] = 0.1 
m o l / d m  3, [OH ] = B m o l / d m  3, [C104 ] = ( 0 . 2 -  B) 
m o l / d m  3. H 0 was set close to 0.002 m o l / d m  3, Lo was 
var ied  in the range o f  0.0001 -< Lo -< 0.0040 rno l /dm 3, 
and B was set at 0.01 m o l / d m  3. In mos t  o f  the titra- 
t ions, Co was 0.0005 m o l / d m  3. 

Separate t i t rat ions wi th  Co = 0 m o l / d m  3 were carried 
out  to invest igate l igand uptake by Ca -mon tmor i l l on -  
ite. Af ter  each addi t ion  o f  S 1, the free concentra t ion  
o f  hydrogen ions was measured  every  30 s with the aid 
o f  a c o m b i n e d  glass electrode.  Equi l ib r ium was as- 
sumed  when 1) two consecut ive  readings o f  the e m f  
EH differed less than  0.01 m V  and 2) a g iven reading 
d id  not  differ more  than 0.05 m V  from the average o f  
the six foregoing readings. When  the equi l ib r ium was 
established, a small  a l iquot  was collected and analyzed 
after centr i fugat ion for both  dissolved Cu (Cs) and li- 
gand (L~). 

The  fol lowing parameters  are thus accessible: Tota l  
hydrogen ion concentra t ion,  H, is given by 

Ho'Vo - B . v  
H - (1) 

V o + v  

Free hydrogen ion concentrat ion,  h, is obta ined  f rom 
the Nerns t  equat ion:  

E H - 

h = 10 k (2) 

EH ~ and k were obta ined  f rom cal ibrat ions using a series 
o f  solutions wi th  known H+-concentra t ion .  Tota l  Cu 
concentra t ion,  C, and total  l igand concentrat ion,  L, are 
calculated with Eqs. (3) and (4), respectively: 

Co" Vo 
C = (3) 

V o + v  

L0" Vo 
L - - -  (4) 

V 0 + v  

The  a m o u n t  o f  adsorbed Cu and ligand, respectively,  
is g iven by 

C a d  s = C - -  C s ( 5 )  

Lads = L -- Ls (6) 

Exper imenta l  and calculated data  are presented in the 
figures as 

AC = - ~ .  100 [%1 (5a) 

AL = Laa~s" 100 [%] (6a) 
L 

Chemicals 

SWy- 1 mon tmor i l l on i t e  (Na-montmor i l lon i te )  f rom 
Crook  County,  Wyoming ,  was p rov ided  by the Clay 
Minera ls  Society. Ca -mon tmor i l l on i t e  was prepared as 
descr ibed in Stadler  and Schindler  (1993). d001 spacings 
o f  Ca -mon tmor i l l on i t e  as well as o f  o ther  forms o f  
mon tmor i l l on i t e  were obta ined  f rom X-ray diffraction 
(Cu ka  radiat ion)  and are given in Table  1. 

S o l u t i o n s  o f  HC104,  Ca(C104)2,  Ca(OH)2  , and  
Cu(C104) 2 were prepared and analyzed as descr ibed by 
Stadler  and Schindler  (1993). 

14C-labelled e thy lened iamine  (purity >- 97.1%) and 
14C-labelled malona te  (sodium salt, puri ty 98.9%) were 
p rov ided  by A m e r s h a m  Internat ional .  14C-labelled 
fl-alanine (purity > 98%) was obta ined  f rom Sigma. 
Di lu ted  solutions with an act ivi ty  close to 10 kBq per  
m m o l  o f  l igand (L) were prepared by mixing labelled 
L with 0.1 too l /d in  3 solutions o f  unlabel led ethylene- 
d i amine  (Merck p.a.), fl-alanine (Merck p.a.) and ma-  
Ionic acid (Merck p.a.), respectively.  The  act ivi t ies  o f  
these solutions were regularly checked. Opt i -F luor  
(Packard Ins t rument  Company)  was used as l iquid 
scinti l lat ion cocktail.  

Apparatus 

The  t i t rat ion equ ipmen t  used in this work  and the 
procedure  for cal ibrat ing the glass electrode have  been 
descr ibed by Stadler and Schindler  (1993). Centrifu-  
gat ion was carried out  for 5 min  at 2500 rpm.  Cs was 
obta ined  f rom f lame-AAS (Beckmann AAS 1248). Ls 
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Table 2a. Stability constants used in this work. 

Equilibrium log K 

H 2 0  ~ H + + OH -13.76 ~ 
Ca 2+ (+ H20) ~ CaOH + + H + -11.582 
en + H + ~ (en)H § +9.963 
en + 2 H + ~ (en)H22+ +17.163 
fl-ala + H + ~ (/3-ala)H + 10.074 
fl-ala- + 2 H + ~ (fl-ala)H2 + + 13.584 
mal 2 + H + ~ (mal)H +5.234 
mal 2 + 2 H + ~ (mal)H2 +7.854 
mal 2 + Ca 2+ ~ Ca(mal) + 1.404 
2 X-  + Ca 2+ ~ CaX2 +20.002 
2 X  + Cu z+ ~ CuX2 +20.302 
---SOH + H + ~ ---SOH2 + +8.162 
---SOH - H + ~ ---SO- -8.712 
=-TOH - H + ~ ---TO -5.772 
---SOH + Cu 2+ ~ ---SOHCu 2+ +5.872 
-=SOH - H + + Cu 2+ ~ ~SOCu + --0.57 ~ 
---SOH - 2 H + + Cu 2+ ~ ~-SOCuOH -6.762 

Equilibria with fixed stability constants, where I (ionic 
strength) = 0.3, 298.2 K. 

Sillrn and Martell (1964). 
2 Stadler and Schindler (1993). 
3 Martell and Smith (1976). The value was obtained by 

interpolating the stability constants given for I = 0.1 and I = 
0.5 (T = 298.2 K). 

4 Martell and Smith (1976), calculated from the value given 
for I = 0.1 (T = 298.2 K) with the aid of the Davies equation. 

was d e t e r m i n e d  wi th  the aid o f  a scint i l la t ion counte r  
(Kon t ron  Betamat ic  Isc). 

