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Abstract--Adsorption of Co 2§ nitrilotriacetic acid (NTA) and equal-molar Co 2§ and NTA by a low 
surface area (LSA) commercial gibbsite (3.5 m 2 g-~) was investigated in batch as a function of pH (4.5 
to 10.5), adsorbate (0.5 to 10 txM) and adsorbent (0.5 to 75 g L ~) concentrations and ionic strength (0.01 
to 1 M NaC104). The adsorption of Co 2§ (Co-only) and the acid form of NTA (NTA-only) by gibbsite 
in 0.01 M NaC104 exhibit cation-like and anion-like adsorption edges, respectively. For the equal-molar 
CoNTA chelate, Co and NTA adsorption edges were similar but not identical to the Co-only and NTA- 
only edges. Differences suggest the existence of a ternary CoNTA surface complex with the Co in the 
intact chelate coordinated to surface hydroxyls. NTA-only adsorption was insensitive to ionic strength 
variation, indicating weak electrostatic contributions to surface coordination reactions. This is consistent 
with the formation of inner-sphere surface NTA complexes and ligand exchange reactions in which 
monodentate, bidentate and binuclear NTA surface complexes form. Cobalt adsorption increases (edge 
shifts to lower pH by 1 pH unit) on LSA gibbsite as ionic strength increases from 0.01 to 1 M NaC104. 
For the same ionic strength change, a similar shift in the Co-only edge was observed for another com- 
mercial gibbsite (16.8 m 2 g 1); however, no change was observed for ~-A1203. Ionic strength shifts in 
Co 2+ adsorption by gibbsite were described as an outer-sphere CoOH § surface complex using the triple- 
layer model. Results suggest that, at waste disposal sites where 6~ and NTA have been co-disposed, 
NTA will not promote ligand-like adsorption of Co for acid conditions, but will reduce cation-like ad- 
sorption for basic conditions. Thus, where gibbsite is the dominant mineral sorbent, NTA will not alter 
6~ mobility in acidic pore waters and groundwaters; however, NTA could enhance 6~ mobility where 
alkaline conditions prevail, unless microbial degradation of the NTA occurs. 

Key Words--~-Al203, Adsorption, Chelate, Cobalt, Desorption, Gibbsite (tx-Al(OH)3), Nitrilotriacetic 
Acid (NTA). 

I N T R O D U C T I O N  

Aminopo lyca rboxy l i c  che la t ing  agents,  such as ni- 
t r i lotr iacetie acid (NTA) and e thy lened iamine te t ra  ace- 
tic acid (EDTA),  have  been  ex tens ive ly  used in nucle-  
ar was te  reprocess ing  to concent ra te  f ission produc ts  
and act inides  f rom waste  s t reams and to r e m o v e  fis- 
s ion products  and  act inides  f rom con tamina ted  equip-  
men t  and reac tor  cool ing  sys tems (Ayers  1970; Pic iulo  
et  al. 1986).  The  r e su l t i ng  c h e l a t e - r a d i o n u c l i d e  
mix tures  have  b e e n  co-d isposed  at D e p a r t m e n t  of  En-  
ergy (DOE)  waste  disposal  sites (Means  and  Alexan-  
der  1981; Toste, Lucke  et al. 1987; Toste, Pahl  et  al. 
1987; Ri ley et al. 1992). Synthet ic  chela t ing  agents  
fo rm strong water-soluble  complexes  wi th  cat ionic  ra- 
d ionucl ides  and, depend ing  on  env i ronmen ta l  condi-  
t ions,  may  al ter  the adsorpt ion  behav io r  o f  these  ra- 
d ionucl ides  and  thus facil i tate thei r  migra t ion  in soil 
pore  waters  and  g roundwate r s  at or near  was te  dis- 
posal  sites. E D T A  has  b e e n  impl ica ted  in the enhanced  
migra t ion  of  6~ at several  waste  sites (Means  et  al. 
1978; Olsen  et al. 1986). 

The  inf luence of  N T A  and E D T A  chelates  upon  
t rans i t ion  me ta l  adsorp t ion  by  natura l ly  occurr ing  Fe, 
A1 and Si oxide adsorbents  depends  upon  mul t ip le  
equi l ibr ia  a m o n g  the  metal ,  the chelate  and  the solid. 

These  equi l ibr ia  are affected by  the indiv idual  adsorp-  
t ion cons tants  of  the meta l  and  chela te  for  the part ic-  
ular  solid, the aqueous  stabil i ty cons tan t  of  the metal-  
chela te  complex  and  the stabil i ty cons tan t  be tween  the 
chela te  and  the s tructural  meta l  ions of  the Fe and  AI 
oxides.  The  p H - d e p e n d e n t  surface charge  o f  the hy-  
drated oxide, as charac ter ized  by  the poin t  of  zero 
charge  (pHpzc), also inf luences  chela te  adsorp t ion  in 
e i ther  the free acid fo rm or as a meta l  chelate.  

For  ~x-SiO 2 and sil ica-gel,  w i th  pHpzc values  in the  
range  2 to 3, no  ev idence  of  l igand- l ike  adsorpt ion  of  
the chela te  or the meta l  chela te  has  been  obse rved  for 
equal  mola r  P b - E D T A  and C u - E D T A  (Vuceta  1976), 
C u - E D T A  (Bourg  and Schindle r  1979), N i - E D T A  
(Bowers  1982) and  C o - N T A  (Osaki  et  al. 1990). As  
the che la te - to-meta l  rat io was increased  in these  stud- 
ies, the cat ion- l ike  adsorpt ion  decreased,  because  the 
solut ion chelate  compe ted  more  effect ively wi th  the 
solid for  the metal .  The  te rms  "ca t i on - l i ke"  and " l i -  
gand- l ike"  adsorpt ion  refer  to the increase  in adsorp-  
t ion that  occurs  wi th  increas ing  and  decreas ing  pH, 
respect ively.  

