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SUMMARY 

This is the third and final report on a study of the effect of organic 

complexing agents on the behavior of low-level waste radionuclides in 

soil/groundwater systems. The objective of this project has been to develop 

and employ standard procedures for evaluatin9 how and to what extent orqanic 

complexants affect the sorption of low-level waste radionuclides by soils. A 
high sorption is desired to minimize the chance that dangerous quantities of 

radionuclides would migrate from the disposal site to the accessible 

environment. This report summarizes some of the earlier findings and presents 

in more detail the results of the work done in FY 1983. 

The major experimental procedure of this project involved batch contacts 

of solutions with soils with periodic analysis of the liquid phase. The 

solutions contained varying amounts of different organic complexing agents. 

Three different soils were studied. Work in FY 1983 aqain emphasized Co and 

Ni, which have important isotopes present in low-level wastes. An important 

activity has been the development of procedures to determine whether a 

radionuclide sorption coefficient that appears to be stable with time is truly 

an equilibrium value or appears stable only because the rate of change is very 

slow. A knowledge of this is important to accurate prediction of the rate of 

radionuclide migration. 

The effect of organic complexants on the sorption of radionuclides varies 

widely among different complexants. This variation involves not only the 

concentration of complexant required to have an appreciable effect on the 

equilibrium sorption coefficient, but also how rapidly the equilibrium is 

attained. The latter factor is more important since, in the extreme case, 
kinetically inert complexes could migrate at the same speed as the 

groundwater. Rapid dissociation of the complexes, so that the uncomplexed 

radionuclide can be sorbed by the soil, is desirable. 

Work done in FY 1983 showed that sorption of some complexed 

radionuclides, as well as of uncomplexed ones, is important with some soils. 

Sorption of Ni-EOTA and Co-EOTA complexes occurs with soils from Oak Ridge and 

Savannah River. The sorption of these kinetically inert complexes results in 

a lower radionuclide migration rate than if it did not occur; however, the 
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migration rate is still greater than if the complexes were not kinetically 

inert, or if complexants were absent. 

The comparison of complexing agents was also extended in FY 1983 to 

include additional individual agents and also some proprietary decontamination 

mixtures. These tests included study of the fate of some complexants 

themselves as well as study of their effects on radionuclide distribution. 

The results of these tests continue to indicate that all organic complexing 

agents should not be considered to be equally hazardous from a waste disposal 

standpoint. 

Different soils affect organic complexant-enhanced radionuclide mobility 

differently. Some sorb kinetically inert complexes and some do not. 

Radionuclide complexes dissociate more rapidly in some soil/groundwater 

systems than they do in others. Soils also differ in their leaching by 

complexant solutions, which also affects radionuclide behavior. Data were 

obtained in this area during FY 1983. 

Other site-specific factors, such as hydrologic ones, are very important 

to radionuclide migration and to the possible effects of organic 

complexation. There appear to be a number of combinations of site-specific 

and complexant-specific factors that can give radionuclide mobilities that are 

acceptably small even in the presence of complexants. 
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I NTROOUCTI ON 

Organic complexing agents are often used in the nuclear industry as 

decontamination agents to remove radioactive materials from contaminated 

equipment and facilities. The radioactive wastes resulting from such 

activities therefore contain the decontamination agents, unless they are 

destroyed before the wastes are disposed of. The potential effects of such 

complexing agents on the migration of radionuclides from waste disposal sites 

has been of concern for some time, especially since the report of the 

migration of a Co-EDTA complex from an Oak Ridge burial site (Means, Crerar, 

and Duguid 1978). 

Pacific Northwest laboratory (PNL) has been conducting a study of the 

effect of organic complexing agents on the behavior of low-level waste 

radionuclides in soil/groundwater systems for the U. S. Department of Energy 1s 

Low-Level Waste Management Program (LLWMP). This is the third and final 

report on the results of the project, whose objective has been to develop and 

employ standard procedures for evaluating how and to what extent organic 

complexants affect the sorption of low-level waste radionuclides by soils. A 

high sorption is desired to minimize the chance that dangerous quantities of 

radionuclides would migrate from the disposal site to the accessible 

environment. 