D A T A  T R E A T M E N T  

The  mode l  o f  the H +- and  Cu 2+ sorp t ion  on  Ca- 
m o n t m o r i l l o n i t e  as p resen ted  in Stadler  and Schindler  
(1993) was ex tended  to the l igands s tudied  in this  work.  
The comple te  system,  therefore ,  can be descr ibed  wi th  
seven componen t s :  H +, Cu 2+, Ca 2+, X ( ion-exchang-  

er species), -=SOH (a luminol  groups),  ~-TOH (silanol 
groups) and  L [e thy lenediamine  (en), and/3-a lanine  (fl- 
ala) and  ma lona te  (mal)]. 

A reduced  sys tem wi thou t  Cu was chosen  to s tudy 
the in teract ions  o f  the l igands wi th  mon tmor i l l on i t e .  

In specia t ion calculat ions,  it was found  that  copper  
hydrolys is  for C -< 0.0005 m o l / d m  3 is negligible in the  
presence  o f  the strongly complex ing  l igands en, fl-ala 
and  mal.  Fu r the rmore ,  it was found  in var ious  test  
runs,  tha t  the inclus ion o f  silanol groups  (~-TOH) was 
no t  critical to the fit o f  the  different  mode l s  p resen ted  
in this study. The  same fact was found  for the Cu 

adsorp t ion  on mon tmor i l l on i t e  (Stadler and  Schindler ,  
1993). 

The  s tudied  systems,  therefore,  include k n o w n  equi-  
l ibria (Tables 2a and  2b) and  the in teract ions  o f  en, 
fl-ala and  mal,  respect ively,  wi th  clay componen t s .  The  
stabil i ty cons tan ts  o f  m o s t  o f  the  equil ibria  used in this 
inves t iga t ion  could be der ived  f rom publ i shed  values  
(Table 2a); however ,  some  solut ion equi l ibr ia  for which  
the pe r t inen t  equ i l ib r ium cons tan ts  for the ionic me-  

Table 2b. Stability constants used in this work. 

Equilibrium log K 

en + Cu 2+ ~ Cu(en) z+ 
2 en + Cu 2+ ~ Cu(en) 2+ 
fl-ala + Cu 2+ ~ Cu(fl-ala) + 
2 fl-ala- + Cu 2+ ~ Cu(fl-ala)2 
mal 2 + Cu 2+ ~ Cu(mal) 
2 real 2 + Cu 2+ ~ Cu(mal) 2 

+ 11.20 
+20.59 

+8.32 
+13.86 

+4.94 
+9.06 

Equilibria with optimized stability constants where I = 0.3, 
T = 298.2 K. 

d i u m  used in this s tudy could no t  be der ived  f rom 
publ i shed  values were inc luded in the op t imiza t ion  
p rocedure  descr ibed  below. The  ob ta ined  values are 
given in Table 2b. With  regards to the very different  

proper t ies  o f  the ind iv idua l  ligands, it is no t  possible  
to s u m m a r i z e  the different  equi l ibr ia  encoun te red  in 
the course o f  this s tudy by one  general  equat ion.  There-  
fore, the equi l ibr ia  cons ide red  in mode l ing  the exper-  
imenta l  da ta  are def ined separately for every l igand in 
the  respect ive  section.  

Mode l ing  was p e r f o r m e d  wi th  the least-square pro-  
grams F I T E Q L  (Westall,  1982) and  G R F I T  (Ludwig, 
1992), respectively.  The  latter  p rogram permi t s  a 
graphical  c o m p a r i s o n  o f  exper imenta l  and  calculated 
data.  

R E S U L T S  A N D  D I S C U S S I O N  

The binary system Ca-montmorillonite-en 
(ethylenediamine) 

The  choice  o f e t h y l e n e d i a m i n e  ins tead  o f  1,3 d iami -  
nopropane ,  which  fo rms  a six m e m b e r e d  chelate  ring 
(as f l-alanine and  malon ic  acid do), was i m p o s e d  by 
the  p ro b l ems  encoun te red  in es t imat ing  the concen-  
t ra t ion  o f  d i sso lved  l igand in the m o n t m o r i l l o n i t e  sus- 
pens ions .  Since the envisaged l igands do not  possess  
c h r o m o p h o r e s  tha t  pe rmi t  their  de t e rmina t i on  by U V /  
VIS spec t rometry ,  we were l imi ted  to l igands where  
~4C labelled samples  were commerc ia l ly  available and  
labelled 1,3 d i a m i n o p r o p a n e  was no t  available.  

In the meas u red  range o f  3 -< - l o g  h -< 8, en fo rms  
p r o t o n a t e d  and  thus  posi t ively  charged species that  can 
undergo  ion-exchange.  In Figure la,  the  percentage o f  
b o u n d  en is p lo t ted  against  - l o g  h. The  figure includes  
data  wi th  0.0001 -< L0 -< 0.001 m o l / d m  3. Wi th  regard 
to the high Ca ' en  ratio,  a m a x i m u m  o f  about  3% o f  
the ion-exchange  capaci ty has been  occupied  by pro-  

tona ted  en. The  formal  t r e a tmen t  o f  the per t inen t  ion-  
exchange react ions  as requi red  by F I T E Q L  is descr ibed  
by the hypothet ica l  equi l ibr ia  (7-9), where  the  value 
for log Ko (Eq. 7) was arbi trar i ly chosen  according to 
the  data  t r e a tmen t  o f  the ion-exchange  as p resen ted  by 
Stadler  and  Schindler  (1993), which  is based  on the 
t r e a t m e n t  o f  ion-exchange  react ions  p resen ted  by 
Shaviv  et al. (1985) and  Fle tcher  et al. (1989). 
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Figure 1. A) Adsorpt ion of  en on Ca-montmori l loni te .  The 
percentage of  adsorbed en, AL, is plotted as a function o f - l o g  h 
(I = 0.3, T = 298.2 K). Symbols indicate experimental  values 
for Lo = 0.0001 moVdm 3 (O), Lo = 0.0002 m o l / d m  3 (A), Lo = 
0.0005 mo l /dm 3 (11), L 0 = 0.0010 m o l / d m  3 (O). Lines indicate 
calculated curves for Lo = 0.0001 m o l / d m  3 ( ), Lo = 0.0002 
m o l / d m  3 ( . . . . .  ), Lo = 0.0005 moVdm 3 ( . . . . .  ) and Lo = 0.0010 
m o l / d m  3 ( . . . . . .  ). The curves were calculated with the stability 
constants given in Tables 2a and 3. B) Speciation of  en in the 
system H § Ca-montmori l loni te ,  en. The species are plotted in 
% of  Lo (total en) against - l o g h  for L, = 0.0001 mol /dmL 
Calculations were performed with G R F I T  based on the values 
given in Tables 2a and 3. 