For  h igh  pHvz ~ oxides  such as A1 and Fe  oxides  (8 
< pHpzc < 9.5), meta l  adsorpt ion  in che la te -meta l  
mix tures  could be  cat ion-l ike,  l igand- l ike  or a combi -  
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nation of the two depending on solution pH, metal-to- 
chelate ratio and solid-to-adsorbate ratio. Few studies 
of NTA or EDTA adsorption by Fe oxides have been 
performed. As expected, ligand-like adsorption oc- 
curred for the free acid (anion) form of NTA or EDTA 
in suspensions of crystalline Fe oxides (8.5 < pHpz c < 
9.3) (Chang et al. 1983). Recent investigations of 
Co(II)EDTA adsorption on Fe-coated sands (Szecsody 
et al. 1994) and by Fe and A1 oxide-dominated fluvial 
sediments (Zachara et al. 1994) showed that Co(II) 
adsorption in the presence of equal molar EDTA was 
ligand-like for pH > 7. However, for most materials 
below pH < 7, competition for the EDTA between Fe 
or AI (H § promoted dissolution of solids) and Co(II) 
resulted in the dissociation of the Co(II)EDTA com- 
plex. Thus, for pH < 7, Co adsorption decreased with 
decreasing pH and was not strictly ligand-like. A sim- 
ilar pattern of adsorption on ~-A1203 was observed for 
equal molar Co(II)EDTA for pH 5 to 9.5 over a wide 
range of sorbate concentrations and solid-to-sorbate 
ratios (Girvin et al. 1993). Metal adsorption in equal- 
molar Cd-, Cu-, Ni-, Pb- and Zn-EDTA suspensions 
of ~-A1203 (pHpz~ = 9.2), was ligand-like for Ni and 
Cu and mixed cation-ligand-like for Cd, Pb and Zn 
(Bowers and Huang 1986). In equal molar Cu-, Ni-, 
Pb-, Zn- and Cd-NTA suspensions of ~-AI203, only Cu 
exhibited mixed cation- and ligand-like metal adsorp- 
tion (Elliott 1979; Elliott and Huang 1979). For the 
other metals, cation-like adsorption dominated but was 
suppressed by the NTA; no ligand-like adsorption oc- 
curred. Studies on the adsorption NTA, EDTA and 
their metal chelates by gibbsite have not appeared in 
the literature. 

This paper describes the adsorption of Co, NTA and 
equal molar CoNTA by gibbsite (pHpzc ~ 11) as a 
function of pH, ionic strength and adsorbate concen- 
trations. Gibbsite was chosen for study because it is 
common in many soils (Hsu 1989), it is possibly the 
most significant aluminum-bearing oxide in both soils 
and sediments (Davis and Hem 1989) and it supports 
both anion and cation adsorption. Adsorption reactions 
and surface coordination schemes are proposed to 
qualitatively describe the observed adsorption behav- 
ior of NTA and CoNTA. These results suggest how 
NTA can modify 6~ adsorption and migration in soil 
pore and groundwaters where gibbsite is an important 
mineral sorbent. 

MATERIALS AND METHODS 

Preparation and Characterization of Adsorbents 

Two commercial gibbsite solids were used: a low 
surface area gibbsite (3.5 m 2 g-l) (Superfine 4: Alcan 
Chemicals, Alcan Aluminum Corp., Cleveland, Ohio) 
and a high surface area gibbsite (16.8 m 2 g-l) (Space 
Rite: Alcoa, Aluminum Company of America, Pitts- 
burg, Pennsylvania). Both of these gibbsites were pre- 

cipitated under highly alkaline conditions (pH --> 14). 
The low surface area (LSA) gibbsite was used in 
Co-only, NTA-only and CoNTA experiments, whereas 
the high surface area (HSA) gibbsite was used solely 
for Co-only experiments. In addition, ~-A1203 (100 m 2 
g l) (Degussa Corp., Tererboro, New Jersey) was used 
in the Co-only experiments. Prior to use, both the LSA 
and HSA gibbsites and the ~-A1203 were treated for 
30 min with 0.01 M NaOH to minimize dissolution of 
a small but highly soluble portion of the solid during 
adsorption experiments. Following this treatment, the 
solid was centrifuged and rinsed with 0.01 M NaC104 
a minimum of 7 times until the pH of the supernatant 
was 8.2 or less; then the solid was stored wet at 4 ~ 
until use. The measured N 2 BET (Brunauer, Emmett 
and Teller) surface areas of the treated solids were in 
agreement with the manufacturer's specification. The 
pHpz c of the treated LSA gibbsite was determined by 
potentiometric titration and found to be 11 (McKinley 
et al. 1995). The pHpz c of HSA gibbsite was not mea- 
sured; however, based upon literature values for gibbs- 
ite (Hingston et al. 1972; Kavanagh et al. 1975; Hiem- 
stra et al. 1987), the pHpzc for the HSA gibbsite is 
expected to be 10 + 1. The pHpz c of the 8-AlzO3 was 
9.2 (Girvin et al. 1993). X-ray diffraction (XRD) anal- 
ysis of the LSA and HSA gibbsites using CuKo~ radi- 
ation showed typical crystallographic spacings for 
gibbsite, with diffraction maxima at 4.85, 4.37, 3.35, 
3.18, 2.45 and 2.38 ,~. There were no discernable dif- 
ferences between the diffraction characteristics of the 
2 gibbsites. 

Based on the ideal structure of gibbsite (Davis and 
Hem 1989; Hsu 1989), the gibbsites used in this study 
have 2 types of surface hydroxyls on the hydrated 
crystals' faces. The oxygen of the OH groups on the 
basal plane surface is coordinated to 2 structural A1 
ions. This is referred to as a doubly coordinated sur- 
face hydroxyl. At the edge faces of gibbsite, the sur- 
face groups consist of 1 OH and 1 H20 coordinated 
to a single structural A1. These singly coordinated al- 
uminol edge sites, ---Al(OH)(H20), act as Lewis acids, 
and are considered to be much more reactive than the 
basal plane doubly coordinated OH groups (Parfitt et 
al. 1977; Davis and Hem 1989; Hsu 1989). We will 
refer to ---Al(OH)(H20) as the reactive sites on gibbs- 
ite in the results and discussion that follow. 

The properties of the sorbents used here are sum- 
marized in Table 1 and compared to those of an ex- 
tensively investigated gibbsite prepared under acid 
conditions (pH 4.6) using the method of Gastuche and 
Herbillon (1962). In the remainder of this paper, the 
LSA gibbsite will be referred to as "gibbsite" because 
most of the data presented are for the LSA gibbsite. 
When comparing the Co-only adsorption by the 2 
gibbsites, the LSA and HSA designations will be used. 
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Table 1. Properties of selected A1 oxides. 