Earlier results (Swanson 1981 and 1982) have shown the importance of 
kinetically inert complexes to radionuclide migration. When the rate of 

complex dissociation is very slow and the complex itself is not sorbed by the 

soil, the mobility of precomplexed radionuclides will be much greater than 

that predicted from equilibrium considerations. In the extreme case, 

kinetically inert complexes would migrate at the same speed as the ground­

water. Rapid dissociation of the complexes. so that the uncomplexed 

radionuclide can be sorbed by the soil, is desirable. 

Different rates of dissociation of complexes of Co and Ni. two elements 

having isotopes present in low-level wastes, were observed with different 

complexants and different soils. Citrate and oxalate complexes were found to 

equilibrate more rapidly than EDTA and OTPA complexes. Thus, citrate and 

oxalate would be less likely to give appreciable enhancement of radionuclide 

mobility than EDTA and OTPA. More rapid equilibration of EDTA and DTPA 
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complexes was observed with Savannah River soil than with Hanford soil. Thus, 

there would be much less chance of kinetically inert complexes migrating at 

the same speed as the groundwater at Savannah River than at Hanford. The rate 

of groundwater flow is also very important to radionuclide migration, of 

course. 

The highlights of the work during FY 1983, which is the subject of this 

report, include 

• demonstration that EOTA complexes of Ni and Co are sorbed by some soils 

(Oak Ridge and Savannah River) 

• comparison of the rates of complex dissociation with additional 

complexants (HEDTA, NTA, and proprietary decontamination solutions) 

• study of the leaching of elements from the soil, and how this leaching 

can affect radionuclide behavior 

• study of the decomposition and sorption of some complexants. 
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OVERVIEW 

The results discussed in the earlier reports (Swanson 1981 and 1982) and 

those to be discussed in a subsequent section contain examples of different 

effects of organic complexants on radionuclide mobility. In none of the cases 

studied was the radionuclide mobility decreased by the complexant. The 

complexant had little or no effect in some systems, but in most cases the 

effect was one of increased radionuclide mobility. However, qreat differences 

were observed in the magnitude of the enhanced mobility, and it is this 

magnitude which should be of prime concern. It makes no difference to public 

health and safety if the presence of a complexant increases the distance 

traveled by a radionuclide from 0.1 m to 10m, for example, if it must travel 

1000 m to reach the accessible environment. 

The magnitude of the enhanced radionuclide mobility resulting from the 

presence of a certain complexant depends not only on the magnitudes of the 

formation constants of the complexes with the radionuclides and the soil­

derived elements, but also on the rates of the complex formation and 

dissociation reactions and on the rate of groundwater movement. It also 

depends on whether the complexes themselves are sorbed by the soil. 

The magnitude of the enhanced radionuclide mobility also varies widely 

among radionuclides, complexants, and soils. The radionuclides present in 

low-level wastes are largely defined by the normal operations of the nuclear 

industry. The organic complexants currently present in low-level wastes are 

largely defined by the current practices of the nuclear industry, but this is 
an area where changes could perhaps be made relatively simply; especially if 

some complexants were required to be destroyed or packaged more rigorously 

before the wastes could be disposed, while others could be disposed without 

special treatment. The kinds of soils present in low-level waste disposal 

sites will likely vary from site to site, and some soils are more tolerant of 

organic complexants than others. 

Regardless of the relative magnitudes of organic complexant-enhanced 

radionuclide mobilities in soils from different sites, other site-specific 

data are also important. For instance, a site having soil which results in a 

large complexant-enhanced mobility could still be a preferred site if the 
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groundwater flow is sufficiently low. A mobile species will not move unless 

there is water to transport it. 

Desirable characteristics of the soil at a waste disposal site relative 

to the complexant-enhanced mobility of radionuclides include: 

• high radionuclide sorption capability (Kd} and capacity (loading) 

• large quantities of elements that form highly stable complexes with the 

complexants present in the waste 

• presence of materials that result in rapid attainment of the various 

equilibria involving the complexants, the radionuclides, and the soil­

derived elements. 

The most desirable characteristic of a complexant from a waste disposal 

standpoint is that it rapidly equilibrates with the radionuclides and the 

soil-derived elements. If all equilibria are attained rapidly, complexant­

enhanced mobility of radionuclides should be minimal because of a low free 

complexant concentration resulting from dilution by the groundwater and from 

competition for the complexants by the elements present in the soil. 

