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Cadmium Adsorption on Iron Oxides in the Presence of Alkaline-Earth 
Elements 

Christina E. Cowan," John M. Zachara, and Charles T. Resch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Environmental Sciences Department, Battelle, Pacific Northwest Laboratories, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP.O. Box 999, MSIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK3-61, Richland, 
Washington 99352 

Cadmium sorption on Fe203.H20(am) in the presence 
of alkaline-earth cations was investigated with emphasis 
on the Cd-Ca binary system. In binary-element sorption 
experiments with Ca, Mg, Sr, and Ba, competition was 
observed primarily in Cd-Ca binary mixtures, which were 
studied at three ionic strengths (0.5, 0.1, and 0.005 M). 
The extent of competition increased with increasing Ca 
concentration. In single-element experiments changes in 
ionic strength (between 0.005 and 0.5 M) did not influence 
Cd sorption but did affect Ca sorption, implying that a 
portion of the Ca surface complexes were outer sphere. 
The triple-layer model (TLM), using inner- and outer- 
sphere complexation reactions, and the nonelectrostatic 
model (NEM), incorporating only one adsorption plane, 
both adequately represented the adsorption of the indi- 
vidual elements and predicted the Cd-Ca competition at 
ionic strengths of 0.5 and 0.1 M. Neither model predicted 
the competition a t  0.005 M. The NEM better simulated 
the shape of the measured Cd-Ca adsorption edge at  all 
ionic strengths. The combined experimental and modeling 
results suggest that Cd-Ca competitive adsorption on 
FezO3.H2O(am) occurs via mass action on mutually ac- 
cessible surface sites. 

Introduction 

Transition metals bind strongly to both iron and man- 
ganese oxides zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1-7). Sorption to these solids is thought 
to exert a major control on metal concentrations in surface 
waters, soils, and groundwaters (8-12). In natural water 
systems, metallic cations, such as Cd, Cu, and Zn, do not 
occur as single solutes but are more often found in com- 
bination with other metals and higher concentrations of 
alkaline-earth cations such as Ca2+ or Mg2+. Therefore, 
accurate prediction of the extent of metal sorption onto 
oxides in soil or subsurface materials requires (1) an un- 
derstanding of the competitive effects between these metal 
and alkaline-earth cations and (2) descriptive models that 
can accurately describe the observed presence or absence 
of competition. 

Competitive adsorption between transition-metal cations 
has been observed on iron and aluminum oxides (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 , 1 4 )  
and manganese oxides (15).  In binary adsorption exper- 
iments with transition metals and cadmium, Benjamin and 
Leckie (13, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14) found that the extent of competition de- 
pended on the specific combination of metal cations 
evaluated (e.g., Zn had a greater effect on Cd adsorption 
than either Cu or Pb did). They concluded that each of 
the metals was predominantly sorbing to different sites 
and that competition resulted when the metals adsorb to 
mutually compatible sites. Zasoski and Burau (15), in their 
evaluation of Zn and Cd binary adsorption on 6-Mn02, also 
found that their results were best explained by the pres- 
ence of two types of binding sites with different preferences 
for the two metals. Swallow et al. (16) were unable to 
determine whether competition occurred between Cu and 
Pb  on amorphous iron oxyhydroxide [Fe203.H20(am)] 
because, for the concentrations evaluated, saturation of the 
surface was not achieved before the metal hydroxide solid 
phase formed. 

The potential competitive effect of alkaline-earth ele- 
ments on the sorption of transition metals has received 
limited attention, yet it may be important in soil solutions, 
groundwater, and other natural waters in which the dom- 
inant electrolyte cation is Ca or Mg. Dempsey and Singer 
(1  7) found that the presence of calcium significantly re- 
duced the sorption of Zn on MnO, but not on Fe203- 
H,O(am). In a study of the adsorption of Cu, Pb, Zn, and 
Cd on goethite in artifical seawater, Balistrieri and Murray 
(3)  determined that sorption of Mg on the surface of the 
goethite reduced the sorption of these other metals. 

Surface-complexation models [as reviewed in Westall 
and Hohl (18) and Sposito (9)] have been widely used to 
describe metal ion sorption on oxide and oxide-like surfaces 
[for example, Stumm et al. (19), Davis and Leckie ( I ) ,  and 
Hayes and Leckie (20)]. These surface-complexation 
models require knowledge of the properties of the oxide 
surface and assumptions about the location and form of 
the sorbed ions in the electrical double layer near the oxide 
surface. The models have been effective in simulating the 
sorption of elements from simple solutions; however, their 
applicability to modeling complex systems where elements 
in solution may compete with each other for sorption sites 
has received only limited attention (3 ,  21-23). 

The objective of the research described here was to 
determine whether the sorption of cadmium onto 
Fe2O3.H2O(am) is affected by the presence of the alka- 
line-earth elements Mg, Ca, Sr, and Ba at concentrations 
representative of soil solutions and groundwaters. Using 
the sorption data, several alternative surface-complexation 
modeling approaches for describing the competition be- 
tween the alkaline-earth elements and Cd on the Fe203. 
H20(am) were evaluated. 

Experimental Procedures 
All reagents were prepared in distilled, deionized water 

that was degassed by boiling and then sparging with pre- 
purified N2. The solution pH was adjusted in the ad- 
sorption experiments with HNOB (Ultrex) and with 
C02-free NaOH. The NaOH was stored under N2 to 
prevent C02(g) adsorption. 

M stock solution of Cd was prepared by dissolving 
CdC12 powder (Aldrich Gold Label) in deionized water. A 
10-fold dilution was made to prepare the final M Cd 
stock solution for the adsorption experiments. Carrier-free 
lo9Cd as CdC1, (New England Nuclear) was used as a ra- 
diotracer, and counting was performed by liquid scintil- 
lation. The concentration of the Cd in the stock solution 
was verified by inductively coupled plasma spectroscopy 
(ICP). Stock solutions of 7.5 X M Ca2+, 0.1 M Mg2+, 
5 X M Sr2+, and 5 X M Ba2+ were prepared from 
their nitrate salts, and their absolute concentrations were 
confirmed by ICP. 

Preparation of Amorphous Iron Oxyhydroxide. 
Amorphous iron oxyhydroxide [Fe203.H20(am)] suspen- 
sions were prepared under N2 in water-jacketed, Pyrex 
flasks as described by Zachara et al. (22). The temperature 
of the suspension was maintained at 25 "C by water 
flowing through the jacket from a refrigerating/heating 
circulating bath. Carbonate-free conditions were main- 
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Table I .  Triple-Layer Model Parameters for Amorphous 
Iron Oxyhydroxide 

parameter value ref 

surface site density zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(N,) 11 sites/nm2 1 
surface area (S) 600 m2/g 24 

inner-layer capacitance (C,) 1.25 F/m2 24 
outer-layer capacitance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C,) 0.20 F/m2 1 

tained by using a glovebox with N2 atmosphere or, more 
commonly, in a reaction flask with continuous N2 sparging 
to prevent air intrusion. After preparation, the suspension 
containing 0.043 M Fe was allowed to equilibrate under 
N2 atmosphere (25 “C) overnight (approximately 14 h) 
before use in the adsorption experiments. An aliquot of 
the suspension was removed, washed with water several 
times by centrifugation, and then lyophilized. The ly- 
ophilized sample was dissolved in concentrated HC1 (Ul- 
trex) and analyzed for Fe. The surface properties of 
amorphous iron oxide prepared by a similar method have 
been reported elsewhere ( I ,  22) and are summarized in 
Table I. 