Edge face 
Total BET surface area Nominal particle 

Mineral surface area (estimated) Site density diameter4l~I~l 
(source) (m'- g ~) (rn-' g ~) (sites/nm-') (ixm) PZC 

LSA Gibbsitet 
(Alcan) 3.47 nd$$ nd 1.3 11 t t t  

HSA Gibbsitet 
(Alcoa) 16.87 nd nd 0.25 nd 

~-A1203~ 1.377 (total) 
(Degussa) 1017 naw167 8.5## (total) 0.013 9.25:~$ 

19.8# 3.4# 9.6# (edge) 
Gibbsitew 45t~" 9 t t  4 t t  (edge) 0.57### 9-10w167167 

t Prepared at pH ~> 14 and used in this study. 
:~ Aluminum oxide C produced in oxyhydrogen flame and used in this study. 
w Prepared at pH 4.6 using method of Gastuche and Herbillon (1962). Not used in this study or commercially available. 
7 Measured after treatment with 0.01 M NaOH. 
# Hiemstra et al. 1987. 

t t  Parfitt et al. 1977. 
$:~ Not determined. 
w167 Not applicable. 
77 Back titration (Kummert and Stumm 1980). 
## Tritium exchange (Kummert and Stumm 1980). 

t t t  Potentiometric titration at 0.001, 0.01 and 0.1 M NaC104 (McKinley et al. 1995). 
$$$ Electrophoretic mobility in 0.01 M NaCIO 4 (Girvin et al. 1993). 
w167167 Potentiometric titrations at several ionic strengths (Hingston et al. 1972; Kavanagh et al. 1975; Hiemstra et al. 1987). 
777 Manufacturer's specification. 
### Estimated distance between opposing corners of hexagonal crystals (Hiemstra et al. 1987). 

Adsorbates 

The 6~ (specific activity = 570 mCi/mg, 99% 
pure, Dupont, New England Nuclear, Billerica, Mas- 
sachusetts) was added to 59Co in the pH 2 working 
stock at 1:7300. The 14C-NTA (specific activity = 11.5 
mCi/mrnol, 99.9% pure, ICN Biochemicals, Irvine, 
California) was added to unlabeled NTA in working 
stock at 1 to 1.57. The Co-NTA stock was prepared 
by mixing equal-molar quantities of Co and NTA from 
stock solutions described above and adjusting the pH 
to 7. 

Experimental Procedure and Analysis 

Batch adsorption experiments were conducted for 
total NTA or Co-NTA concentrations of 1 p314, in 7.5 
g L -1 suspensions of  gibbsite, at 25 - 1 ~ with back- 
ground electrolyte concentrations ranging from 0.01 to 
1 M NaC104. In addition, experiments were conducted 
with 0.5 p3k/CoNTA in 75 g L -1 gibbsite suspensions 
and with 10 txM CoNTA in 0.5 g L -l gibbsite suspen- 
sions at 0.01 M NaC104. Experiments Were performed 
under a n  N 2 atmosphere to minimize dissolved C O  2 in 
solution and thus the possibility of COCO3 precipita- 
tion at high pH. Adsorption was measured as a func- 
tion of pH (5 < pH < 10) as described by Girvin et 
al. (1993). Apparent adsorption equilibrium was 
reached in less than 4 h; however, all experiments were 
conducted for 24 h. Adsorption of Co and NTA was 
quantified by dual-labeled scintillation counting of 
6~ and ~4C-labeled NTA remaining in solution after 
filtration (0.1 Ixm). An independent measure of Co ad- 

sorption was obtained by -y-counting of the 1.17- and 
1.33-Mev gamma rays accompanying the 6~ beta de- 
cay. For all experiments, the 2 independent determi- 
nations of 6~ activity agreed within 3%. Dissolved 
A1 in suspensions was measured by inductively cou- 
pled plasma mass spectrometry (ICP-MS) after filtra- 
tion with prewashed 1.8-nm (25,000-MW) Amicon fil- 
ters (Amicon, Danvers, Massachusetts). Total inorgan- 
ic carbon was measured in filtered (0.1-1xm) samples 
using a Dohrmann DC-80 carbon analyzer (Rose- 
mount Analytical, Santa Clara, California). Aqueous 
speciation and solubility calculations for measured Co, 
NTA and dissolved A1 concentrations were performed 
using MINTEQ (Felmy et al. 1984). These calcula- 
tions were based on the stability constants and solu- 
bility products listed in Table 2 and excluded possible 
surface complexation (adsorption) reactions. Modeling 
of Co adsorption by gibbsite was performed with 
FITEQL (Westall 1982a, 1982b), using the Triple-Lay- 
er Model (TLM) (Davis and Leckie 1978; Sposito 
1984; Hayes and Leckie 1987) and the TLM param- 
eters for the LSA gibbsite (Table 3; McKinley et al. 
1995). 

RESULTS AND DISCUSSION 

Dissolved Inorganic Carbon and Aluminum 

Inorganic carbon was present in experimental sus- 
pensions, even though experiments were conducted 
under an N2 atmosphere. However, the concentration 
of COCO3 (aq) was 105-fold less than dominant Co 
species over the range of pH examined. Solutions were 
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Table 2. Thermodynamic  stability constants: T = 25 ~ 1 = 
0 (Martell and Smith 1974, unless otherwise noted). 

Chelate acidity: 
H + + NTA 3 = HNTA 2 10.29 
H + + HNTA 2- = H2NTA 2.91 
H + + H2NTA = H3NTA 2.01 

Metal hydrolys is : t  
H20 = H + + OH-  - 1 4 . 0  
Co 2+ + H20 = CoOH + + H + - 9 . 6 7  
Co 2+ + 2H20 = Co(OH)2 + 2H + - 1 8 . 7 7  
A13+ + H20 = A1OH2 + + H + - 4 . 9 9  
ml 3+ + 2H20 = AI(OH)2 + + 2H + - 1 0 . 1  
A13+ + 3H20 = AI(OH)3 + 3H + - 1 6 . 0  
AI 3+ + 4H20 = AI(OH)4- + 4H + - 2 3 . 0  

Metal complexation: 
Na + + NTA 3- = NaNT A 2 1.86 
Co 2+ + NTA 3 = CoNTA 11.66 
Co 2+ + 2NTA 3 = Co(NTA)24 4.97 
Co 2§ + NTA 3 + H20 = C o O H N T A  2 + H + 0.44 
AI 3§ + NTA 3 = AINTA 13.68 
A13+ + NTA 3 + I4 + = AIHNTA + 15.58 
A13+ + NTA 3- + H20 = A1OHNTA + H + 8.34 
A13+ + NTA 3 + 2H20 = AI(OH)2NTA 2 + 2H + 0.45 

Solubility products 
Al(OH)3(am) AI 3+ + 3H20 - 1 0 . 3 8  

= Al(OH)3(am) + 3H + 
AI(OH)3(c) A13+ + 3H20 - 8 . 7 7  

(gibbsite) - AI(OH)3(c) + 3H § 
Co(I[)CO3(s ) Co 2+ -~- CO32 = Co(II)CO3(s ) 10.14~: 

(sphaerocobaltite) 
Co(II)(OH)2(s ) Co 2+ + 2H20 

(transvaalite) = Co(II)(OH)2(s) + 2H + 
-12 .08~  

t Ball et al. (1980). 
$ Naumov  et al. (1974). 