2 X  + C a  2+ r f a X  2 

[CaXa]  
Ko - 10 +2~ (7) 

[Ca2+] - [X 12 

X -  + en  + H + *, ( e n H ) X  

[ ( e n H ) X ]  
K8 = (8) 

[ en ] - [H+]  �9 [ X - ]  

2 X -  + en  + 2 H  + r ( e n H 2 ) X  2 

[(enH2)X2] 
K9 = (9) 

[en].  [H+] 2. [ X - ]  2 

R e s u l t i n g  c o n s t a n t s  a r e  c o l l e c t e d  i n  T a b l e  3. C o m b i n -  

i n g  Eqs .  (7 ) - (9 )  w i t h  

[ enH]  
en  + H + r e n H  + K l o -  - -  (10)  

[en].  [H +] 

[enH2] 
en  + 2 H  + ,* enH22+ K l l - -  (11)  

[en]" [H+] 2 

o n e  o b t a i n s  t h e  t w o  i o n - e x c h a n g e  c o n s t a n t s  K~x,Ca,enH 

a n d  K e x , f a , e n H  2 ." 

[ ( e n H ) X ]  2. [Ca  2+] 
K e x , C a , e n H  

[CaX2]-  [ enH+]  2 

K82 
- - -  - 10 -o.36 (12)  

Klo2"Ko 

[(enH2)X2]" [Ca 2+] 

K~x.Ca,enH2 = [CaX2]" [enH22+] 

K9 
- -  - - -  l 0  +0"63 ( 1 3 )  

K , ,  "IG 

W e  n o t e  t h a t  t h e  c a l c u l a t e d  v a l u e  o f  log  K,x,ca.r i s  

c l o s e  t o  r e p o r t e d  v a l u e s  fo r  d i v a l e n t - m o n o v a l e n t  i o n -  

e x c h a n g e .  F o r  t h e  e x c h a n g e  r e a c t i o n  C a  2+ r N a  + a n  

e x c h a n g e  c o n s t a n t  o f  log  K,x = - 0 . 1 9 8  i s  p u b l i s h e d  

( B e n s o n ,  1982) .  T h e  c o n s t a n t  o f  t h e  e x c h a n g e  o f  C a  2 + 

b y  enH22+ i s  c o m p a r a t i v e l y  h i g h  a n d  i n d i c a t e s  s ign i f -  

Table  3. Equi l ibr ia  of  clay - l igand ( - C u )  complexes  obta ined in this  study. 

E q u i l i b r i u m  S t a b i l i t y  c o n s t a n t  

X + e n +  H § ~ (enH)X 
2 X + en + 2 H + ~ (enH2)X 2 
2 X + en + Cu 2+ - Cu(en)X 2 
2 X + 2 en + Cu a+ ~ Cu(en)2X2 
2 X + 3 en + Cu 2+ ~ Cu(en)3X2 
=-SOH + en + Cu 2+ ~ =-SOHCu(en) 2+ 
=-Y + fl-ala + H + ~ -=Y(fl-ala)H 
X + Cu 2+ + fl-ala- ~ Cu(fl-ala)X 
-=SOH + mal  2- + 2 H § ~ =-SOH2(mal)H 
-=SOH + mal  z + H + ~ =-SOH2(mal)- 
-=SOH + Cu 2+ + m a p  ~ -=SOCu(mal) + H § 
~-SOH + Cu 2+ + mal  2 ~ -=SOHCu(mal) 

log K s = + 19.78 (+0.06)* 
log K9 = +37.79  (_+0.21)* 
log K,7 = +32.28** 
log K,8 = +42.41"* 
log KI9 = +49.42** 
log K22 = + 16.06"* 
log KI4 = +14 .60  (+0.10)* 
log K3o = + 18.27"* 
log K,5 = + 15.63 (+0.03)* 
log K]6 = + 10.86 (+0.03)* 
log K32 = + 3.12** 
log K33 = +9.34** 

I = 0.3, T = 298.2 K. 
* ~ 30" .  

** = Constants  ob ta ined  from GRFIT;  the present  vers ion gives no es t imat ion  of  the s tandard deviat ion.  
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Figure 2. Sorption of/3-alanine on Ca-montmorillonite (I = 
0.3, T = 298.2 K). AL, the percentage of/3-ala sorbed, is 
plotted against -log h. Symbols and lines as in Figure 1. Curves 
were calculated with the stability constants given in Tables 
2a and 3. 

icant preference of  the ion-exchanger for enH22+ as 
compared with Ca 2+ . As seen from the diagram (Figure 
1 b), the modeled speciation in the ion-exchanger phase 
closely reflects the speciation in solution. Uptake of  
enH + and enH22+ to form interlayer complexes has 
already been investigated in an IR study by Cloos et 
al. (1972). These authors report a doo~ spacing of  12.2 

for the pure en form. In this work, only a partial 
exchange of  Ca 2+ by enH22+ of  -< 3 % of  the total ex- 
change capacity was investigated. The doo~ spacing of  
Ca-montmorillonite was, thus, not significantly changed 
by the uptake of  the small amount o f  enHx x+. 

The system Ca- montmorillonite-~-alanine 

Experimental data of  13-alanine sorption by Ca- 
montmoril lonite  are shown in Figure 2. The total 
amount  of/3-ala sorbed on the surface (~ 2.5- 10- 5 mol/  
dm 3) does neither change with log h (in the range of  3 
< - l o g  h < 8) nor with increasing L o concentrations 
varying from 0.0001 mol /dm 3 to 0.004 tool/din 3. This 
behavior could not be explained within the existing set 
o f  components. Therefore, an additional component  
-=Y ([-=Y]tot = 4.0.10 -5 mol /dm 3) was introduced. It 
must be emphasized that the presence of  ~ Y  in the 
model  is purely empirical and cannot be taken as ev- 
idence for the existence of  such hydrophobic sites. The 
equilibrium 

[--- Y(/3-ala)H] 
Kl4 = (14) 

[-=Y]. [~-ala-]. [H + ] 

serves merely to formally account for the observed 
unspecific, perhaps zero-order sorption within the scope 
of  the FITEQL concept. This unsatisfactory handling 
of  the experimental data in case of/3-alanine shows 
clearly the limits of  the available least-squares pro- 
grams in fitting systems with complex and probably 

A 100 t 

3 4 5 6 7 8 

- log h 

B 100[ 

80/ 

l ~ ~, 60 / =so~ (.,=l. . 