Adsorption Edges. The fractional adsorption of cad- 
mium (lov7 and M) and calcium (0.027,0.10,0.20,0.76, 
and 2.4 mM) on Fe20,-H20(am) was determined over a 
range of pH in 500-mL jacketed Pyrex flasks. Suspensions 
of Fe20,.H20(am) (-0.8 mM Fe) were established in the 
desired molarity of NaNO,(aq) (0.1 M for Cd, and 0.5,0.1, 
and 0.005 M for Ca). The suspension pH was adjusted 
with an automatic pH stat/titrimeter to the desired 
starting point between pH 4 and 6, depending on the 
sorbate and sorbent concentrations, and the suspension 
was then equilibrated for 1 h under N2 with stirring. The 
appropriate amount of Cd stock solution was then added, 
yielding approximately 10 000 cpm of radiolabel/mL. Two 
10-mL samples of the suspension were removed to N2- 
purged centrifuge tubes, and the pH of the suspension was 
adjusted upward by approximately 0.5 pH unit with the 
pH stat/titrimeter. Duplicate samples were removed at  
each pH, and pH adjustment continued until the final pH 
was attained (pH 7-9 depending on the sorbate). The 
samples in centrifuge tubes were equilibrated with shaking 
under N2 for 4 h at  25 “C. Time-course studies indicated 
that this length of time was adequate for the solutions to 
achieve steady state. The suspensions were then centri- 
fuged at 4900 rcf at 25 “C, and the final pH was measured 
with a Ross combination electrode under N2. Subsamples 
of the supernatant were placed in tared, acidified (with 
Ultrex HC1) vials for scintillation counting (glass vials) and 
ICP analysis (plastic vials). 

For the competition experiments involving cadmium 
with each of the alkaline-earth elements, the Fe203.H20- 
(am) suspension described above was spiked with the ap- 
propriate amount of alkaline-earth (Ca, Mg, Ba, or Sr) 
stock solution and equilibrated for 1 h. A 10-mL sub- 
sample of the solution was removed and centrifuged at  
4900 rcf for 20 min. The supernatant was then removed 
for ICP analysis of the alkaline-earth concentration. Ap- 
propriate amounts of electrolyte and Cd stock solutions 
were added and the experiments continued as described 
in the preceding paragraph. Competition was evaluated 
with Cd at lo4 M and the alkaline-earth cations at various 
concentrations summarized in Table 11. Care was taken 
in all the experiments to exclude C02(g)), which would 
otherwise cause the precipitation of the alkaline-earth 
carbonates. The M2+ concentrations were below the con- 
centration at  which either hydroxide or carbonate solids 
would form if the solutions were in equilibrium with at- 
mospheric C02(g). 

Desorption. To determine the effect of addition of 
various Ca concentrations on the desorption of Cd from 
Fe203.H20(am), Cd was sorbed onto Fe203.H20(am) by the 
method described for the adsorption edges. After the Cd 
had equilibrated with the Fe2O3-H2O(am) for 4 h, sub- 
samples were removed for analysis to determine the ad- 
sorbed concentration. Calcium was added at concentra- 
tions of 0.25, 2.5, and 25 mM. Samples and pH mea- 
surements at  each Ca concentration were taken after 24, 
48, and 144 h. The samples were analyzed for Cd by 
scintillation counting, and Ca was measured by ICP. 

Adsorption Modeling. Adsorption constants for the 
triple-layer model (TLM) representing the sorption of Cd 
and Ca individually on Fe203.H20(am) were determined 
by using the program FITEQL (25, 26) and the surface 
characteristics of Fe,03.H20(am) given in Tables I and 111. 
Solution-complexation reactions and associated constants 
for Cd and the alkaline-earth elements are also given in 
Table 111. 

Adsorption constants for a nonelectrostatic site-binding 
model (NEM) for the sorption of Cd and Ca individually 
on Fe20,.H20(am) were also determined with the program 
FITEQL. This model treats the binding of metal ions to 
oxide surfaces as analogous to complexation with ligands 
in solution. The surface area and site densities given in 
Table I were used to represent the Fe203-H20(am); the 
capacitances were not needed because this model contains 
no electrostatic terms. The acidity and electrolyte con- 
stants were determined by fitting them to potentiometric 
titration data (27) with FITEQL (Table 111). The NEM fit 
to the potentiometric titration data was not quite as good 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. Experimental Conditions for Competition Experiments 

alkaline earth transition metal iron oxides 
ref element concn, M element concn, M ionic strength, M concn, M 

b Mg 
b Ca 
b Ca 
b Ca 
b Ca 
b Ca 
b Sr 
b Ba 
b Ba 
b Sr 
b Ba 
3 Mg 
3 Mg 
17 Ca 

7.5 x 10-3 
2.5 x 10-3 
7.5 x 10-3 
2.5 x 10-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.5 x 10-3 
2.5 x 10-3 
5.1 x 10-4 
5.0 x 10-4 
1.0 x 10-3 
5 x 10-4 
1 x 10-3 

1 x 10-3 

0.054 
0.054 

Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Cd 
Zn 
Cd 
Zn 

1 x 10” 
1 x 10-6 
1. x 10” 
1 x 104 
1 x 10” 
1 x 10” 
8.9 x 10-7 
8.9 x 10-7 
8.9 X 10-j 
8.9 x 10-7 
8.9 x 10-7 
2.7 X 10” 
2.8 X 
3 X 10”-7.6 X 10-j 

0.1 NaN03 
0.1 NaN03 
0.1 NaNO, 
0.1 NaN03 
0.5 NaN03 
0.005 NaN03 
0.1 NaN03 
0.1 NaNO, 
0.1 NaN03 
0.1 NaN03 
0.1 NaN03 
0.53 NaCl + 0.054 MgC1, 
0.53 NaCL + 0.054 MgC1, 
0.01 NaNO, 

0.87 x 10-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.87 x 10-3 
0.87 x 10-3 
0.80 x 10-3 
0.80 x 10-3 
0.80 x 10-3 
0.87 x 10-3 
0.87 x 10-3 
0.87 x 10-3 
0.87 x 10-4 
0.87 x 10-4 
6.19 x 10-3 
6.19 x 10-3 
1.8 x 10-4 