u n d e r s a t u r a t e d  w i t h  r e s p e c t  to  C o C O 3 ( s  ) a n d  

C o ( O H ) 2 ( s )  (Tab le  2).  
T h e  in terpre ta t ion  o f  N T A  and  C o N T A  adsorp t ion  and  

the  ca lcu la t ion  o f  thei r  a q u e o u s  spec ia t ion  r equ i red  the  
m e a s u r e m e n t  o f  d i s so l ved  AI,  because :  1) N T A  e n h a n c e s  
the  so lubi l i ty  o f  A1 ox ides  (Elliott  and  H u a n g  1979);  a n d  
2) d i s so lved  A1 will  c o m p e t e  wi th  C o  for  N T A ,  as  evi-  
d e n c e d  by  c o m p a r i s o n  o f  A1 and  C o  stabi l i ty cons t an t s  
for  N T A  in  Table  2. F i gu re  1 s h o w s  m e a s u r e d  and  cal-  

cu la ted  d i s so lved  AI  concen t r a t ions  in  the  p r e s e n c e  and  
a b s e n c e  o f  1 bLM N T A .  Ca lcu l a t ed  A1 concen t r a t i ons  rep-  
r esen t  A l ( O H ) 3 ( a m  ) and  g ibbs i te  solubil i ty.  Al l  a q u e o u s  
spec ia t ion  ca lcu la t ions  u s e d  m e a s u r e d  A l  concen t r a t ions  
in 1 IxM N T A  gibbs i te  s u s p e n s i o n s .  M e a s u r e d  AI  w a s  in  
g o o d  a g r e e m e n t  wi th  the  ca lcu la ted  solubi l i ty  o f  g ibbs i te  

I 
D Calc. Gibbsite Sol [ 
a Calc. Gibb. Sol w/ l l iM NTA I 

i 

1000- .~  Calc. AI(OH)3(a ) Sol I p 
�9 Measured w / I ~ M  NTA I ~" 
�9 Measured w/o NTA I i 

o 0.01 M NaCIO 4 .o" 
100 I[ ,, ,P" 

10 t q .o "~ , d ' Z  ,#%7# 
o 

1 A fl: . , ,  

' , " ~  ~ - _ , ~ r 1 6 2  r " 

0.1 I ~ -,-J.a.~ ,0 I I 1 
4 5 6 7 8 9 10 

pH 

Figure 1. Dissolved A1 concentration measured  in gibbsite 
suspensions  (solid points) and calculated (with MINTEQ 
code) concentrations (open points) in equil ibrium with amor- 
phous AI(OH) 3 and with gibbsite in the absence of NTA and 
gibbsite in the presence of  1 txM NTA. Solid and dashed 
curves through measured values are non-l inear least-squares 
fits to measured  values. 

in  the  p r e s e n c e  o f  1 u M  N T A ,  a l t h o u g h  for  p H  > 8 the  
e x p e r i m e n t a l  c u r v e  fell  b e l o w  the  ca lcu la ted  solubil i ty.  
A s imi la r  d i f fe rence  in the  a b s e n c e  o f  N T A  w a s  appar-  
ent.  

A d s o r p t i o n  at  L o w  I o n i c - S t r e n g t h  (0 .01 M NaCIO4)  

T h e  a d s o r p t i o n  o f  C o - o n l y  w a s  c a t i o n - l i k e  a n d  
N T A - o n l y  l i g a n d - l i k e  ( F i g u r e  2a).  A d s o r p t i o n  o f  C o  
in  t he  p r e s e n c e  o f  e q u a l - m o l a r  N T A  ( r e f e r r ed  to as  C o  
w i t h  N T A )  w a s  e s s e n t i a l l y  ca t i on - l i ke ,  w i t h  s o m e  s u p -  
p r e s s i o n  o f  a d s o r p t i o n  fo r  p H  > 7 . 6  r e l a t i ve  to C o - o n l y  
a d s o r p t i o n  ( F i g u r e  2a) .  B e l o w  p H  = 6.7,  C o  2+ w a s  t he  
d o m i n a n t  C o  s p e c i e s  ( F i g u r e  2c) ,  b e c a u s e  AI  d i s p l a c e d  
C o  f r o m  the  N T A .  T h u s ,  fo r  p H  < 6.7,  c a t i o n - l i k e  C o  
a d s o r p t i o n  w o u l d  be  e x p e c t e d  a n d  w a s  o b s e r v e d .  
A q u e o u s  s p e c i a t i o n  c a l c u l a t i o n s  s u g g e s t  that ,  for  p H  
> 6.7,  C o N T A  w a s  a m a j o r  spec i e s .  T h i s  w o u l d  s u g -  
g e s t  l i g a n d - l i k e  a d s o r p t i o n  o f  C o  w i t h  N T A  for  p H  > 
6.7,  b u t  th i s  w a s  n o t  o b s e r v e d .  A l l  a q u e o u s  s p e c i a t i o n  
c a l c u l a t i o n s  p r e s e n t e d  h e r e  i g n o r e  t he  c o m p e t i t i v e  ef-  
f ec t s  o f  a d s o r p t i o n  o n  t he  m u l t i p l e  a q u e o u s  equ i l ib r i a .  

Table 3. Triple-layer model  parameters for low surface area gibbsite (McKinley et al. 1995). 

S u r f a c e  a r e a  = 3 . 4  m 2 g ~ S i t e  d e n s i t y  - 6 s i t e s / n m  2 

Capacitance (F/m2): Cl -- 1.2; C2 = 0.2 
Acidity constants: log K,I = 12.30; log Ka2 = - 1 3 . 1 6  
Complexat ion constants: log KN= = -10 .37 ;  log Kclo4 = 10.15 
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Figure 2. Adsorption and aqueous speciation in suspensions 
containing 1 IxM total Co, NTA or Co-NTA (equal molar), 
7.5 g L -1 gibbsite and 0.01 M NaCIO4. (a) Adsorption edges 
for Co-only, NTA-only and equal molar Co-NTA. (b) Cal- 
culated NTA aqueous speciation using measured NTA and A1 
solution concentrations. (c) Calculated Co-NTA aqueous spe- 
ciation using measured Co, NTA and AI solution concentra- 
tions. 