Radionuclide mobility could be much more severe in the case of kinetically 

inert complexes, which may migrate through some soils at the same speed as the 

groundwater or which may be sorbed by other soils in a pseudo-equilibrium 

situation. 

Another desirable characteristic of the complexants is that the constants 

for the formation of complexes with radionuclides not be too high; that is, a 

high free complexant concentration would be required to lower the Kd value to 

an unacceptable level. Still another desirable characteristic is instability 

under environmental conditions, especially if the complexant degrades to 

materials that are not complexants themselves. 

An ideal low-level waste disposal site would be one from which there is 

absolutely no migration of water; there could thus be no migration of 

radionuclides regardless of the presence of organic complexants. This is not 

practically achievable in the real world. However, it is thought to be likely 

that there are a number of combinations of site-specific and complexant­

specific factors such as those discussed above which, in conjunction with the 

water migration rate, will give radionuclide mobilities that are acceptably 
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small even in the presence of complexants. The work done on this project 

helps to identify such satisfactory combinations of factors • 
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MATERIALS AND METHODS 

As in the earlier work (Swanson 1981 and 1982), the major experimental 

procedure this year was a batch contact of solution and soil at room 

temperature, with periodic analysis of portions of the liquid phase for the 

component of interest. This procedure allows data to be obtained in one type 

of experiment on both the equilibrium position resulting from the presence of 

complexant, and the rate at which that position is attained. Prior to 

analysis, the suspensions were first centrifuged to obtain a gross phase 

separation and portions of the liquid phase were then filtered through a 2-nm 

ultrafiltration membrane cone to remove finely divided solids. Unless stated 

otherwise, all experiments were done while exposed to air. 

Proof of radionuclide distribution equilibrium was a prime concern and 

the "second contact" and the "both directions" methods were again used to 

allow determination of whether a condition that appears to be stable with time 

is truly an equilibrium condition or appears stable only because the rate of 

change is very slow. A knowledge of this is important to accurate prediction 

of the rate of radionuclide migration. 

In the "second contact" method, a portion of the solution is removed from 

a suspension that appears to be stable with time and is then contacted with a 

fresh portion of soil. If the radionuclide distribution coefficient in the 

second contact is not essentially the same as in the first contact, it is a 

good indication that a true equilibrium condition is not being measured. The 

mechanics of this method involved centrifugation of the suspension and 
transfer of a portion of the partially clarified solution to an empty tube, 

where it was mixed and sampled to determine the total amount (in solution plus 

as finely divided solids) of radionuclide transferred before the second 

portion of soil was added and the second contact was begun. Comparison of the 

analysis of the partially clarified solution with analysis of the final 

filtrate of the first contact indicated that the amount of radionuclide that 

was associated with finely divided solid was generally small. 

In the "both directions" method, two experiments are performed under a 

given set of conditions except that in one case the radionuclide and 

complexing agent are mixed {to allow the complex to form) before exposure to 

the soil and in the other case the radionuclide is sorbed by the soil before 
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the complexing agent is added. We speak of the former case as a precomplexed­

type experiment and the latter case as a presorbed-type experiment. Unless 

the same radionuclide distribution coefficient is obtained in both experiments 

under the given set of conditions, a true equilibrium position is not being 

measured. 

Results obtained this year necessitated an additional refinement to these 

methods. This type of experiment, termed a presorbed (complexed) experiment, 

involves separating the soil (and sorbed radionuclide) from a precomplexed­

type experiment and then contacting it with a fresh portion of complexant 

solution. It is the same as a normal presorbed-type experiment except that in 

this case the radionuclide is sorbed from a solution containing complexant, 

while in the normal case it is sorbed in the absence of complexants. In 

actual practice, the presorbed-type experiment suspension was centrifuged, 

most (but not all) of the centrate was removed, and fresh complexant solution 

was then added. The total solution volume and the total radionuclide 

inventory were obtained by subtracting the quantities that were periodically 

removed for analysis from the quantities initially present in the 

precomplexed-type experiment. 

Most of the experimental results with radionuclides are expressed as 

percent of the initial radionuclide concentration remaining in solution. 