4 o  - -  

0 
3 4 5 6 7 8 

- log h 

Figure 3. A) Sorption of  mal on Ca-montmori l lonite (I = 
0.3, T = 298.2 K). The percentage of adsorbed ligand, AL, is 
plotted against - log h. Symbols and lines as in Figure 1. The 
curves were calculated with the stability constants given in 
Tables 2a and 3. B) Speciation of real in the system H § Ca- 
montmorillonite, mal. The species are plotted in % of Lo (total 
mall vs. - log h. Calculations were performed with the aid of 
GRFIT (Ludwig, 1992)for L0 = 0.0001 mol/dm 3. 

not exclusively chemical interactions. However, with 
respect to the ternary system copper-/3-alanine-mont- 
morillonite, this doubtful model fitting treatment was 
not excluded from this study. 

The parameters obtained by the optimization pro- 
cedure are listed in Table 3, the modeled curve is plot- 
ted in Figure 2. According to Tsunashima (1984), the 
protonated/3-alanine undergoes ion-exchange with Ca- 
montmoril lonite  at - l o g  h < 4. In the present study, 
this ion-exchange was obviously suppressed by the pre- 
vailing high concentration of  Ca 2§ ions. 

Adsorption o f  malonate and hydrogen-malonate on 
Ca- montmorillonite 

The uptake of  malonate by Ca-montmoril lonite is 
shown in Figure 3a. Adsorption occurs preferentially 
under moderate acidic conditions with a maximum at 
- l o g  h = 4.5 and becomes negligible at - l o g  h > 8. 
Similar behavior is widely observed with anionic spe- 
cies that undergo electrostatic interactions with a pos- 
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Figure 4. A) Adsorption ofen on Ca-montmorillonite in the 
presence of Cu(II) (Co = 0.0005 mol/dm 3, I = 0.3, T = 298.2 
K). The percentage of adsorbed en, LxL, is plotted as a function 
of - log  h. B) Adsorption of Cu(II) on Ca-montmorillonite in 
the presence ofen. (Co = 0.0005 mol/dm 3, I = 0.3, T = 298.2 
K). The percentage of adsorbed Cu(II), AC is plotted against 
- l og  h. Symbols and lines as in Figure 1. The curves were 
calculated with the stability constants given in Tables 2a, 2b, 
and 3. 

[-=SOH2(mal)  ] 
K16 ~ (16) 

[ - - -SOH]-[mal2-]  �9 [H + ] 

T h e  o b t a i n e d  e q u i l i b r i u m  cons t an t s  are p re sen ted  in 
Tab le  3. 

T h e  m o d e l  is able  to expla in  the  a d s o r p t i o n  p rop-  
er t ies  o f  m a l o n i c  acid in the  whole  log h range  mea -  
su red  in th i s  study: As seen f rom Figure  3b, the  spe- 
c ia t ion  o f  L at  - l o g h  -< 3.0 is d o m i n a t e d  by  m a l o n i c  
ac id  (H2(mal))  t h a t  is no t  able  to  in te rac t  wi th  the  pos-  
i t ive ly  charged  a l u m i n o l  sites. In the  range  o f  3 < 
- l o g h  < 4, L is p r e d o m i n a n t l y  p resen t  as (ma l )H 
a n d  ---SOH2(mal)H, respect ively.  In the  s u b s e q u e n t  
log h range (4 < - l o g  h < 5.5) a s l ight  decrease  o f  AL 
is o b s e r v e d  in the  same  region as ( m a l ) H -  is t r ans -  
f o r m e d  in to  ma l  2 . T h e  decrease  in &L b e c o m e s  steep-  
er a t  va lues  o f  - l o g  h > 5.5 due  to the  beg inn ing  de-  
p r o t o n a t i o n  o f  surface a t u m i n o l  groups.  A t  - l o g  h > 
8, L is comple te ly  desorbed .  

T h e  s t ruc ture  o f  the  a l u m i n o l - m a l o n a t e  comp lex  is 
no t  d i rect ly  accessible  wi th  the  m e t h o d s  used  in th i s  
s tudy.  T h e  o b t a i n e d  s tabi l i ty  cons t an t s  are,  however ,  
m o r e  in acco rdance  wi th  an  ou te r  sphere  complex  (I) 
t h a n  wi th  an  i n n e r  sphere  complex  based  on  l igand 
exchange  (!I) 

O O 

II IF 
O H 2 + "  " " O - - C  O - - C  

=-AI( )CH2 ---AI( )CH2 
O H  2 ' ' .  O - - C  O - - C  

II II 
0 0 

I II  

C o m b i n i n g  

=-SOH2 + r =-SOH + H + l o g K  = - 8 . 1 6  
= S O H  + mal  2 + H + ~ ---SOH2(mal) log 

K|6 = 10.86 

i t ively  cha rged  surface.  T h e  spec ia t ion  o f  L in the  mea -  
sured  log h range  (3 < - l o g  h < 8) is g o v e r n e d  by  the  
a n i o n s  ma l  2- a n d  (ma l )H . F o r  e lect ros ta t ical  reasons ,  
the  i n t e r ac t i on  o f  the  l igand w i th  m o n t m o r i l l o n i t e  is 
l ikely to take  place at  pos i t ive ly  charged  a l u m i n o l  sur-  
face sites (Siffert et al., 1980). Therefore ,  all m o d e l s  
tes ted  in th i s  s tudy  inc luded  complexes  o f ( m a l ) H -  a n d  
m a P -  wi th  p r o t o n a t e d  a lumino l -g roups .  