The similarity of the Co with NTA adsorption edge to 
that of the Co-only adsorption edge for pH > 6.7 (Fig- 
ure 2a) suggests that the aluminol sites were out-com- 
peting NTA for Co. That is, the formation of  a Co 
surface complex was thermodynamically favored over 
that of the aqueous CoNTA complex. This was con- 
sistent with the modest strength of the equilibrium 
constant for the aqueous CoNTA -1 complex (log K = 
12) relative to that of  CoEDTA 2 (log K = 17), for 
which ligand-like adsorption of  Co with EDTA was 
observed for 5 < pH < 10 on 3-A1203 (Girvin et al. 
1993). However, for pH > 7.6 the suppression of the 
Co with NTA edge with respect to the Co-only edge 

and the increase in NTA adsorption in the presence of 
Co (referred to as NTA with Co) with respect to the 
NTA-only edge (Figure 2a) suggested the formation of  
a ternary CoNTA surface complex in this pH region. 
This was reasonable based on the structure of the te- 
tradentate CoNTA complex (Rabenstein and Kula 
1969) (Figure 3a). Coordination of the central Co with 
the nitrogen and 3 carboxylate oxygens leaves 2 wa- 
ters of hydration remaining. One of  these waters is in 
the equatorial plane formed by coordination of the ni- 
trogen and 2 oxygens with the Co, and the other water 
is axial to the Co and the third carboxylate oxygen. 
Following the notation of Schindler (1990), a Type A 
ternary CoNTA surface complex may be formed when 
one or two of the remaining waters of hydration in 
CoNTA coordinate with an --=Al(OH)(H20) edge 
site(s) forming either an inner- or outer-sphere surface 
complex (Figure 3b). Electron spin resonance spec- 
troscopy of wet gibbsite films having been contacted 
with Cu-glycine at various pH values suggests that 
Type A ternary surface Cu(gly) and Cu(gly)2 com- 
plexes occur (McBride 1985). Although steric con- 
straints may differ, the observations of  McBride 
(1985) support the existence of a ternary surface com- 
plex in our Co-NTA-gibbsite system because of the 
similarity in the coordinating ligands in Cu-glycine 
and Co-NTA. 

Evidence for the formation of a ternary CoNTA 
surface complex was observed over a wide range of 
sorbate to sorbent ratios (total CoNTA to gibbsite = 
0.5 ta~/:75 g L 1 and 10 ~31,/:0.5 g L-I). Adsorption 
edges under these conditions (data not shown) were 
similar to edges shown in Figure 2a, with the NTA 
with Co edge greater than the NTA-only edge for pH 
> 7.5 and the Co with NTA edge suppressed relative 
to the Co-only edge for pH > 7.5. Thus, the formation 
of a ternary CoNTA- surface complex appears to oc- 
cur over the range of sorbate:sorbent ratios. Below 
pH 7.5, NTA with Co adsorption was identical to 
NTA-only adsorption (Figure 2a). For the Co-NTA 
system, the aqueous speciation of NTA for pH < 7 
was identical to that of the NTA-only system (compare 
Figures 2b and 2c), suggesting that A1OHNTA-, 
A1NTA or A1HNTA + is the possible adsorbed NTA 
species. The nature of the adsorbed Co, NTA and 
CoNTA species is discussed below. 

Adsorption at High Ionic Strength (1 M NaCIO4) 

r~TA-ONLY AOSORPT]ON. For pH > 8.5, the 1 M NaC104 
edge no longer parallels the 0.01 M NaC104 edge, but 
rather levels off between 0.l  and 0.2 fractional ad- 
sorption units (Figure 4a). This difference was attrib- 
uted to adsorption of NaNTA 2 in the 1 M NaC104 
system, where the dominant aqueous species was 
NaNTA 2 for pH > 8.5 (Figure 4b). In the 0.01 M 
NaC104 system, NaNTA 2 was only a minor species 
in this pH range (Figure 2b). The adsorption of 
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Figure 3. (a) Structure of 1:1 Co-NTA solution complex. (b) Proposed coordination of outer-sphere ternary CoNTA- surface 
complex on gibbsite edge faces. (c) Proposed monodentate, bidentate and binuclear surface complexes for NTA-only adsorp- 
tion on gibbsite edge faces. (d) Arrangement of edge sites on the idealized 100 or 110 edge faces of gibbsite. Spacing between 
the OH-H20 pair of a single AI(OH)(H20) edge site (labeled "'a") and between the OH and H20 of adjacent edge sites 
(labeled "b")  (Parfitt et al. 1977; Bragg and Claringbull 1965). Dashed line represents hydrogen bonded interface between 
successive layers of AI atoms. 

N a N T A  2 should be relatively weak (electrostatically 
bound), because N a N T A  2- adsorbs only when it be- 
comes the dominant  solution species. The formation 
of  an outer-sphere N a N T A  2- surface complex  is pro- 
posed by the equation: 

~AI (OH)  + N a N T A  2- = -~AIO- - - -  N a N T A  2- 
+ H + [11 

where we  have dropped the H20 in the designation of  
the aluminol site for clarity and used the notation " -  
- - "  to indicate that N a N T A  ~- is outer-sphere. 

For  pH < 8,5, the shift of  the NTA-only  edge at 1 
M NaCIO4 relative to the NTA-only  edge at 0.01 M 
NaC104 was small. The pH at which 50% adsorption 
occurs (ApHs0) decreased by 0.2 pH units from 8.15 
to 7.95 (Figure 4a). The ApHs0 values for edges at 0.1 
and 0.5 M NaC104 (data not shown) were successively 
displaced to lower  pH values relative to that of  the 
0.01 M edge and fell between the ApHs0 values of  the 
0.01 and 1 M edges. The  magnitude of  shifts in anion- 
and cation-like adsorption edges with ionic strength 
have been used to evaluate the importance of  electro- 
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Figure 4. Adsorption and aqueous speciation in suspensions 
containing 1 t~M total NTA and 7.5 g L ~ gibbsite. (a) Shift 
in NTA-only adsorption edge with ionic strength. (b) Calcu- 
lated NTA aqueous speciation at 1 M NaC104 using measured 
NTA and A1 solution concentrations. 

static contributions to the free energy of adsorption 
(Hayes et al. 1987). Minimal displacement of edges 
with changes in ionic strength indicated that electro- 
static interactions were of secondary importance rela- 
tive to specific chemical bonding of sorbate moieties 
to sorbent surface functional groups or structural metal 
ions of hydrous oxides. The ApHs0 = 0.2 observed 
here for NTA was similar to that observed (Hayes 
1987; Hayes et al. 1987) for inner-sphere complexa- 
tion of selenite by goethite, for the same change in 
ionic strength. This ApHs0 shift indicated that the NTA 
surface complexes were relatively insensitive to elec- 
trostatic effects associated with changes in ionic 
strength. By analogy with the observations of Hayes, 
NTA may form inner-sphere surface complexes with 
the aluminol edge sites of gibbsite (--=AI(OH)(HzO)). 
The formation of a strong inner-sphere NTA (or 
HNTA) complex was consistent with the observation 
that free HNTA is more strongly adsorbed than the 
CuNTA chelate by ~-A1203 for 4 < pH < 6.5 (Elliott 
and Huang 1979). 