Radionuclide distribution coefficients (apparent Kd) are also used in some 

cases. The apparent Kd is defined as the quantity of material per gram of 
soil divided by the quantity of material per milliliter of solution, and is 

derived from the fraction of the material present in solution and the soil-to­

solution ratio as follows: 

Apparent Kd = 
1 - (fraction in solution) 

(fraction in solution) 
I 

x .,.( g,.-,sc:o7i 'T ') /,c(C:m"L---,-s o'"'T;-u"'t7i 7on") 

The radionuclide behaviors were followed by beta counting 63Ni and gamma 

counting 60co. Standards were counted with each set of samples so that 

corrections could be made for the minor variations in counting efficiency that 

occurred. Total Ni and Co concentrations were calculated from data provided 

by the supplier of the tracers. 

The behavior of complexants was followed by beta counting with 14c_ 

labeled complexants, using citric acid labeled in the end carboxyl carbon 
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atoms and EDTA labeled in the carbon atoms adjacent to the carboxyl groups. 

These samples were acidified and stirred for 10 min to drive off any co 2 that 
formed by complexant degradation. Citrate was also determined in several 
cases using ion chromatography, and gas chromatography following methylation 

was used to determine EDTA in a few cases. 

Concentrations of metal ions leached from soils into complexant solutions 
were determined by emission spectroscopy using an inductively coupled plasma 
(ICP) for excitation. The instrument was set to automatically analyze for the 

following elements: Al, As, B, Ba, Ca, Cd, Ce, Co, Cr, Cu, Fe, K, Li, Mg, Mn, 

Mo, Na, Ni, P, Pb, Ru, Sb, Si, Sr, Te, Ti, Zn, Zr, and several rare earths. 

Many of these elements are not of importance to this project; the list was set 

by the desires of major users of the instrument. 

The study was expanded this year to include a 

burial site at the Oak Ridge National Laboratory. 

sample of soil from a waste 
This soil was air-dried at 

room temperature for 1 week and sieved before use. Its particle size 

distribution is compared in Table 1 with those of the Hanford and Savannah 

River soil samples. The soils generally used in the experiments were from the 

150 to 500 ~m size fractions. Most of the work done this year with Savannah 
River soil used material from the second batch, while soil from the first 

batch was used last year. 

TABLE 1. Particle Size Distribution of Soils 

wt% in Indicated Size Fraction 
Soil Source <7 5 "m 75-150 "m 150-500 "m )500 "m 

Hanford(a) 4.9 5.6 

Savannah River-l(b) 3.2 5.5 

Savannah River-2 4.7 6.5 

Oak 

(a) 
(b) 

(c) 

Ridge(c) 32.2 19.7 

Hanford A, as described by Gee and Campbell 
Samples 1-17 #I and I-17 #2, dated 2-11-82. 
inside the burial ground. Typical of soils 
Savannah River Laboratory. 
Sample from burial ground 6, dated 8-27-82. 
soil from the same site are given by Vaughan 
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44.8 44.7 

33.3 58.0 

41.0 47.8 

32.2 15.8 

(1980). 
Taken from near the surface 

used in lysimeter studies at 

Descriptive data for similar 
et al. (1982). 
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RESULTS AND DISCUSSION 

Experimental results in a number of areas are presented and discussed 
here. Major topics include 1) sorption of EDTA complexes of Ni and Co, 2) 

complexant decomposition and sorption, 3) leaching of elements from soils, 

4) complexant effects, and 5) other results. 

SORPTION OF EDTA COMPLEXES OF Ni AND Co 

In the first report of this series (Swanson 1981), we described the 
effects of EDTA on the sorption of different elements by Hanford soil. With 

Cs and Sr, no effect of EDTA was observed. With Eu, a rapid and reversible 

effect was observed that agreed with the concept that the effect of EDTA was 

to complex the metal ion and keep it in solution. With Ni and Co, the 
reactions were so slow that equilibrium was not attained. The next year's 

study (Swanson 1982) showed that more rapid equilibration occurred with 

Savannah River soil than with Hanford soil. The current work has included 

studies with Oak Ridge soil; these results indicate that the EOTA complexes of 

Ni and Co themselves are rapidly and reversibly sorbed by the soil and that a 

pseudo-equilibrium position is maintained for an appreciable period of time. 

Additional data with Savannah River soil indicate that a similar phenomenon 

occurs there, but that the pseudo-equilibrium position is not as stable. 