DH 
50%” iron oxide 

7.0 Fe(OH)(am) 
7.3 Fe(OH)(am) 
7.3 Fe(OH)(am) 
7.0 Fe(OH)(am) 
6.9 Fe(OH)(am) 
6.9 Fe(OH)(am) 
6.7 Fe(OH)(am) 
6.7 Fe(OH)(am) 
6.7 Fe(OH)(am) 
6.7 Fe(OH)(am) 
6.7 Fe(OH)(am) 

y-FeOOH 
y-FeOOH 
Fe(0H)Jam) 

For Cd alone pH50yo = 6.7. *This study. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111. Surface Acid/Base and Electrolyte Sorption 
Reactions and Aqueous Speciation Reactions wi th 
Associated Equil ibr ium Constants 

log Kr 
reaction TLM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANEM 

XOH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ H+ +- XOH2+ 
XOH - XO.' + H+ 

XOH + Na+ - XO--Na+ + H+ 
H,O - H+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt OH- 
Cd2+ + H,O - CdOH+ + H+ 
Cd2+ + 2H,O - Cd(OH),O + 2H+ 
Cd2+ + 3H,O - Cd(OHI3- + 3H+ 
Cd2+ + 4H,O - Cd(OH),2- 
2Cd2+ + H,O - Cd,(OH)3+ + H+ 
Cd2+ + NO3- - CdN03+ 
CaZ+ + H,O - CaOH+ + H+ 
Ba2+ t H,O - BaOH+ + H+ 
Sr2+ + H,O *+ SrOH+ + H+ 
Mg2+ t H,O - MgOH+ + H+ 

XOH + H+ -I- NOB- - XOHZ+-N03- 

5.4" 
-10.4" 

7.5" 
-8.3" 

-14.0' 
-10.08' 
-20.35' 
-33.30' 
-47.35' 
-9.39' 

-12.60' 
-13.36' 
-13.18' 
-11.79' 

0.399' 

4.7' 

6.3' 
-9.lb 

-14.0' 
=10.08' 
-20.35' 
-33.30' 
-47.35' 
-9.39' 

-12.60' 

-10.3' 

0.399' 

6.0 7.0 8.0 9.0 

PH 

"Davis and Leckie zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( I ) .  'Fit to potentiometric titration data in 
Davis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(27). 'Ball et al. (28). 

as that of the TLM. The solution reactions and associated 
complexation constants used in this model are also given 
in Table 111. This model has been discussed in greater 
detail by Krupka et al. (29). 

The standard deviations for the adsorption constants 
were estimated by FITEQL by assuming 1 % relative and 5% 
absolute error in the experimental data. 

Results and Discussion 
Single-Element Adsorption. Cadmium. The frac- 

tional adsorption of Cd and M) increased from 
0 to 100% over the pH range from 5 to 8.5 (Figure 1) and 
was identical with that noted by other investigators (13, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14, 30, 31). The pH of 50% adsorption was 6.4 for 
M Cd and 6.7 for M Cd. As is typical of cation ad- 
sorption, the pH of 50% adsorption increased as the 
concentration of the cadmium and thus the ratio of ad- 
sorbate (Cd) to adsorbent [Fe203.H20(am)] increased (13, 
14). 

Individual Alkaline-Earth Elements. Because Ca2+ 
is a dominent electrolyte ion in soil solutions and 
groundwater, its adsorption behavior on Fe203-H,0(am) 
was investigated over ranges of concentration and elec- 
trolyte ion concentration (Figure 2) representative of 
typical environmental conditions. The adsorption of Ca, 
like that of Cd, increased with pH, consistent with the 
observations of other researchers (17,32,33). The effect 
of pH was most marked for the lowest Ca concentrations 
(curve a in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) .  The adsorption of Ca was shifted 
to a higher pH than that of Cd, which was a result of both 
the higher concentration of Ca (and therefore higher ad- 
sorbate-to-adsorbent ratio) and its lower affinity for the 
surface. With constant initial Ca concentration, increasing 
the ionic strength through NaNO, addition decreased Ca 
adsorption (curves b, d,  and e in Figure 2 ) .  

The decrease in Ca adsorption with increasing initial 
solution concentration could have been caused by a 
shortage of ionized sites available to complex with the Ca. 
As illustrated in Table IV, the amount of Ca sorbed on the 
surface of the Fe203.H20(am) at  pH 10 increased less than 
1 order of magnitude when the initial concentration of Ca 
increased almost 2 orders of nagnitude or the ionic strength 
increased 2 orders of magnitude. As the concentration of 
Ca in solution increased relative to the Fe203.H20(am) 
concentration (Le., Ca/Fe molar ratio increased), the 
calculated percentages of the ionized and total sites oc- 

a OJ 

0 I I I I I I I 
6.0 7.0 8.0 9.0 

PH 

Figure 1. Adsorption of lo-' and M Cd onto amorphous iron 
oxyhydroxide (0.87 mM Fe) at I = 0.1 M. (a) Experimental data and 
predicted sorption using inner-sphere representation of sorption reaction 
and triple-layer model. (b) Experimental data and predicted sorption 
using nonelectrostatic model representation of sorption reaction. 

loor------ 80 

2o t 
7 8  9 10 

PH 

1 

Figure 2. Adsorption of Ca onto amorphous iron oxyhydroxide. (a) 
[Ca] = 0.027 mM, I = 0.1 M, 0.79 mM Fe. (b) [Ca] = 0.1 mM, I 
= 0.005 M, 0.77 mM Fe. (c) [Ca] = 0.202 mM, I = 0.1 M, 0.79 mM 
Fe. (d) [Ca] = 0.1 mM, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI = 0.1 M, 0.78 mM Fe. (e) [Ca] = 0.1 mM, 
I = 0.5 M, 0.78 mM Fe. (f) [Ca] = 0.764 mM, I = 0.1 M, 0.87 mM 
Fe. (9) [Ca] = 2.4 mM, I = 0.1 M, 0.81 mM Fe. 

cupied by sorbed Ca increased. However, the increase in 
percentage of sites occupied was not proportional to the 
increase in Ca concentration. 
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Table IV. Experimental Conditions for Calcium Adsorption onto Amorphous Iron Oxyhydroxide 

total 
ionic strength, iron oxide amt surface sites ionized 

Ca concn, M M NaN03 concn, mM sorbed,a M occupied, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% sites occupied,* ref 

0.027 X 0.1 0.79 1.85 x 10-5 3.8 40 c 
0.202 x 10-3 0.1 0.79 4.06 x 10-5 8.4 66 C 

0.764 x 10-3 0.1 0.87 6.77 x 10-5 12.5 66 C 

2.40 x 10-3 0.1 0.81 1.11 x 10-4 22.4 71 C 

1.0 x 10-4 0.005 0.77 4.38 x 101-5 9.3 80 c 
1.0 x 10-4 0.1 0.78 1.95 x 10-6 4.1 41 C 

1.0 x 10-4 0.5 0.78 1.99 x 101-5 4.2 23 C 

I x 10-4 0.01 9.55 9.00 x 10-6 4.1 17 
2 x 10-4 0.01 3.55 1.20 x 10-4 5.5 17 
1 x 10-3 1 93 1.00 x 10-3 1.8 33 

OAmount sorbed at pH 10. bTotal ionized sites calculated as the sum of XO-, XO--Na+, and sites occupied by adsorbed Ca. "his study. 