Assuming that surface AI-NTA complexes are anal- 
ogous to those formed in solution (Figures 2b and 4b) 
and invoking the inner-sphere hypothesis, we propose 
the following monodentate, bidentate, and binuclear 
ligand exchange reactions describing NTA adsorption: 

--=AI(OH)(H20) + AIOHNTA- 
- =AI(OH)-(AIOHNTA-) + H20 [2] 

=-AI(OH)(H20 ) + HNTA 2 

= -=A1NTAH- + OH- + H20 [3] 

2(~AI(OH)(H20)) + HNTA 2- 

=---AI(OH) 
\ 

= / N T A H  + OH- + H20 [4] 
~AI(H20) 

The placement of NTA immediately to the right of 
the -A1 in Equation 3 and the "-"  in Equations 2 and 
4 are used to indicate the formation of inner-sphere 
NTA complexes. The monodentate coordination 
(Equation 2) of the intact AIOHNTA- complex is via 
one carboxylate oxygen which has unwrapped from 
the central AI ion (Figure 3c). The carboxylate bonds 
to the central metal ions of aqueous NTA chelates are 
quite labile (Rabenstein and Kula 1969), and the un- 
wrapped carboxylate oxygen could coordinate to the 
edge site A1 by displacing a water. The bidentate sur- 
face complex (Equation 3) represents coordination of 
2 NTA carboxylate oxygens to a single aluminol group 
(Figure 3c). The binuclear NTA complex (Equation 4) 
represents coordination of 2 carboxylate oxygens with 
adjacent aluminol sites and/or coordination of the ni- 
trogen and a carboxylate oxygen to adjacent aluminol 
groups (Figure 3c). 

The similarity in the distance between the N and the 
carboxylate oxygen atoms of NTA and the spacing be- 
tween gibbsite's edge site aluminol oxygens is consis- 
tent with the formation of bidentate (Equation 3) and 
binuclear (Equation 4) NTA surface complexes. The 
N-to-carboxylate-O distance in the fully extended gly- 
cinate arm of NTA is 0.28 nm. This was based on the 
bond angles and lengths for glycine (CRC 1977). The 
distances between carboxylate oxygens of NTA can 
vary over a wide range (0.27~0.55 nm). On the 100 
and 110 edge faces of gibbsite, the O-O distance be- 
tween the OH-HzO pair in a "single" ==-AI(OH)(H20) 
edge site is 0.27 nm (Bragg and Claringbull 1965), 
while the O-O distance separating the OH and H20 
coordinated to "adjacent" edge sites, located in suc- 
cessive hydrogen bonded layers, is 0.28 to 0.29 nm 
(Saalfeld 1960; Bragg and Claringbull 1965) (Figure 
3d). The similarity in these distances suggests that a 
bidentate NTA surface complex (Equation 3) could 
form via exchange of an OH-H20 pair (labeled "a" ,  
Figure 3d) with 2 NTA carboxylate oxygens. For the 
binuclear NTA surface complex (Equation 4), the N 
and carboxylate O or the 2 carboxylate oxygens of the 
NTA exchange with the OH and H20 (labeled "b",  
Figure 3d) from adjacent edge sites. The proposed bi- 
dentate and binuclear NTA surface complexes are also 
supported by studies of oxalate and phosphate sorption 
by gibbsite. The adsorption of oxalate (Parfitt et al. 
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Figure 5. (a) Shift in Co adsorption edges with ionic 
strength for suspensions containing l I~M total Co-only or 
Co-NTA (equal molar) and 7.5 g L -1 gibbsite. (b) Calculated 
aqueous speciation for 1 I~M total Co-NTA (equal molar) at 
1 M NaCIO4 using measured Co, NTA and AI solution con- 
centrations. 
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1977) and phosphate (Kyle et al. 1975) by gibbsite 
were described by both bidentate coordination to a sin- 
gle edge site and binuclear coordination between ad- 
jacent edge sites. The O-O distance for oxalate was 
given as 0.28 nm and for phosphate, 0.29 nm (Parfitt 
et al. 1977; Kyle et al. 1975). Infrared spectra of ox- 
alate adsorbed to gibbsite was consistent with the bi- 
dentate and binuclear coordination (Parfitt et al. 1977). 

A significant fraction of the phosphate sorbed to 
gibbsite was only slowly desorbed (Hingston et al. 
1974). This fraction increased with decreasing pH. The 
isotopic exchange of phosphate adsorbed onto gibbsite 
was also very slow, and was classified as inert in the 
pH range 5 to 6, where the exchange half-life was 50 
to 4 h, respectively (Kyle et al. 1975). The slow de- 
sorption and isotopic exchange of phosphate was at- 
tributed to the bidentate and binuclear bonding of 
phosphate on gibbsite edge faces (Hingston et al. 
1974; Kyle et al. 1975). 

The similarity in the O-O distances of oxalate and 
phosphate with the N-O distance of NTA suggests that 
NTA bonding to gibbsite should be predominantly bi- 
dentate and/or binuclear. If this is correct, then the de- 
sorption of NTA from gibbsite will be slow, and will 
decrease as pH decreases, as was found for phosphate. 
This was precisely what we observed in a separate 
study (Bolton and Girvin 1996) where we examined 
NTA and equal molar Co-NTA desorption from LSA 
gibbsite using a stir-flow cell (Seyfried et al. 1989; 
Bar-Tal et al. 1990). Experiments were conducted in 
both the continuous flow and stop-flow modes, and 
desorption rates were measured at several fixed pH 
values and influent flow rates for conditions similar to 
those used here. Desorption of 1 txM NTA into 0.01 
M NaCIO4 was strongly pH dependent with desorption 
half-lives of 1 h at pH 8 and 80 h at pH 6. For equal 
molar Co-NTA adsorbed to gibbsite at pH 7 (1 IxM 
total CoNTA), Co and NTA desorption (0.01 M 
NaC104) were independent of one another, with de- 
sorption half-lives of 2 and 17 h, respectively. This 
independent desorption of Co and NTA is consistent 
with the independence of cation-like and anion-like 
adsorption edges for equal molar Co-NTA (Figure 2a). 
The slow desorption of NTA at pH 7 and 6 is consis- 
tent with the formation of bidentate and binuclear 
NTA complexes with decreasing pH. Nuclear magnet- 
ic resonance studies of solution NTA show that the 
N-protonated HNTA 2 isomer dominates for 7 < pH 
< 10, whereas for pH < 5 the carboxylate-protonated 
isomer begins to dominate (Rabenstein and Kula 
1969). This shift in the proton increases the reactivity 
of the N with decreasing pH and thus may enhance 
binuclear coordination of the nitrogen and carboxylate 
oxygen to adjacent edge sites. This may account for 
the increase in the NTA desorption half-lives with de- 
creasing pH. Although there is no direct evidence for 
the formation of bidentate and binuclear NTA surface 
complexes, the information presented here is consis- 
tent with their formation. 