There have been other reports of sorption of metal-ligand complexes by 

soils, some of which will be discussed later. In those studies, the prime 

evidence for sorption of the complex was that the Kd was higher when the 

ligand was present. This is not the case with the results presented here; the 

Kd values in the presence of EDTA were lower than in its absence, but in a 

different pattern than results when the only effect of EDTA is to keep the 

radionuclide in solution. The evidence for the sorption of these Ni-EDTA and 

Co-EDTA complexes is thus somewhat subtle, and would not have been observed 

without the "proof of equilibrium" tests developed in the earlier work 

(Swanson 1981 and 1982}. 

Ni-EDTA Complex Sorption 

Data illustrating the type of evidence that led to the conclusion that 

sorption of the complex itself was occurring are presented in Figure 1, where 
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the percentage of Ni found in solution is plotted as a function of time for 

several experiments. All of these experiments contained 3.5x1o- 6 M EOTA and 

5x10-9 !:!. Ni, and involved contact with an Oak Ridge soil at a soil-to-solution 

ratio of 0.033 g/mL. 

In the precomplexed experiment (data denoted by open circles), the Ni­

EDTA solution was prepared and aged for 3 days before the soil was added to 
start the experiment. In this experiment a constant, steady state Ni 

concentration (corresponding to about 33% of the initial Ni concentration) was 

attained rapidly. In the presorbed experiment (data denoted by open 

triangles), the Ni solution was contacted with the soil for 3 days before the 

EDTA was added to start the experiment. In this case, only about 1% of the Ni 

was found in solution after a month. Thus, the test for true equilibrium by 

approaching equilibrium from both directions failed because different results 

were obtained {in these time periods) from the two directions. 

Another test of equilibrium that has been used effectively in the past 

(Swanson 1981 and 1982) is the "second-contact method, 11 in which the solution 

is separated from the soil and contacted with a second portion of soil. If 

the same result is obtained in the two contacts, it is a good indication that 

an equilibrium position was attained in both contacts. This method was used 

on the solution from the precomplexed experiment after 21 days; the results of 

the second contact (the filled circles on Figure 1} were in good agreement 

with those of the first contact: about 38% of the Ni present in solution after 

the first contact remained in solution after the second contact. Thus, this 

test of equilibrium was positive. However, the fact that the result of the 
"both directions" test of equilibrium was negative meant that the question of 

true equilibrium was still not resolved. 

The key procedure in resolving this question was to contact the soil (and 

a small portion of accompanying liquid} from the first precomplexed experiment 

with a fresh EDTA solution. This gives a situation similar to the first 

presorbed experiment (the open triangle data of Figure 1) except that in the 

first case the Ni was sorbed from a solution that contained no EDTA and in 

this second case the Ni was sorbed from a solution that did contain EDTA. 

This second type of presorption experiment, termed presorbed {complexed), gave 

markedly different results (the shaded triangles in Figure 1} than the first; 

about 35% of the Ni that had been on the soil rapidly entered the solution and 
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remained at that level. It was thus concluded that the rapid desorption in 

the second case occurred because the sorbed Ni species was a Ni-EDTA complex, 

rather than an uncomplexed Ni species as was sorbed in the first case. 

This sorption of a Ni-EDTA complex by Oak Ridge soil appears to be only a 

pseudo-equilibrium, rather than a true equilibrium, situation. At true 

equilibrium, the same result should be obtained whether or not the Ni is 

complexed before it is exposed to the soil. This pseudo-equilibrium has 

lasted for time periods of several months in this system. This is probably 

long enough to use the apparent Kd values for this pseudo-equilibrium position 

in modeling the migration of Ni in this system. 