40 
a 

V Cd Alone 

C m  
0 Ca2.5mM 

Ca 7.6 mM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Mg 7.5 mM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a B a l  rnM 

Sr 0.61 mM 

0 - 1 1 I 
4 5 6 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 9 10 

PH 

1 V Cd Alone, 0.1 M NaNO, / I 8ol Cd WithCa 
3 0.5 M NaNO. 
o 0.1 M NaNO, 

9 1  - 401 20 

0. I 
3 4 5 6 7 8 9 

P" 

Flgure 3. Adsorption of (IO-' M) Cd on amorphous iron oxyhydroxide 
in the presence of alkaline-earth elements. (a) For elements at con- 
centrations given with 0.87 mM Fe in 0.1 M NaNO,. (b) For 2.5 mM 
Ca with 0.80 mM Fe at ionic strengths given. 

0 

Binary-Element Adsorption. The binary-element 
adsorption edges show Cd competition with Ca and, to a 
lesser extent, with Mg (Figure 3a). The concentrations 
of alkaline-earth elements were chosen to be less than the 
concentration at which either hydroxide or carbonate solids 
could form; thus, the solution concentrations of Sr and Ba 
were limited to values lower than could be used for Ca or 
Mg. Increasing the ionic strength (by means of NaN03 
addition) over 2 orders of magnitude at  constant Ca (2.5 
mM) and Cd ( lo4 M) concentrations had minimal effect 
on the competition (Figure 3b), especially over the pH 
range 6-7.5. This finding parallels the observation that, 
in the absence of Ca, Cd adsorption is insensitive to ionic 
strength (Na concentration) (20). The pH of 50% ad- 
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a- 

OH 

Figure 4. Desorption of adsorbed M) Cd from amorphous iron 
oxyhydroxide (0.87 mM Fe) by Ca addition at concentrations given in 
0.1 M NaNO,. 

sorption for each of these experiments, along with pub- 
lished data from other similar binary-element adsorption 
studies on iron oxides, are given in Table 11. 

The addition of Ca (at 0.25,2.5, and 25 mM) was found 
to desorb Cd from Fe203.H,0(am) (Figure 4). The ad- 
dition of Ca at  all concentrations resulted in decreased 
adsorption of Cd, as was observed for the Cd-Ca compe- 
tition experiments where the Fe,O,.H,O(am) was loaded 
with the Ca first (Figure 3a,b). Desorption data at  4, 24, 
48, and 144 h (not shown) indicated that equilibrium was 
achieved rapidly, given that the fractional Cd adsorption 
after 24 h in the desorption experiment with 2.5 mM Ca 
was equal to that in the sorption experiment in which Ca 
was added first. Thus, it appears that the competitive 
effects were not dependent on the order of loading and 
were reversible. These results also showed that, above a 
certain Ca concentration, addition of Ca did not result in 
further desorption because Cd adsorption in the presence 
of 2.5 and 25 mM of Ca was equal. 

Overall, these results suggest that competition between 
Cd and Ca is limited to a fixed portion of mutually ac- 
cessible surface sites. We observed competition when Ca 
occupied 66% or more of the ionized sites and more than 
8% of the total surface sites (Table 11). Competition de- 
creased as the Ca concentration and the site coverage by 
Ca decreased. These conclusions based on coverage of 
ionized sites are consistent with Dzombak's finding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(34) 
that competitive effects are only important when full site 
coverage is approached. The lack of competition between 
Cd and Ba or Sr could not be accounted for by differences 
in site coverage, because even at  site coverages where 
competition between Cd and Ca was observed, no com- 
petition with Ba and Sr was observed. Thus, site coverage 
alone did not explain the presence or absence of compe- 
titive sorption between Cd and the different alkaline-earth 



elements. The lack of effect of Sr and Ba on Cd adsorption 
is probably due to these two elements being less strongly 
sorbed to amorphous iron oxyhydroxide than Ca. 

Absorption Modeling. Several surface-complexation 
models have been used to describe sorption phenomena 
in a variety of environmental contexts (3,35-37). These 
surface-complexation models differ in the number of planes 
within the solid-liquid interface in which ion adsorption 
is assumed to occur, and in how and to what extent elec- 
trostatics are propagated through this interface (i.e., double 
layer). These models include (1) the triple-layer model (1, 
201, (2) the constant-capacitance model (19, 381, (3) the 
diffuse-layer model (341, and (4) the nonelectrostatic model 
(19,29). Many of these models have been shown to provide 
equivalent representations of metal ion adsorption on 
oxides zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(I@, but their ability to accurately describe com- 
petitive sorption phenomena in natural waters has not 
been addressed. For this reason, the most complex (TLM) 
and the least complex (NEM) of the site-binding models, 
where “complex” is used to indicate the number of ad- 
justable parameters, were evaluated for their ability to 
describe the binary Ca-Cd sorption data. 

The surface complexes used in the subsequent analyses 
are hypothetical and were chosen for their ability to rep- 
resent the adsorption data. The conclusion that surface 
complexes similar to those used in the present modeling 
analyses do form has been supported by spectroscopy (9, 
39). However, the fact that the different surface complexes 
can represent the adsorption data is not proof that these 
complexes actually exist on the sorbate surface. 

Cadmium Adsorption. The Cd data were modeled in 
two ways by use of the TLM. In the first, Cd was assumed 
to form only inner-sphere complexes (i.e., complexes in the 
o-plane). The inner-sphere surface complex represents a 
close approach to the surface by the element and a strong 
chemical interaction between the element and the surface, 
and this behavior is one possible explanation for the ob- 
servation that Cd sorption is insensitive to the ionic 
strength of the supporting electrolyte solution (20). The 
formation of such complexes has been hypothesized for 
strongly adsorbed cations, such as Cu, Pb, Ni, and Cd (20). 
The inner-sphere surface complexation reaction was rep- 
resented by 

Cd2+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ XOH - XOCd+ + H+ (1) 

where XOH represents a surface site. The fitted log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK 
value for this reaction was -1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.05 for M Cd and 
-1.4 f 0.04 for low7 M Cd. Only the single inner-sphere 
surface complex with Cd was required to represent the 
data for Cd adsorption on Fez03.H20(am) at  I = 0.1 M 
(Figure la). Hayes and Leckie (20) also found that only 
this single complex was required to model the adsorption 
of Cd and Pb  on goethite. 