ADSORPTION OF CO-ONLY AND CO lN THE PRESENCE OF 
NTA. The adsorption edges for Co-only and Co in the 
presence of equal molar NTA (Co with NTA) showed 
similar behavior in both 1 M and 0.01 M NaC104 sus- 
pensions (Figure 5a). Both the Co-only and Co with 
NTA edges are displaced to lower pH at the higher 
ionic strength (ApHs0 = -1 ) .  This enhanced adsorp- 
tion of Co by gibbsite with increasing ionic strength 
has not been reported previously for other A1, Fe or 
Si oxides. 

Cobalt-only edges were also measured for 0.01 and 
1 M NaCIO4 suspensions of high surface area (HSA) 
gibbsite (33 m 2 L -1) and Degussa ~-A1203 (50 m 2 L 1) 
and compared to the LSA gibbsite (26 m 2 L -l) edges 
presented above. The high ionic strength enhancement 
in the Co-only adsorption observed for the LSA gibbs- 
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Figure 6. Shift in Co-only adsorption edges with ionic 
strength for 7.5 g L -~ low surface area (LSA) gibbsite and 2 
g L -J high surface area (HSA) gibbsite (1 /xM total Co, 
NaC104 electrolyte). Solid line is triple-layer model "fit" to 
0.01 M edge with outer-sphere ------A10 - - -  CoOH + surface 
ion-pair and the bold line is a simulation of 1 M edge with. 
the log K from the 0.01 M "fit." 

ite (Figure 5a) was also observed for the HSA gibbs- 
ite, with ApHs0 = -0 .5  between the 0.01 and 1.0 M 
NaC104 edges of HSA gibbsite (Figure 6). However, 
no ionic strength shift was observed with ~-AIzO 3 
(data not shown). 

All 3 of the A1 oxides investigated were treated with 
strong base prior to use. The Co-only experiments 
were repeated at 0.01 and 1.0 M NaC104 for all 3 
oxides using untreated solids to determine if ionic 
strength shifts in Co edges on LSA and HSA gibbsite 
were an artifact of the base treatment. In all cases, the 
Co-only edges of the untreated oxides (data not 
shown) were identical to those of the treated oxides. 
The formation of inner-sphere Co surface complexes 
with ~-A1203 (Brown 1990; Chisholm-Brause et al. 
1990, 1991) would account for the lack of any ionic 
strength shift in our Co edges on ~-A1203. Similarly, 
Hayes and Leckie (1987) observed little or no shift in 
Pb and Cd adsorption edges between goethite suspen- 
sions at 0.01 and 1.0 M NaNO 3 and successfully de- 
scribed adsorption at all ionic strengths using the tri- 
ple-layer model (TLM) and inner-sphere Pb and Cd 
surface complexes. Extended X-ray adsorption fine 
structure (EXAFS) and pressure-jump kinetic studies 
confirmed the formation of inner-sphere complexes 
(Hayes 1987). 

The enhanced adsorption of Co with increasing ion- 
ic strength reported here appears to be unique to gibbs- 
ite and precludes the formation of inner-sphere Co 
complexes on gibbsite. We have simulated the ob- 
served ionic strength shifts for Co-only adsorption on 
LSA gibbsite (Figures 5 and 6) using the TLM and a 
single outer-sphere surface complex described by: 

---=AI(OH) + Co 2+ + H20 = -=AIO - - - C o O H  + 

+ 2H § [5] 

The log K (= - 11.69) for this reaction was derived by 
optimizing the fit to the 0.01 M Co-only edge (Figure 
6, solid line) using FITEQL and the TLM parameters 
for LSA gibbsite (Table 3). This log K was used to 
simulate the 1 M Co-only edge (Figure 6, solid line). 
The agreement between the simulated and observed 1 
M Co-only edge was excellent, both having ApHs0 = 
- 1 .  The outer-sphere surface complex --=AIO- - - -  
Co did not provide a good fit to the 0.01 M Co-only 
LSA edge and was not considered further due to the 
good fit provided by Equation 5 alone. As a check, 
reactions for inner-sphere surface complexes =--A1OCo 
and =-AIOCoOH were used to fit the 0.01 M Co-only 
edge. However, as expected, simulations at 1 M 
NaC104 using these log Ks predicted no edge shift rel- 
ative to the 0.01 M edge, in disagreement with obser- 
vations. 

The FITEQL simulations of 1 M edges were similar 
to the approach used by Hayes (1987). The Davies 
equation was not used to correct solution equilibrium 
constants; that is, the solution activity component in 
FITEQL, used at 0.01 M, was removed from the for- 
mulation. Activity coefficient corrections to relevant 
solution equilibrium constants and hydrogen ion con- 
centration were made for 1.0 M NaC104. These ad- 
justed values were used for FITEQL simulations of 1 
M edges. Because Co 2+ was the dominant solution ion 
over the range of conditions considered, we have ne- 
glected activity corrections to Co hydrolysis products. 
The pH was converted to H + concentration using the 
H § activity coefficient, ~/n = 0.804. This ~/H was cal- 
culated using an independent chemical equilibrium 
model, GMIN (Felmy 1990), which incorporates Pitz- 
er's activity coefficient formalism and interaction pa- 
rameters valid at 1 M. This was the only correction 
made for the 1 M simulations. The TLM calculations 
described here using FITEQL were performed using 
the surface activity conventions of both Hayes and 
Leckie (1987) and Davis et al. (1978). The simulations 
at 1 M differed somewhat, in that the Hayes and Leck- 
ie convention predicted a - 0 . 2  pH unit greater ApHs0 
shift than did the Davis convention. We have reported 
the latter because this convention was used by Mc- 
Kinley et al. (1995) to determine the TLM parameters 
(Table 3) for LSA gibbsite. The agreement between 
the simulated and observed edges at 1 M supports the 
hypothesis that Co forms outer-sphere complexes with 
LSA and HSA gibbsite. 