Data were also collected at other EDTA concentrations in the Ni/EDTA/Oak 

Ridge soil system. These data showed that the EDTA concentration had 

relatively little effect on the fraction of Ni remaining in solution when 

solutions containing the preformed complex were contacted with soil (Table 2 

and Figure 2). This observation also tends to corroborate the conclusion that 

a complex species is being sorbed by the soi 1. In contrast, a strong 

dependence of distribution coefficient on complexant concentration results 

when the uncomplexed radionuclide is the sorbed species, as illustrated by the 

Eu/EDTA/Hanford soil system data also presented in Figure 2. The markedly 

lower sorption of Ni measured at lxlo-3!!. EDTA may mean that a more highly 

TABLE 2. Pseudo-Equilibrium Data for Ni/EDTA/ORNL Soil System 

Tube 

682 

651 

643 

652 

653 

586 

683 

Total EDTA 
Added, M 

l.Dx1o- 7 

1.Dx1o-6 

3.5x1o- 6 

1.Dx1o-5 

3.5x1o- 5 

1. Dx 1o-4 

l.Dx!o- 3 

(a) 0.033 g soil/ml solution. 

pH 

5.9 

14 

Ni in Solu(i~n, 
% of Total a 

Apparent 
Kd, ml/g 

22 120 

31 67 

33 61 

39 47 

46 35 

57 23 

87 4.5 
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complexed (thus, less sorptive) species becomes more important at higher 

concentrations. 

Another difference observed at the higher EDTA concentrations is that 

more presorbed (uncomplexed) Ni is removed from the soil by the EDTA 

solution. Figure 3 contains data obtained with 1x1o-4 .!:1_ EDTA in precomplexed, 

second contact, and presorbed (uncomplexed) experiments (precomplexation and 

presorption times of 3 days were used in these experiments, as before). The 

precomplexed and second contact experiments both indicate the rapid attainment 

of a pseudo-equilibrium position, as was the case at the lower EDTA 

concentration (Figure 1). However, the fraction of the presorbed 

(uncomplexed) Ni that is removed from the soil is appreciable at this high an 

EDTA concentration, and increases slowly with time. This shows that the 

behavior of Ni in this system depends less on whether the Ni is precomplexed 

or presorbed at high EDTA concentrations than it does at low EDTA 

concentrations. 

Other evidence for the sorption of a Ni-EDTA species by Oak Ridge soil 

was obtained in experiments using 14c-labeled EDTA. Two experiments were done 

with 1x1o- 6 .!:1_ EDTA and 0.033 gfml of ORNL sot 1, one without Ni and one with 

5x1o-7 M Ni. The concentration of EDTA found to remain in solution on contact 

with the soil was about 1.3x1o-7 .!:1_ lower in the experiment containing Ni, 

indicating that sorption of a Ni-EOTA complex was indeed occurring. If this 

difference was due to the sorption of a 1:1 complex of Ni-EDTA (and no other 

sorption of Ni occurred), then about 3.7x10- 7 .!:1_ Ni remained in solution and 

the Ni Kd was about 10 (compared to the value of nearly 100 expected for these 

conditions from the data of Table 2). It is necessary to assume sorption of a 

3:1 complex of Ni-EDTA to bring the two sets of data into conformance. 

However, the uncertainty resulting from a small difference between large 

numbers makes such a conclusion highly speculative. 

The sorption of the Ni -EDTA complex by Oak Ridge soil retards the 

migration of the kinetically inert complex in pseudo-equilibrium with the 

soil; that is, the Ni will migrate less rapidly than if the complex were not 

sorbed by the soil (as is the case with Hanford soil). However, the Ni will 

still migrate more rapidly than if EDTA were absent. For example, the data 

from the presorbed experiment shown in Figure 1 allow estimation of apparent 

Kd > 2 x 103 for uncomplexed Ni; this value is much higher than those measured 
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with precomplexed Ni (Figure 2). The Ni will also migrate more rapidly than 

if the complex were not kinetically inert, so that rapid dissociation could 

occur as the free EDTA concentration is reduced by complexation of soil­

derived elements, and the uncomplexed Ni could then be sorbed by the soil. 

The question of sorption of a Ni-EOTA complex was also addressed with 

Savannah River soil, but with less conclusive results. Hhen precomplexed Ni­

EDTA solutions were contacted with Savannah River soil, the fraction of the Ni 

that was sorbed rapidly was not highly dependent on EDTA concentration (Figure 

4). This behavior is similar to that observed with Oak Ridge soil and thus 

suggests the sorption of a Ni -EDTA complex in this soil system also. However, 

at EOTA concentrations below about 1x1o-4 .!i_, this rapid initial sorption was 

followed by a continued slow sorption so that the pseudo-equilibrium position 

that was evidenced with Oak Ridge soil was not maintained. 