T h e  bes t  fit was  o b t a i n e d  wi th  a c o m b i n a t i o n  o f  
t h e  t w o  s u r f a c e  c o m p l e x e s  ~ S O H 2 ( m a l ) H  a n d  
~ SOH2(mal )  : 

-=SOH + ma l  2 + 2 H  + ~ =-SOH2(mal)H 

[=-SOH2(mal)H] 
K15 = (15) 

[= -SOH]- [mal  2 ] . [H+]  2 

=-SOH + m a F -  + H + ** -=SOH2(mal) -  

one  ob t a in s  the  e q u i l i b r i u m  

~-SOH2+ + m a F  ~ - = S O H 2 ( m a l ) - l o g K  = 2.70 

t h a t  is m a r k e d l y  smal le r  t h a n  w h a t  one  would  expect  
for the  f o r m a t i o n  c o n s t a n t  o f  A l ( I I I ) -ma lona t e  c o m p l e x  
in so lu t ion ,  

Alaq 3+ + ma l  2 ~ Al (mal )  + 

o n  the  bas is  o f  p u b l i s h e d  va lues  for  Sc(mal)  + (log K = 
5.87, 298.2  K, I = 1 [Marte l l  a n d  Smi th ,  1976]) a n d  
Fe(mal )  + ( l o g K  = 7.5, 298.2  K, I = 1 [Marte l l  a n d  
Smi th ,  1976]). O n  the  o the r  hand ,  the  o b s e r v a t i o n  t h a t  
the  p r o t o n a t i o n  c o n s t a n t  as o b t a i n e d  f rom Eqs. (15) 
a n d  (16) 

~-SOH2(mal)  + H + ** -=SOHz(mal )H l o g K  ~ = 4.77 

is sma l l e r  t h a n  the  p r o t o n a t i o n  c o n s t a n t  o f  m a l o n a t e  
in  so lu t ion  
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mal 2 + H + ~ (mal)H l o g K  s = 5.26 

is in accordance with the formation of  an outer sphere 
complex (I) and reflects the presence of  the neighboring 
positive surface charge. 

The  ternary  sy s t em  e thy lened iamine-copper-  Ca- 
m o n t m o r i l l o n i t e  

Collected data for en and copper adsorption are plot- 
ted in Figures 4a and 4b, respectively. 

The system is clearly dominated by two processes. 
1) The formation of  very stable Cu-en complexes in 
solution: The formation of  Cu(en) 2+ and Cu(en)22+ is 
well documented, while the formation of  a Cu(en)s 2+- 
complex is uncertain. 2) Uptake of  Cu-en complexes 
by the interlayers of  montmorillonite.  The adsorption 
of  Cu(en)22+ by ion-exchange has already been de- 
scribed by Bodenheimer et al. (1963). Velghe et al. 
(1977) report the formation of  Cu(en) 2+, Cu(en)22+ and 
Cu(en)32+ in the interlayer space. Maes et aL (1978) 
found a markedly enhanced stability of  Cu(en) 2+ and 
Cu(en)22+ in the interlayer as compared to the stability 
in solution. 

Therefore, the combined Cu-en uptake by mont- 
morillonite can be described by the equilibria 

2X + Cu 2§ + en ,~ (Cu(en))X2 

[(Cu(en))X2] 
K t 7  = (17) 

[Cu2§ - [X ]2 

2X + Cu 2+ + 2 en ,* (Cu(en)2)X2 

[(Cu(en)2)X2] 
K I 8  = (18) 

[Cu2+] - [en] 2-[X ]2 

2X + Cu 2+ + 3 en ,~ (Cu(en)3)X2 

[(Cu(en)3)X2] 
K l 9  = (19) 

[Cu2+] - [en] 3. [X-] 2 

In addition, the subsequent equilibria were included 
in the optimization procedure 

Cu 2+ + en ,~ Cu(en) 2+ 

[Cu(en) 2+] 
K20 - (20) [Cu2+] �9 [en] 

Cu 2+ + 2 en r Cu(en)22+ 

[Cu(en)22+] 
K2t (21) [Cu2+]. [en] 2 

The model curves calculated from the above con- 
stants are already in good agreement with the experi- 
mental data. A slight improvement  was achieved in- 
troducing the ternary surface complex ~-SOHCu(en) ~+ 
as defined by Eq. (22). 

~ S O H  + Cu 2§ + en r -=SOHCu(en) 2+ 

[ ~- SOHCu(en) 2 +] 
K22 = (22) 

[Cu2+] - [en]. [-= SOH] 

Resulting adsorption curves for en and Cu 2§ are shown 
in Figures 4A and Figure 4B respectively; the constants 
are presented in Tables 2b and 3. 

Combining Eqs. (17)-(18) and Eqs. (20)-(21) with 
Eq. (7) yields the equilibrium constants for the ion- 
exchange reactions with Ca2+: 

[Cu(en)X2] - [Ca 2 +] 
Kex,Ca,Cu(en) = [Cu(en)2+] .[Cax2] 

K l 7  
- - -  101"~ ( 2 3 )  
K2o'Ko 

[Cu(en)2X2]" [Ca 2+] 
Kex,c.,cu(e.)2 = [Cu(en)22+]. [CaX2] 

K18 
- - -  101"82 (24) 
K2,'Ko 

Maes et al. (1978) published log K values for the re- 
actions 

X2Cu + en ,* X2Cu(en) 

[Cu(en)X2] 
K 2 5 -  - 10 +11"60 (25) 

[CuX2]-[en] 

X:Cu + 2 en ,~ X2Cu(en)2 

[Cu(en)2X2] 
K 2 6 -  - -  1 0  +23"10 (26) 

[CuX2]" [en] 2 

In order to facilitate the comparison of  the results 
of  this study with the data published by Maes et aL 
(1978), the equilibria 17 and 18 are combined with the 
uptake of  Cu by the ion-exchanger as defined by Stadler 
and Schlindler (1993): 

2X + Cu 2+ '~ X2Cu 

[CuX2] 
K 2 7  = - -  1 0  +20.30 (27) 

[Cu2+].[x ]2 

Dividing Eq. (17) and Eq. (18), respectively, by Eq. 
(27) yields the equilibrium constants for Reaction 25 
and 26. As can be seen, the resulting value of  10 +11-98 
for K25 is higher than the one published by Maes et aL 
(1978) by a factor of  2.4, whereas the obtained value 
of  10 +22-11 for K26 is markedly lower than the one pub- 
lished by Maes et aL (1978). 