We have suggested above that the suppression of 
the 0.01 M Co with NTA edge in the mid pH region, 
relative to the Co-only edge (Figures 2a and 5a), was 
due to the formation of a ternary surface complex. 
This feature in the 1 M Co with NTA edge (Figure 5a) 
further suggest this was the case for 1 M NaCIO4. The 
pH at which this suppression started for the 1 M 
NaC104 Co with NTA edge was lowered by 1 pH unit 
relative to the 0.01 M NaCIO4 edge (Figure 5a). This 
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Figure 7, Shift in NTA with Co and NTA-only adsorption 
edges with ionic strength in suspensions containing 1 p~M 
total NTA or Co-NTA (equal molar) and 7.5 g L -l gibbsite. 

was consistent with the formation of a Type A ternary 
surface complex as opposed to a Type B ternary com- 
plex (Schindler 1990) in which the ligand coordinates 
with surface sites. The observed ionic strength shift in 
suppression of the Co with NTA edge and the success 
of outer-sphere modeling of the Co-only edges sug- 
gested that the association of the Co in the intact 
CoNTA complex with the surface is outer-sphere ion- 
pair formation. The following equations are proposed 
for mono- and bidentate Type A ternary surface com- 
plexes: 

~AI(OH) + CoNTA- 

- = A 1 0 - - - - C o N T A -  + H + [6] 

2(-~AI(OH)) + CoNTA- 

~A10-  
= ) C o N T A -  + 2H + [7] 

~A10 

Equations 5 to 7 should describe the adsorption of Co 
in the Co-NTA-gibbsite system considered here. It is 
possible that a ternary CuNTA- surface complex, sim- 
ilar to our proposed CoNTA ternary surface complex, 
was present in the Cu-NTA-~-AI:O3 system examined 
by Elliott and Huang (1979). Although not suggested 
by these authors, the presence of a CuNTA ternary 
surface complex is consistent with the adsorption be- 
havior of Cu reported as a function of pH and the Cu 
to NTA concentration ratio. NTA adsorption in the 
NTA-only system should be completely described by 
Equations 1 through 4. In the Co-NTA system these 
same reactions plus Equations 6 and 7 should describe 
NTA adsorption. 

NTA ADSORPTION IN THE PRESENCE OF CO. The adsorption 
of NTA in the presence of equal molar Co (NTA with 

Co) at 1.0 M NaCIO 4 was substantially altered relative 
to that at 0.01 M NaCIO4 (Figure 7) due to the pres- 
ence of the ternary CoNTA surface complex (Equa- 
tions 6 and 7). Recall in the 0.01 M NaC104 system 
that both the enhancement of NTA with Co adsorption 
relative to adsorption of NTA-only and the suppres- 
sion of Co with NTA relative to Co-only adsorption 
for pH > 7.5 (Figure 2a) was attributed to a ternary 
CoNTA- surface complex. The effect of an increase 
in ionic strength on the adsorption of the ternary 
CoNTA- complex can be seen by comparing Co with 
NTA and Co-only edges at 0.01 and 1 M NaCIO4 (Fig- 
ure 5). That is, the region where the ternary CoNTA 
surface complex suppresses the Co with NTA edge 
relative to the Co-only edge was shifted to lower pH 
(LxpHs0 = - 1 )  (Figure 5). We have suggested above 
that this was due to the outer-sphere nature of Equa- 
tions 6 and 7. This ionic strength shift in the ternary 
CoNTA- complex manifested itself in the NTA with 
Co edge as a similar shift to lower pH, as seen by 
comparing the NTA with Co edges in Figure 7. Thus, 
this shift between the 0.01 and 1.0 M NaC104 NTA 
with Co edges was not inconsistent with the minimum 
ionic strength shifts observed for the NTA-only system 
(Figures 4a and 7) and the proposed inner-sphere li- 
gand exchange reactions (2 to 4) for NTA-only ad- 
sorption. The apparent difference in the NTA with Co 
and NTA-only edges at 1 M NaC104 (Figure 7) was 
also due to the ionic strength shift in Co adsorption of 
the ternary CoNTA- complex. For pH > 8.3, the NTA 
with Co edge at 1 M NaC104 leveled off and paralleled 
the pH axis (Figure 7) as did the NTA-only edge at 1 
M NaC104. This behavior was attributed to adsorption 
of NaNTA 2- (Equation 1), because for pH > 8.5 in 
the 1 M NaC104 system the dominant aqueous species 
was NaNTA 2- (Figure 5b). 

SUMMARY AND CONCLUSIONS 

The adsorption of Co by gibbsite in the presence of 
equal-molar NTA was predominantly cation-like for 
the range of conditions investigated here. Thus, the 
adsorption of Co in the presence of equal molar NTA 
would preclude NTA from significantly altering the 
mobility of 6~ in soil pore waters and groundwaters 
where gibbsite is an important mineral sorbent. How- 
ever, the cation-like adsorption of Co will be sup- 
pressed as the NTA:Co ratio increases. This is due to 
the more effective competition of NTA with the sur- 
face for Co as the NTA:Co  ratio increases. Thus, at 
waste sites where NTA : 6~ >> 1 the NTA could alter 
the mobility of 6~ in soil pore waters and ground- 
waters. However, enhanced 6~ mobility may be 
short-lived due to the rapid bacterial degradation of 
NTA (Bolton et al. 1996; Bolton and Girvin 1996) via 
native microbial populations or specialized NTA de- 
grading populations introduced as part of specific re- 
mediation strategies. 
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Cobalt  adsorpt ion by a low and high surface area 
gibbsite, both  in the absence and in the presence  o f  
equal-molar  NTA, strongly increased with increasing 
ionic strength f rom 0.01 to 1 M NaC104. This en- 
hanced adsorption of  Co was unique to gibbsi te  and 
had not been  previously reported. No change in Co 
adsorption for the same increase in ionic strength was 
observed  for ~-A1203, which is consis tent  with the for- 
mat ion of  inner-sphere Co surface complexes  on this 
solid. To descr ibe the observed  ionic strength depen-  
dence  of  Co adsorption on gibbsite,  we  have proposed  
that the outer-sphere ion-pairs,  ---A10 - - -  CoOH § 
and ------A10 - - -  CoNTA , form on the gibbsi te  sur- 
face. This was based on the ability of  tr iple-layer mod-  
el s imulations to describe the observed  ionic strength 
shifts in Co-only  adsorption by LSA gibbsite. The en- 
hanced adsorption of  NTA at pH > 7.5 in the presence  
o f  Co, relative to that o f  NTA-only,  is consis tent  with 
the formation of  a Type A ternary surface complex.  

We have proposed  NTA adsorpt ion on gibbsite to 
take place via the format ion of  inner-sphere monoden-  
tate, bidentate and binuclear surface complexes .  The 
existence of  bidentate and binuclear  NTA surface 
complexes  is consis tent  with the s low rates of  NTA 
desorpt ion reported e lsewhere  at pH 6 and 8 and at 
pH 7 in the presence  of  equal molar  Co. Al though we 
present  no direct  evidence of  ternary CoNTA and bi- 
dentate or binuclear NTA surface complexes ,  their ex- 
is tence on gibbsi te  edge faces is plausible based on 
data and arguments  presented here. We are currently 
examining the ability o f  these and possibly other  re- 
actions to mechanist ical ly  descr ibe the observed  NTA 
adsorption behavior. 
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