In the second TLM modeling approach, Cd was assumed 
to form only outer-sphere complexes (i.e., complexes in the 
P-plane). This approach was consistent with past modeling 
of metal ion adsorption (1, 5, 13, 14, 30). The surface- 
complexation reactions were represented by 

Cd2+ + XOH - XO--Cd2+ + H+ (2) 

and 

Cd2+ + XOH + HzO c* XO--CdOH+ + 2H+ (3) 

The fitted sorption constants were -9.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.04 and -10.7 
f 0.04 for the two reactions for M Cd a t  I = 0.1 M 
and -9.3 f 0.04 and -10.4 f 0.04 for the two reactions for 

M Cd at I = 0.1 M. It was necessary to include surface 
species containing both Cd2+ and CdOH+ to describe the 
sorption of Cd when outer-sphere surface complexes were 

assumed. The fit to the data was slightly better for the 
inner-sphere surface complex than for the outer-sphere 
surface complexes. 

For the NEM, cadmium was assumed to form only one 
surface complex. The surface complexation reaction was 

Cd2+ + XOH - XOCd+ + H+ (4) 
The fitted sorption constants were -3.1 f 0.04 and -2.8 
f 0.04 for IO4 and M Cd, respectively, at  I = 0.1 M. 
The NEM fit to the Cd adsorption edge data was not quite 
as good as that of the TLM. The Cd adsorption edge 
calculated by the NEM was flatter (rose less steeply) than 
the measured adsorption edge (Figure lb).  The applica- 
bility of the NEM to a larger range in Cd2+ and FezO3. 
HzO(am) concentrations was shown by Krupka et al. (29). 

For all three representations, the adsorption constants 
for the two initial Cd concentrations at  I = 0.1 M were 
statistically different. The M Cd constants indicate 
greater affinity of the Cd for the surface than do the lo4 
M Cd constants. This observation is consistent with what 
would be expected with a heterogeneous surface where the 
average site energy, and thus the average sorption constant, 
decreases with increasing site coverage. 

Calcium Adsorption. Several types of surface-com- 
plexation reactions were evaluated by using both the TLM 
and the NEM for describing the calcium adsorption data. 
The TLM reactions included various outer-sphere com- 
plexes and a combination of both inner- and outer-sphere 
complexes. The combination of inner- and outer-sphere 
complexes was found to be necessary to model the binary 
Cd-Ca experiments. 

Most of the surface complexes evaluated for Ca were 
outer-sphere surface complexes consistent with most past 
modeling. Outer-sphere complex formation represents a 
weak complex with the surface and may account for the 
sensitivity of Ca and other alkaline-earth element sorption 
to ionic strength (Figure 2; refs 20, 32, and 40). The 
outer-sphere surface complexation reactions evaluated 
included (1) complexes with Ca2+ and CaOH+, both in- 
dividually and together, and (2) the bidentate complex 
with Ca2+, both individually and together with CaOH+. 
Dempsey and Singer (17) and Balistrieri and Murray (41) 
used the bidentate complex to represent the sorption of 
alkaline-earth elements on Fe203-H20(am) and goethite, 
respectively. In this study, the two outer-sphere surface 
complexation reactions that best represented the data for 
the TLM were the bidentate complex with Ca2+ 

( 5 )  
and the complex with CaOH+ 

Ca2+ + XOH + HzO - XO--CaOH+ + 2H+ (6) 

The fitted constants for these two reactions are given in 
columns 6 and 7 of Table V. For comparison, the fitted 
constants for the outer-sphere complexes with Ca2+ and 
CaOH+ are given in columns 4 and 5 of Table V. Our 
constants for the outer-sphere complexes with Ca2+ and 
CaOH+ were very similar to those determined by Balistrieri 
and Murray (3) for Ca in seawater (log *K is -5.0 for Ca2+ 
and -14.5 for CaOH+ at I = -0.7 M). 

To accurately model the observed competition between 
Ca and Cd, Ca was hypothesized to form a combination 
of inner- and outer-sphere complexes. The inner- and 
outer-sphere complexes that best represented the single- 
element sorption data were 

(7) 
for the outer-sphere complex and 

(8) 

Ca2+ + 2XOH - (XO-)2-Ca2+ + 2H+ 

CaZf + 2XOH - (XO-)z-Ca2+ + 2H+ 

Ca2+ + XOH - XOCa+ + H+ 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV. Fitted Surface Sorption Constants for Calcium on Amorphous Iron Oxyhydroxide 

tride-laver model 

ionic outer sphere outer sphere inner and outer sphere 
strength, log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*K log *K log *K log *K log *K log *K 

Ca, mM Fe, mM M NaN03 XO-Ca2+ XO-CaOH+ XO-CaOH+b bidentateC outer‘ innerd 

2.4 0.81 0.1 -1.55 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1.5 -14.3 f 1.7 -14.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1.7 -7.52 f 1.3 -7.55 f 1.3 -7.87 f 4.0 
0.764 0.87 0.1 -4.45 f 0.65 -15.3 f 0.37 -15.3 f 0.37 -10.0 f 0.46 -10.0 f 0.45 -8.36 f 0.73 
0.202 0.79 0.1 -4.43 f 0.37 -14.9 f 0.19 -14.9 f 0.18 -9.62 f 0.26 -9.60 f 0.25 -8.48 f 0.31 
0.027 0.79 0.1 -5.03 f 0.21 -14.0 f 0.08 -14.0 f 0.09 -9.74 f 0.15 -9.66 f 0.13 -6.97 f 0.17 
0.1 0.77 0.5 -5.43 f 0.59 -14.5 f 0.15 -14.5 f 0.16 -10.1 f 0.40 -10.0 f 0.37 -7.36 f 0.34 
0.1 0.78 0.1 -4.92 f 0.35 -15.4 f 0.15 -15.4 f 0.20 -9.86 f 0.23 -9.85 f 0.23 -9.21 f 0.46 
0.1 0.78 0.005 -3.47 f 0.47 -14.1 f 0.15 -14.1 f 0.14 -8.38 f 0.34 -8.25 f 0.31 -8.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 0.23 

combined 0.1 mM Ca data -4.87 f 0.22 -15.0 f 0.09 -15.0 f 0.09 -9.77 f 0.14 -9.72 f 0.13 -8.46 f 0.17 

a Caz+ + XOH +. XO--Ca*+ + H+. ea2+ + H20 + XOH - XO--CaOH+ + 2H+. Ca2+ + 2XOH - (XO-)<-Ca2+ + 2H+. - XOCa+ + H+. ‘Nonelectrostatic model. 

NEM‘ 
log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK d  

--7.15 f 0.49 
-6.80 f 0.14 
-6.42 f 0.08 
-5.64 f 0.04 
-6.17 f 0.10 
-6.52 f 0.06 
--6.30 f 0.05 

-6.38 f 0.04 

ea2+ + XOH 

for the inner-sphere complex. The adsorption constants 
for each set of data are presented in columns 8 and 9 of 
Table V. 