Thus sorption of a Ni-EOTA complex by Savannah River soil apparently does 

occur. However, the pseudo-equilibrium position is not very stable, and 

adjustment towards the true equilibrium position occurs over a period of 

several months. The pseudo-equilibrium positions initially attained in this 

system give Ni Kd values approximately 30 to 50% higher than those measured 

with ORNL soil (Figure 2). 

The behavior of Ni in presorbed experiments with Savannah River soil also 

differed from Oak Ridge soil experiments. rn the Oak Ridge soil system, very 

little Ni was leached from the soil by 3.5x1o-6 .!i_ EOTA when the Ni had been 

sorbed in the absence of complexant, and there was a large difference between 

the fractions in solution in precomplexed and presorbed experiments (Figure 

1). With Savannah River soil, however, a significant portion of the Ni was 

leached quite rapidly, and there were only moderate differences between the 

fractions in solution in precomplexed and presorbed experiments (Figure 5). 

The pattern observed in the presorption experiment, an initial increase in Ni 

concentration followed by a decrease, had been observed earlier (Swanson 1982) 

in the Co/EDTA/Savannah River soil system. 

The reason for the enhanced stability of the sorbed Ni-EDTA complex in 

the Oak Ridge soil system relative to the Savannah River soil system is not 

known. The difference in stability could be due to differences in solution 

properties or in the soil geochemistry. No data are available in the latter 
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area with the specific soils used here. Comparison of measured properties of 

solutions contacting the two soils failed to provide any obvious clue. 

The solution pH values are comparable (-5.5) with the Oak Ridge and the 

Savannah River soils, and the concentrations of major soil-derived elements 

are similar, as will be shown later. Differences were found in the trace 

element content of the soil leachates, but it is not clear that these 

differences would explain the differing stabilities of the sorbed complexes in 

the two soil systems. Cobalt was found in EDTA leachates of Oak Ridge soil, 

but not of Savannah River soil. EDTA leachates of Savannah River soil 

contained several times more Cu and Mn than did leachates of Oak Ridge soil; 

these elements were present at about lxlo-6!:!. in a 5xlo- 5 !:!_ EDTA leachate. 

Basolo and Pearson (1967) discussed a rapid exchange reaction of Cu with Ni­

EDTA, which would appear to explain the observed differences in apparent 

stability of the pseudo-equilibrium positions in the two soil systems. 

However, these authors also point out that the rate of exchange of Fe with Ni­

EDTA is even more rapid. Since much Fe is present in leachates of both of 

these soils, it does not appear reasonable to attribute the observed 

differences in apparent stability of the pseudo-equilibrium positions in the 

Savannah River and Oak Ridge soil systems to the difference in Cu content of 

the l eachates. 

The rapid exchange of Fe with Ni-EDTA may, however, provide at least a 

partial explanation for the more rapid dissociation of the Ni-EDTA complex in 

Savannah River soil systems than in Hanford soil systems. 

Co-EDTA Complex Sorption 

The conclusion that sorption of a complexed species itself was occurring 

with Oak Ridge soil was first reached while studying the Co/EDTA/Oak Ridge 

soil system. Because of the added uncertainty of an oxidation state change in 

the cobalt case [EDTA-complexed cobalt in air-saturated solutions is likely to 

be Co(III) while the cobalt will be Co(rr) in the absence of complexant], the 

subsequent work emphasized Ni, which is present as Ni(II) whether complexed or 

not. However, the early data with Co are pertinent and are presented here. 

When a solution containing 3.5xlo-6 .!:!_ EDTA and 4xlo-8 .!:!_Co was contacted 

with Oak Ridge soil, the concentration of Co in solution rapidly decreased to 
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a value which remained essentially constant over a 40 day time period (the 

open circle data of Figure 6). ~~hen most of the solution was removed and 

contacted with a second portion of soil, essentially the same 

Co was rapidly attained (the filled circle data of Figure 6). 

distribution of 

Addition of 

fresh EDTA solution to the soil and residual solution from the first contact 

also rapidly gave essentially the same distribution of Co (the filled triangle 

data). These results show that an apparent equilibrium condition was rapidly 

attained in these three tests. However, since other tests showed that a much 

higher distribution of Co was attained (in these time periods) when soil which 

had sorbed uncomplexed Co was contacted with EDTA solution, it was obvious 

that the apparent equilibrium condition observed in the precomplexed 

experiments (Figure 6) must be only a pseudo-equilibrium condition that 

involved sorption of a Co-EDTA complex. 