When the difference log K25 - log K2o and log K26 - 
log K21 is calculated, a stabilization factor o f  6.0 for 
the 1:1 Cu-en complex and 32.36 for the 1:2 Cu-en 
complex, respectively, is obtained. Maes et al. (1978) 
found a stabilization factor for the 1:2 complex in the 
range of  850-1250. 

As already mentioned, the formation of  Cu(en)s 2+ 
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Figure 5. Speciation of Cu(II) in the system H +, Ca-montmodllonite, en, Cu(II). The species are plotted in % of Co (total 
Cu(II)) vs .  - log  h. Calculations were performed with the aid of GRFIT for A) Lo = 0.0001 mol/dm 3, B) Lo = 0.0002 mol/ 
dm 3, C) L o = 0.0005 mol/dm 3 and D) L 0 = 0.0010 mol/dm 3. Co was held constant at 0.0005 mol/dm 3. 

in solut ion is not  well established, and the species was, 
thus, not  inc luded in the model .  The  only publ ished 
va lue  for this complex  (Bjerrum, 1948) seems to in- 
dicate that  the tendency to at tach a third l igand ac- 
cording to 

Cu(en)22+ + en ~ Cu(en)32+ 

[Cu(en)3 2+ ] 
K 2 8 -  = 10 -0.9 (28) 

[Cu(en)22 + ]- [en] 

is very  low. On  the o ther  hand,  the stability constant  
that  characterizes the uptake o f  a third l igand molecule  
by X2Cu(en)2 as obta ined  f rom Eqs. (18) and (19) 

K29 = [Cu(en)3X2] - K'9  10 +7"~ ( 2 9 )  
[Cu(en)2X2]" [en] K~8 

is amazingly  high. The  reliabil i ty o f  this value  is ques-  
t ionable  since the sensi t ivi ty o f  the mode l  to the in- 
t roduc t ion  o f  Cu(en)3X2 into the calculat ions is com-  
parat ively  modest .  

T h e  s t ab i l i t y  c o n s t a n t  o f  t he  t e r n a r y  c o m p l e x  
~-SOHCu(en) a§ as defined by Eq. (22) was found to be 
very  near  a value  expected f rom statistical considera-  

t ions (Schindler,  1990). These  considerat ions  predict  
for the quot ien t  

KS=soHCu2+ Q ~ -  
KS~soHcu(en) + 

a value  o f  12 for the case that  the structure o f  the 
complex  can be visual ized by 

H H H 2 
O O N - - C H  2 

-=AI( )Cu 2+ and ~-AI( )Cu( [ 

O O N - - C H z  
H2 H2 H2 

2 +  

Using  Eq. (20), Eq. (22), and the stability constant  
K=sonc~2+ as defined in Table  2a, a value  ofQ~ = 10.2 
is obtained.  

As seen in Figure 4B, addi t ion  o f  en p romotes  Cu 
adsorpt ion  in the region 4 < - l o g h  < 6 and results 
in a part ial  desorpt ion  o f  Cu in the range 7 < - l o g  h 
< 9. The  reason for this amb iva l en t  behav io r  can be 
seen f rom the speciat ion d iagrams for Cu in Figure 5: 
In  the range o f  4 < - l o g h  < 6 the onset  o f  fo rmat ion  
o f  Cu(en) 2§ species and their  preference by the inter-  
layer leads to an enhanced  uptake o f  Cu. In the region 
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Figure 6. Speciation of en in the system H +, Ca-montmorillonite, en, Cu(II). The species are plotted in % of Lo (total en) 
vs. - log  h. Calculations were performed with the aid of GRFIT for A) L0 = 0.0001 mol/dm 3, B) L 0 = 0.0002 mol/dm 3, C) 
L0 = 0.0005 mol/dm 3, and D) L 0 = 0.0010 mol/dm 3. Co was held constant at 0.0005 mol/dm 3. 

o f  7 < - l o g h  < 9, the format ion  o f  d isso lved  Cu-en 
complexes  prevents  Cu adsorpt ion  by surface hydroxyl  
groups. In this - l o g h  range, the comple te  uptake o f  
Cu(en)2 by ion-exchange is impeded  by the high Ca 2+ 
concentrat ion.  

The  obvious ly  compl ica ted  effect o f  the increasing 
eno concent ra t ion  upon  the en uptake (Figure 4A) is 
clarified by the speciat ion d iagram o f e n  (Figure 6): For  
the ratio en:Cu = 0.2, Cu(en) 2+ is fo rmed  and part ial ly 
bound  as X2Cu(en). At  - l o g h  > 6.5, Cu becomes  
increasingly bound as ~-SOCuOH (Figure 5). This  leads 
to an increase o f  the en:Cu ratio in solution and con- 
sequent ly  to the fo rmat ion  o f  Cu(en)22+, which in turn 
results in a fo rmat ion  o f  XaCu(en)2. At  higher  en:Cu 
ratios, the species X2Cu(en)2 and X2Cu(en)3 are chiefly 
responsible  for the en uptake above  - l o g  h = 5. 

Ternary  surface complexes  were found, in both the 
en and the Cu speciation,  to be o f  m i n o r  impor tance ,  
influencing markedly  the en adsorpt ion  only at low en: 
Cu ratios and in the range o f - l o g  h < 6.5. 

The system fl-alanine-copper-Ca-montmorillonffe 

The  complexes  o f  fl-alanine and Cu in solut ion are 
Cu(fl-ala) + and Cu(fl-ala)2 existing in the range o f  3.0 

< - l o g h  < 8.5 and - l o g h  > 4, respectively.  The  
exper imenta l  data  o f  Cu adsorpt ion  as presented m 
Figure 7B reflect clearly the influence o f  ~-alanine com-  
pet i t ion in solution: The  a m o u n t  o f  Cu bound  by Ca- 
mon tmor i l l on i t e  is decreasing with increasing l igand 
concentra t ion.  Cu adsorp t ion  at very  low Cu:fl-ala ra- 
t ios (1:8) in the range o f  4.5 < - l o g h  < 7 is found to 
be underes t imated  by a mode l  including only l igand 
compet i t ion  in solution,  a fact which can be taken as 
an indica t ion  for a weak ternary complex.  