For the NEM, only one complexation reaction 

Ca2+ + XOH - XOCa+ + H+ (9) 

was required to represent the sorption of Ca on the 
Fe,O,.H,O(am) (column 10 of Table V). 

The TLM and NEM surface-complexation constants for 
different initial Ca concentrations and ionic strengths 
varied by as much as 1 log unit and thus were neither 
constant nor “intrinsic” [as described by Sposito (9) and 
Westall and Hohl ( I @ ] .  Previous researchers have sug- 
gested that this variation in adsorption constants is related 
to surface coverage and reflects the heterogeneity of the 
surface, which causes the metal ion to be adsorbed to less 
and less energetic sites as the surface coverage increases 
(42) .  That surface sites and their affinities vary would 
appear to be reasonable for crystalline oxides such as 
goethite, because different crystal faces with different 
surface energies and site characteristics (9) are exposed and 
because the crystalline surfaces have pits, edges, and other 
discontinuities as a result of surface defects (42).  In fact, 
Vanek and Jedinakova (43) ,  who investigated the sorption 
of Ba on goethite (a-FeOOH) over a range in Fe/Ba ratios, 
observed that the strength of sorption of Ba varied with 
surface coverage. However, amorphous solids such as 
Fe,O,.H,O(arn) appear to be characterized by a larger 
number of low-affinity sites (44) and a small number of 
high-affinity sites (45) .  Linear regression analysis (46) of 
the log *K values for the various surface complexes indi- 
cated that neither surface coverage, initial Ca concentra- 
tion, nor ionic strength, whether alone or in combination, 
could explained the observed variability. 

These results illustrate the fact that single-element 
models that assume a single binding energy (Le., confor- 
mation to a Langmuir isotherm) cannot adequately de- 
scribe sorption over a range in surface coverage for sor- 
bate-sorbent pairs that conform to a Freundlich isotherm 
as a result of site heterogeneity rather than electrostatic 
effects (47) .  Even though the experimental data suggested 
that the surface was heterogeneous with regard to Ca ad- 
sorption, a single-site model was used to model the indi- 
vidual Ca and Cd adsorption data and the combined Cd- 
Ca adsorption data. Although it is possible that concen- 
tration-independent Ca adsorption constants could be 
derived by using a multisite model, the single-site model 
was used because there is no consensus on how best to 
represent surface heterogeneity or on how this heterog- 
eneity affects competition. The multisite model has been 

used by Dzombak and Morel (48,49), to successfully model 
cation sorption on oxides. 

Binary-Element Adsorption, To evaluate the effec- 
tiveness of the TLM and NEM in predicting the measured 
competition, the binary-element experiments with Cd and 
Ca were modeled using different hypothesized surface 
reactions and combinations of surface reactions. For each 
representation of the surface reactions, the 2.4 mM Ca 
constants in Table V for 0.1 M NaNO, were used to cal- 
culate the effects of Ca adsorption, because the Ca con- 
centration in the competition experiments (2.5 mM) was 
close to this value. The range in Ca constants in Table 
V for each surface reaction was used to evaluate the sen- 
sitivity of the predicted Cd sorption to this variability. For 
each representation of the surface reactions, the Cd ad- 
sorption constants for M Cd at  I = 0.1 M were used 
to calculate the Cd adsorption. 

Regardless of which set of Ca adsorption constants was 
used to represent the Ca adsorption, when the inner-sphere 
complex for Cd adsorption was used in combination with 
only outer-sphere complexes for Ca (columns 6 and 7 of 
Table V), no competition was calculated and the adsorp- 
tion curve predicted was identical with that for cadmium 
adsorption alone (Figure 5 ) .  Variation of the Ca outer- 
sphere adsorption constants within the range noted in 
Table V resulted in no more than a 19‘0 difference between 
the predicted Cd sorption and that shown in Figure 5. The 
lack of competition between Cd and Ca and the insensi- 
tivity of Cd adsorption to variation in the Ca constants 
were not unexpected because, within the model, these two 
elements were placed in different planes with respect to 
the surface. Adsorbed Ca, because of its location in the 
more remote P-plane, cannot induce a mass-action effect 
on Cd in the surface or o-plane. The calculated effects are 
solely electrostatic and therefore minimal. 

Use of outer-sphere complexes for both Cd and Cd 
(columns 6 and 7 of Table V) resulted in prediction of more 
competition than was observed (Figure 5 ) .  The Cd ad- 
sorption was very sensitive to variation in the Ca constants. 
In fact, when the 0.764 mM Ca constant was used to rep- 
resent Ca adsorption, the predicted Cd adsorption was 
close to the measured sorption. The similarity in shape 
of the observed and predicted adsorption edges when 
outer-sphere complexes are used for both Cd and Ca 
suggests that this representation in the TLM was more 
accurate than the previous TLM representation. The fact 
that the competition data were better represented when 
the outer-sphere complexes were assumed for both Cd and 
Ca would be consistent with competition being driven by 
mass action rather than electrostatic effects. In other 
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Figure 5. Comparison of experimental data for Cd adsorption in the 
presence of Ca with that predicted by TLM using various combinations 
of surface reactions. Experimental conditions are M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACd and 2.5 
mM Ca with 0.87 mM Fe in 0.1 M NaNO,. 

modeling studies where the competing ions have been 
assumed to occupy the same plane to to compete for the 
same surface sites, the amount of competition predicted 
was also excessive (14, 42.50). 

The previous TLM calculations indicated that the com- 
petitive effect of Ca on Cd cannot be reproduced unless 
at  least some of the Ca is allowed to adsorb within the same 
plane as Cd and thus to compete by means of mass action. 
In an attempt to derive a TLM that better represented the 
competition data, it was hypothesized that the Ca formed 
a Combination of inner- and outer-sphere complexes and 
Cd formed only an inner-sphere complex. In this repre- 
sentation, the inner-sphere Ca and Cd complexes would 
account for the mass-action competition between the Cd 
and Ca on mutually accessible sites and the outer-sphere 
Ca complex would account for the additional Ca sorption 
and the variation in Ca adsorption with ionic strength. 

The Cd adsorption predicted in the Ca-Ca experiments 
using the inner-sphere complex for Cd and a combination 
of inner- and outer-sphere complexes for Cain the TLM 
(columns 8 and 9 of Table V) was in good agreement with 
the experimental data at I = 0.5 M (Figure 6a) and I = 
0.1 M (Figure 6b) but deviated from the experimental 
results at  the lowest ionic strength, I = 0.005 M (Figure 
6c). For all three ionic strengths, the sorption edge pre- 
dicted by the TLM was steeper than the measured sorp- 
tion edge. In contrast to the other TLM representations, 
when the Ca adsorption constants were varied over the 
range shown in Table V, the predicted Cd adsorption did 
not differ by more than 2% from that shown in Figure 6. 

Like the previous TLM representation, the NEM model 
also provided predictions of Cd (lod M) adsorption in the 
presence of Ca (2.5 mM) that were close to the experi- 
mental results for the two highest ionic strengths (Figure 
7a,b) and less satisfactory a t  the lowest ionic strength 
(Figure ’74. When the NEM adsorption constant for Ca 
was varied over the range given in Table V, the predicted 
Cd adsorption did not differ from that shown in Figure 
7 by more than 1%. The very close agreement between 
the observed and predicted Cd adsorption a t  the two 
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Figure 6.  Comparison of experimental data for Cd adsorption in the 
presence of Ca with that predicted by TLM using inner- and outer- 
sphere adsorption constants for Ca and inner-sphere adsorption con- 
stant for Cd. Experimental conditions are M Cd and 2.5 mM Ca 
with 0.87 mM Fe. (a) I = 0.5 M. (b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI = 0.1 M. (c) I = 0.005 M. 

highest ionic strengths (Figure 7a,b), while not substan- 
tially better than that with the TLM, bad special meaning 
because this model is simple, employing only one surface 
complex for Ca, one for Cd, and no electrostatics. The 
NEM calculations showed that the C d C a  competition was 
consistent with a mass-action effect between the Ca and 
Cd on mutually accessible surface sites. The shape of the 
Cd-Ca sorption edges predicted from the NEM (Figure 
7a-c) was much closer to that of the measured Cd-Ca 
adsorption edge than the Cd-Ca adsorption edges pre- 
dicted by using the TLM were (Figure 6a-c). 

These modeling results imply that the Cd-Ca compe- 
tition is due to a mass-action effect between the Cd and 
Ca, and that electrostatics are of little importance. Ad- 
ditionally, the lack of appreciable ionic strength effect on 
the Cd-Ca competition (Figure 3h) suggests that Na is not 
a significant competitor for the sites that are mutually 
accessible to Cd and Ca. The electrostatic component of 
the TLM makes the predicted adsorption edge rise more 
rapidly with pH than was observed. Electrostatic effects 
on the adsorption of cations should be important only 
when the surface becomes saturated with the cations and 
the surface charge is reversed (34). 

Implications of Binary-Element Modeling. Sur- 
face-complexation models have been used with varying 
success to predict multielement sorption using adsorption 
constants calculated from single-element adsorption ex- 
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Figure 7 .  Comparison of experimental data for Cd adsorption in 
presence of Ca with that predicted by NEM. Experimental conditions 
are M Cd and 2.5 mM Ca with 0.87 mM Fe. (a) I = 0.5 M. (b) 
I = 0.1 M. (c) I = 0.005 M 

periments. Single-element adsorption constants have been 
used to qualitatively predict the adsorption of Cr0,2' in 
the presence of SO4" and dissolved inorganic carbon on 
Fez03.HzO(am) (22) and oxide-containing subsurface soils 
(23). Also, Balistrieri and Murray (3) modeled the com- 
petitive effect of Mg on Cd adsorption onto goethite in 
artificial seawater using this approach. Their modeling 
results were consistent with the results shown here, in that 
the best approximation to the competition data using the 
TLM was found for high ionic strengths (I  = 0.5 M), when 
inner-sphere complexes for Mg and Cd would predominate 
(e.g., Figure 6a). In contrast, Goldberg and Traina (50) 
found that constant-capacitance surface-complexation 
constants fit to the single-element sorption data predicted 
too much competition between the strongly sorbing anion 
orthophosphate and the anions selenite and silicate on 
goethite. Benjamin (42) found that single-element sorption 
constants representing outer-sphere complexes resulted in 
overprediction of the competitive sorption of Cd in the 
presence of Cu, Zn, and P b  on Fez03.H,0(am). 

Goldberg and Traina (50) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAargued that it was not possible 
to closely predict binary-element sorption data from sin- 
gle-element sorption constants because of either site 
heterogeneity or incorrect estimates of the activity coef- 
ficient of the surface complexes. Site heterogeneity could 
cause some of the sites to selectively adsorb one element 
over the other. Furthermore, as a result of competition, 
an element could become sorbed to less energetic sites than 
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were encountered in the single-element sorption. Because 
the electrostatic term in the TLM can he considered as 
the sorbed-phase activity coefficient corrected for the 
charge of the sorbed species (9), an inaccurate represent- 
ation of this term could make it impossible to accurately 
predict the degree of competition. Other factors not ex- 
plicitly accounted for by the electrostatic term may also 
influence the sorbate surface's activity coefficients. Chu 
and Sposito (51) argued that, for this reason, binary ex- 
change data are not sufficient to model ternary exchange 
and that some information on the ternary exchange is 
necessary to accurately estimate the activity coefficients. 
However, their example indicated that these additional 
data are not always required. 

To avoid the problem of how to represent surface 
heterogeneity and surface activity coefficients, Goldberg 
and Traina (50) recommended that constants he fitted for 
each of the two elements by using the competition data. 
This approach is reasonahle if the objectives of the model 
are to predict competition for similar experimental con- 
ditions. The new constants would have limited value for 
predicting competition for other solution compositions. 
For example, these constants would not accurately predict 
the single-element sorption data. Furthermore, this ap- 
proach would require that constant be derived for every 
solution composition of interest. If the objective of the 
modeling is, instead, to develop an approach for predicting 
multielement adsorption from basic data such as that 
descrihing the adsorption of the single elements, then 
another approach must be developed. 

The ahility of the TLM with a combination of inner- and 
outer-sphere surface complexes and the NEM to predict 
the Cd-Ca competition at  the highest ionic strengths im- 
plies that a credihle modeling approach using single-ele- 
ment adsorption constants could he developed. These two 
models are not overly sensitive to variations in the ad- 
sorption constants of the single elements, suggesting that 
such a model could also be quite stable. In addition, the 
fact that both the TLM and NEM were able to predict the 
competition at  the highest ionic strengths with a set of 
constants fit to the single-element sorption data suggests 
that, at  ionic strengths greather than 0.1 M, the Cd ad- 
sorption is not shifted to lower energy sites by competition 
with Ca. Finally, these results suggest that surface hete- 
rogeneity may not he an important factor when the ionic 
strength is approximately 0.1 M or more. However, it is 
possihle that site heterogeneity on Fez03.H,0(am) could 
account for both models' inability to predict the Cd-Ca 
competition in the lowest ionic strength solution. 

Conclusions 
The binary-element experiments indicate that, at  typical 

environmental concentrations, the alkaline-earth elements 
Mg, SI, and Ba will have little effect on the adsorption of 
Cd and similar elements on Fe,O,~H,O(am). Solubility 
limitations in soil and groundwater systems will prevent 
Sr and Ba from reaching concentrations high enough to 
allow them to compete with Cd on iron oxides. However, 
competitive adsorption of Cd with Ca can be important 
in soil or groundwater. Competition hetween Cd and Ca 
was observed over ranges of Ca concentrations and pH that 
are environmentally important. When competition occurs, 
the percentage of Cd adsorhed could fall hy 20% or more 
helow that for Cd alone, depending on the pH and on the 
concentrations of Cd and Ca in the soil solutions, 
groundwater, or leachate. 