Several  a ssumpt ions  were made  and tested in mode l  
runs. Finally, the ion-exchange react ion 

Cu 2§ + fl-ala + X r Cu(fl-ala)X 

[Cu(fl - ala)X] 
K3o = (30) 

[Cu2+] - [~-ala-]- [X ] 

was found to i m p r o v e  the model .  In addi t ion,  the sta- 
bil i ty constants  o f  Cu(II)-(fl-ala) complexes  in solut ion 
were included into the op t imiza t ion  procedure.  The  
obta ined stability constants  are listed in Tables  2b and 
3. Calculated mode l  curves  are shown in Figures 7A 
and 7B. 

Reac t ion  30 takes place in the range o f  3.5 < - l o g  h 
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Figure 7. A) Sorption of/3-ala on Ca-montmorillonite in the 
presence of Cu(II) (Co = 0.0005 mol/dm 3, I = 0.3, T = 298.2 
K). The percentage of sorbed ligand, AL, is plotted against 
- l og  h. B) Sorption of Cu on Ca-montmorillonite in the pres- 
ence of/3-ala. (Co = 0.0005 mol/dm 3, I = 0.3, T = 298.2 K). 
The percentage of adsorbed Cu(II), AC, is plotted against 
- logh .  Symbols and lines as in Figure I. The curves were 
calculated with the stability constants given in Tables 2a, 2b, 
and 3. 

< 8.5 and can, therefore,  be used as an explanat ion for 
the observed enhanced copper  adsorpt ion in this - l o g  h 
region (Figure 7B). On  the o ther  hand, the presence o f  
copper  has a weak effect on the adsorpt ion  of/3-alanine 
(Figure 7A): Due  to complexa t ion  in solution, the 
a m o u n t  o f  B-alanine being sorbed on the surface is 
reduced wi thout  changing the general behav io r  o f  this 
l igand towards Ca-montmor i l lon i t e .  The  uptake o f  the 
1:1 copper-/3-alanine complex  by ion-exchange is re- 
por ted  by Tsunash ima  (1984). As can be seen f rom 
both,  the/3-alanine-  and the Cu speciat ion (Figures 8 
and 9, respectively),  Cu03-ala)X plays a very mino r  
role for all invest igated Cu:0%ala) ratios. 

T h e  ternary  s y s t e m  m a l o n a t e - c o p p e r - C a -  

m o n t m o r i l l o n i t e  

In solut ion,  Cu 2+ and  ma lona t e  fo rm the complexes  
Cu(mal)  and Cu(mal)22 . U n d e r  the expe r imen ta l  
cond i t ions  chosen in this study, the fo rma t ion  o f  these 

A 100 t 
80 I XCu(~-ala) (B~aiaiH. 

? [(..=,IH + \ 

40  

"i ~ 2 

-log h 
B lOO 

8O 

t~ 
,J, 60 
..~ 

"6 
~ 2O 

0 

Figure 8. 

3 4 5 6 7 8 
-log h 

Speciation of/3-ala in the system H +, Ca-mont- 
morillonite, fl-ala, Cu(II). The species are plotted in % of L0 
(total/3-ala) vs. - log h. Calculations were performed with the 
aid of GRFIT for A) L0 = 0.0001 mol/dm 3 and B) L0 = 0.0040 
mol/dm 3. Co was held constant at 0.0005 mol/dm 3. 

d i s so lved  species is a l ready i m p o r t a n t  at - l o g  h = 3. 
As v i sua l ized  by Figure  10B, add i t ion  o f  ma lona te  
leads to a paral lel  shift  o f  Cu adsorp t ion  ( invo lv ing  
~ S O H  groups)  to h igher  - l o g  h values;  the extent  o f  
this shift  increases with increas ing l igand concent ra-  
t ion.  Th is  shift  reflects c o m p e t i t i o n  be tween  surface 
l igand (~-SOH sites) and  d i s so lved  ligand. On  the oth- 
er hand,  the fo rmat ion  o f  Cu-malona te  complexes  in 
solut ion decreases the concent ra t ion  o f  adsorbable  
malona te  ions. Compar i son  of  Figures 3A and 10A 
shows that the percentage o f  adsorbed ligand decreases 
with increasing Cu concentrat ion.  An interesting fea- 
ture o f  Figure 10A is the occurrence o f  a second ad- 
sorpt ion m a x i m u m  in the region o f  5.5 < - l o g h  < 
6.5, i.e., in the range where Cu complexing  by surface 
hydroxyl  groups takes place. This  suggests format ion  
o f  ternary complexes  according to the general equat ion 

---SOH + Cu 2+ + mal  2- 

r =-SOHxCu(mal)  (x ~)+ + (1 - x)H + (31) 

F r o m  var ious  test runs it was seen that  the principal  
species forms according to 
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Figure 9. Speciation of  Cu(II) in the system H +, Ca-mont- 
morillonite,/3-ala, Cu(II). The species are plotted in % of Co 
(total Cu(II)) vs. - l o g h .  Calculations were performed with 
the aid of GRFIT for A) L 0 = 0.0001 mol/dm 3 and B) Lo = 
0.0040 mol/dmL Co was held constant at 0.0005 mol/dm 3. 

~ S O H  + Cu 2+ + m a l  2- ~* -=SOCu(mal ) -  + H + 

[~- S O C u ( m a l ) - ] -  [H § ] 
K32 = 

[-=SOH].[Cu2+] "[mal 2 ] 

(32) 

In add i t ion ,  some  ev idence  was f o u n d  for the  exis tence  
o f  one  m i n o r  species 

-=SOH + Cu  2+ + real  2- r -=SOHCu(mal )  

[ ~- SOHCu(ma l ) ]  
K33 = (33) 

[-= SOH]-[Cu2+] �9 [maF  -]  

Inc lud ing  -=SOHCu(mal )  in  the  m o d e l  resu l ted  in a 
weak  b u t  s ignif icant  i m p r o v e m e n t  o f  the  fit. 

T h e  p r o p o s e d  m o d e l  is in  fair  a g r e e m e n t  wi th  the  
e x p e r i m e n t a l  da ta ,  as  can  be seen in Figure 10A (mal  
adsorp t ion)  and  Figure l 0B (Cu adsorpt ion) .  As  already 
p o i n t e d  ou t  in  the  d i scuss ion  o f  the  Cu-en  sys tem,  
s ta t is t ical  effects (Schindler ,  1990) pred ic t  a decrease  
o f  the  s tabi l i ty  c o n s t a n t  by  a fac tor  o f  12. T h e  q u o t i e n t s  
Q2 a n d  Q 3  c a n  be  f o r m e d  accord ing  to 

A so 

4O 

. ~  3 0  -" �9 . . . . . . . .  