Application of electrostatic (TLM) and nonelectrostatic 
(NEM) surface-complexation models showed that the 
competitive effect was consistent with a mass-action effect 



between Ca and Cd on mutually accessible surface sites. 
The TLM accurately represented the results of the com- 
petition experiments in the high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.5 M) and medium 
( I  = 0.1 M) ionic strength solutions only when a combi- 
nation of inner- and outer-sphere surface complexes for 
Ca and an inner-sphere complex for Cd were included in 
the model. The NEM, which includes only one adsorption 
plane, one surface complex each for Cd and Ca, and no 
electrostatics, provided predictions of the Cd-Ca compe- 
tition at  high and medium ionic strengths that agreed with 
the experimental data at  least as well as the predictions 
made by the TLM. Neither model accurately represented 
the amount of adsorption at  the lowest ionic strength ( I  
= 0.005 M), which is the ionic strength most relevant to 
natural soil solutions or groundwater. No reason for this 
discrepancy could be identified. Even though the single- 
element sorption constants of Ca for initial Ca concen- 
trations ranging from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 orders of magnitude and ionic 
strengths varying over 3 orders of magnitude differed by 
as much as 1 log unit, the predicted Cd sorption was not 
sensitive to this range in the adsorption constants, indi- 
cating that both these models were very stable. At all ionic 
strengths, the NEM simulated the shape of the combined 
Cd-Ca adsorption edges better than the TLM. These 
results show that the more complex electrostatic model 
does not provide calculations of Cd-Ca competition that 
are improved sufficiently to warrant its application over 
the nonelectrostatic model. Rather, our evaluation has 
shown that the NEM using single-element sorption con- 
stants can effectively model multielement adsorption for 
the conditions used in this study. Given the limited range 
of experimental conditions evaluated, additional investi- 
gations are clearly needed to determine whether these two 
modeling approaches can expediently and accurately 
predict multielement sorption equilibria under the broad 
range of solute, contaminant, and electrolyte conditions 
found in natural waters. 
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Brominating Activity of the Seaweed Ascophy//um nodosum: Impact on the 
Biosphere 
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Macroalgae are an important source of volatile halo- 
genated organic compounds, such as bromoform and di- 
bromomethane. The mechanism by which these com- 
pounds are formed is still elusive. We report that the 
brown seaweeds Laminaria saccharina, Laminaria digi- 
ta ta ,  Fucus uesiculosis, Pelvetia canaliculata, and Asco- 
phy l lum nodosum and the red seaweeds Chondrus crispus 
and Plocamium hamatum contain bromoperoxidases. The 
intact plants are able to brominate exogeneous organic 
compounds when HzO, and Br- are added to seawater. 
Further, we show that the brominating activity of the 
brown macroalga zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA.  nodosum, which contains a vanadium 
bromoperoxidase located on the thallus surface, occurs 
when the plant is exposed to light and not in the dark. The 
rate of bromination of exogenous organic compounds in 
seawater by this plant is 68 nmol (g of wet alga1-l h-l. 
HOBr is a strong biocidal agent and we propose that the 
formation of HOBr by this seaweed is part of a host de- 
fense system. 

Introduct ion 

There is great current interest in the formation of or- 
ganohalides produced by both anthropogenic activities and 
biological sources. Recently, it has been suggested (1) that 
chemical reactions occur in the troposphere at polar sunrise 
in the Arctic. In one of these processes ozone destruction 
occurs at  ground level, which may be connected to the 
formation of bromoform and aerosol enrichment with 
bromine of biological origin (2). According to Sturges and 
Barrie (2), inorganic bromine in Arctic aerosols may ori- 
ginate from photochemical conversion of marine organic 
bromine. Measurements (3)  of atmospheric bromoform 
at  Point Barrow, AK, show that the presence of this com- 
pound is seasonal: bromoform concentrations are maximal 
in winter and minimal in summer. Similarly, the bromine 
content of Arctic aerosols at Point Barrow, Alert (Canadian 
Arctic), and Spitsbergen shows an annual sharp maximum 
between February and May at concentrations that are the 
highest in the world ( 2 , 4 , 5 ) .  There is substantial evidence 
that the source of the bromine-containing particles and 
bromoform is biogenic and it has been speculated that the 
formation is due to the enzymic activity of vanadium 

bromoperoxidases present in brown seaweeds that grow 
in the Arctic Ocean (6). Indeed, Dyrssen and Fogelqvist 
(7, 8) showed that bromoform is present in the Arctic 
Ocean near Spitsbergen and the data clearly indicate that 
algal belts are responsible for its production. It is well- 
known that brown seaweeds (Ascophyl lum nodosum, Fu- 
cus uesiculosis), red seaweeds (Gigartina s te l lata) ,  and 
marine green seaweeds (Enteromorpha linza, Ulva lacta) 
release large quantities of brominated methanes such as 
bromoform and dibromomethane into the marine ecosys- 
tem (9). 

Recently, a group of vanadium-containing bromoper- 
oxidases has been discovered in a number of brown sea- 
weeds (Fucus distichus, Alaria esculenta, Laminaria 
saccharina, Chorda filum) and in red seaweeds (Ceramium 
rubrum and Corallina pilulifera) (10-14). In the presence 
of hydrogen peroxide and bromide these enzymes (15) 
produce free hypobromous acid and bromine. The per- 
oxidases are assumed to be involved in the biosynthesis 
of the halogenated metabolites by bromination of nu- 
cleophilic acceptors. As has been shown by Theiler et al. 
(16) for the marine red alga Bonnemaisonia hamifera and 
by Burreson et al. (17) for the red alga Asparagopsis 
taxiformis, the acceptors are probably carboxy methyl 
ketones, which are brominated by purified bromoper- 
oxidase and then decay to form brominated methanes. 
However, whether similar acceptors also exist in brown or 
other red seaweeds is not known and other pathways may 
exist. 

The brown seaweed A.  nodosum (knotted wrack), which 
grows in large quantities in the North Atlantic and western 
Russian polar seas (18),  contains two vanadium bromo- 
peroxidases (19). One is located inside the so-called 
fruiting bodies and its presence shows a seasonal cycle (6). 
The other enzyme is located on the surface of the fruiting 
bodies and may be extracellular (19). This raises the in- 
teresting possibility that these seaweeds also release free 
hypobromous acid and bromine in seawater. Reaction of 
these bromine species with dissolved organic matter in 
seawater may well result in the formation of bromoform 
and other brominated compounds, and thus the origin of 
bromoform may be an indirect result of the formation of 
H O B r  by seaweeds. In fact, Sauvageau (20) already re- 
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