20: ." * -~" . "  " -  �9 . . . . . . . . . . . . . . . . . . .  
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Figure 10. A) Sorption ofmal  on Ca-montmorillonite in the 
presence of Cu(II) (Co = 0.0005 mol/dm 3, I = 0.3, T = 298.2 
K). The % of adsorbed ligand, AL, is plotted against - l og  h. 
B) Sorption of Cu(II) on Ca-montmorillonite in the presence 
of real (C o = 0.0005 tool/din 3, I = 0.3, T = 298.2 K). The 
percentage of  adsorbed Cu(II), AC, is plotted against - l og  h. 
Symbols and lines as in Figure 1. The curves were calculated 
with the stability constants given in Tables 2a, 2b, and 3. 

Q2 K~socu§ - -  K ~ s ~  = 1 7 . 8  

K=soc.r K32 

Q 3  - K~s~247 _ K~SOHC.2+-Kc,(ma0 = 29.5 
K~sonc , , (m~)  K33 

where  Kcu(mal ) deno t e s  the  f o r m a t i o n  c o n s t a n t  o f  the  
C u - m a l o n a t e  1:1 c o m p l e x  in so lu t ion  a n d  K~soHcu2+ 
a n d  K-socu+ are t a k e n  f r o m  T a b l e  2a. I t  can  be  seen 
t h a t  the  s tabi l i ty  o f  the  p r inc ipa l  t e rna ry  surface c o m -  
plex -=SOCu(mal ) -  is in  fair ly good  a g r e e m e n t  wi th  
s ta t is i t ical  p red ic t ions ,  whereas  the  less i m p o r t a n t  spe- 
cies -=SOHCu(mal )  is s o m e w h a t  weaker .  

In Figure 11, the speciat ion of  ma l  is plot ted for two 
Cu:mal  ratios. I t  can be  seen that  for a Cu:mal  rat io o f  
5:1, the  proposed  ternary surface complex  -= SOCu(mal ) -  
would  be  the  m o s t  i m p o r t a n t  surface species at  - l o g  h 
> 5.5. For  a Cu:mal  rat io o f  1:4, -=SOCu(mal) would  
already d o m i n a t e  at  - l o g h  _> 5. The  second ternary 
complex  (=-SOCu(mal)H) is predicted to be never  present  
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Figure 11. Speciation of mal in the system H § Ca-mont- 
morillonite, mal, Cu(II). The species are plotted in % of L 0 
(total mal) vs.  -log h. Calculations were performed with the 
aid of GRFIT for A) L o = 0.0001 mol/dm 3 and B) L o = 0.0020 
mol/dm 3. Co was held constant at 0.0005 mol/dm 3. 

-log h 
Figure 12. Speciation of Cu(II) in the system H § Ca-mont- 
morillonite, real, Cu(II). The species are plotted in % of Co 
(total Cu(II)) vs.  -logh. Calculations were performed with 
the aid of GRFIT for A) Lo = 0.0001 mol/dm 3 and B) L0 = 
0.0020 mol/dm 3. Co was held constant at 0.0005 mol/dm 3. 

in noticeable amounts. Figure 12 shows the speciation of 
Cu. At high Cu:mal ratios (5:1), the copper speciation is 
clearly dominated by Cu 2+ and the surface complex 
-=SOCuOH. Lowering the Cu:mal ratio down to 1:4 
results in a predominance of dissolved Cu(mal) and 
Cu(mal)2 2 complexes in the range of 3.5 < - l o g h  < 
7. The model anticipates the ternary surface complex 
-SOCu(mal) -  to exist in noteworthy amounts in the 
region of 6 < - l o g h  < 8. 

CONCLUSION 

The uptake of Cu ions by Ca-montmorillonite is 
markedly influenced by the presence of chelate forming 
organic ligands. The three ligands investigated in this 
paper exemplify all possible modes of interaction that 
were described in the Introduction. The presence of 
~-alanine tends to inhibit the adsorption of Cu by li- 
gand competition. A small contribution from ion-ex- 
change by XCu(~-ala) was, however, noticed. The pres- 
ence ofmalonate shifts the range of Cu uptake by surface 
hydroxyl groups towards alkaline regions. The effect is 
based on both ligand competition combined with the 
formation of ternary surface complexes. The addition 

of en promotes Cu uptake in the acidic region by sta- 
bilizing the cationic species Cu(en)x 2§ in the ion-ex- 
changer. In the alkaline region, ligand competition 
clearly reduces the percentage of adsorbed Cu. The 
three above-mentioned mechanisms control in turn the 
influence of Cu upon the extent of ligand uptake by 
Ca-montmorillonite. Ligand competition (/~-alanine, 
Figure 7) tends to reduce the ligand uptake, whereas 
the formation of ternary surface complexes (malonic 
acid, Figure 10A, in the range of 5 < - l o g h  < 7) 
enhances ligand adsorption. Enhanced ligand adsorp- 
tion is finally also induced in cases where the metal- 
ligand complex is stabilized in the interlayer region of 
the clay mineral (en, Figure 4A). The different behavior 
of the three ligands is based on both the nature of the 
ligand atoms (N or O) and the charge of the ligand. 
The two factors are indeed coupled with each other. 
Cu(II) clearly prefers N-ligands as compared with O-li- 
gands (Table 2b). Hence, ligand competition is more 
important for N-ligands than for O-ligands. This effect 
is, however, cancelled in part by the fact that proton 
affinity towards the ligand atoms shows the same trend. 
The main effect can be ascribed merely to the charge 
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of the ligand: Ligands that form cationic complexes 
may assist ion-exchange. Ligands that form uncharged 
or negatively charged complexes are expected to par- 
ticipate in the formation of  ternary surface complexes 
since the corresponding binary Cu-clay surface com- 
plexes are formed in a - l o g  h range where the charge 
of  the binary Cu-clay complex is positive. This effect 
can be recognized for the case of  malonate. 
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