The results of all the tests in the Co/EDTA/ORNL soil system are 

summarized in Table 3. These data show the same features as those discussed 

earlier for the Ni/EOTA/Oak Ridge soil system: 

• poor agreement between precomplexed and presorbed (uncomplexed) 

experiments at low EDTA concentrations (Tubes 629 and 632) 

• good agreement in second contact experiments (Tubes 603 and 618) 

• good agreement between precomplexed and presorbed (complexed) experiments 

(Tube 6!8) 

• small change in Kd values with large change in EDTA concentration in the 
precomplexed experiments. 

Other important points from these data are: 

• The Kd value for the pseudo-equilibrium positions attained during these 
time periods in the precomplexed experiments is independent of Co 

concentration and soil-to-solution ratio. 

• The Kd values for the pseudo-equilibrium positions in the Co/EDTA/ORNL 

soil system are approximately one-fifth those measured in the Ni/EOTA/Oak 

Ridge soil system {Figure 2). 

• At the higher EDTA concentration (lxl0-4 .!:!_), the agreement between 

precomplexed and presorbed (uncomplexed) experiments is fairly good, 

suggesting that a true equilibrium position is more easily achieved at 

higher EDTA concentrations. 
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TABLE 3. Summary of Test Results for the Co/EDTA/Oak Ridge Soil System 

Total EDTA Total CO g Sci 1 I CO in Solut1on,(a) Apparent Kd, Second Contact(b) Soil Leach(c) 
Tube Added L..!!_ Added 1 M ml Solution .£!! % of Total mlLg Kd 1 mlLg Kd I mLLg 

Precomelexed Exeer1ments 

603 l.Oxlo-6 2xto·B 0,033 s.a 72 12 12 

629 J.Sxlo-6 2xto·8 0,033 73 11 

S94 J.Sxto-6 Sxlo-8 0,033 S.6 73 11 

N 619 J.Sxlo-6 5xlo-8 0,033 74 11 .,. 
618 J.Sxl0-6 4xlo-8 0,10 s. 7 54 ' 12 8 

649 l.lxl0-4 SKl0-8 0,033 88 4 

Pre sorbed (Unco~ 1 exed) Ex(!:erf ment s 

6Jz(ct) J,Sxlo-6 2xlo-8 0.033 38 49 

62l(e) J.Sxl0-6 2x to-8 0.033 5.7 23 100 

6so(ct) l,Oxl0-4 5x to-8 0.033 81 7 

<• I After -5 days, 
{b I Solution separated from soil and contacted with a second portion of soil. 
{,1 Soil separated from solution and leached with a fresh portion of solution. 
{ o I One day sorption time allowed before EDTA added, 
<• I Nine day sorption time allowed before EDTA added, 



It is of interest to compare these data with those of Means, Crerar, and 

Duguid (1978) in their paper discussing the migration of a Co-EDTA complex 

from an Oak Ridge burial site. They reported Kd values ranging from 7 to 65 

mL/g (most near 30) for the Co in soil and water from various wells in the 

ORNL burial grounds, at EDTA concentrations of approximately 3.4x1o-7 M. 

These values are higher than those measured here, but are of the same order of 

magnitude. 

Earlier Work On Complex Sorption 

Several earlier studies have been reported in which the sorption of a 

metal-organic ligand complex was either demonstrated or inferred. Davis and 

Leckie (1978) showed that the sorption of Cu(II) by amorphous iron (III) oxide 

was increased (at certain pH values) by glutamic acid and by 2,3-pyrazine­

dicarboxylic acid, and that an increase in Ag(I) adsorption on a-quartz 

resulted from addition of ethylenediamine. These authors point out that the 

actual mechanism of adsorption could involve either complexation of the metals 

by adsorbed ligands or adsorption of the metal-ligand complex, and that these 

two possibilities are thermodynamically indistinguishable. 

Sibley, Sanchez, and Schell (1981) found that the sorption of Co in 
sediment-water systems from Lake Washington and the Hudson River estuary was 

increased by the addition of 1,10-phenanthroline or 1-nitroso-2-naphthol, but 

decreased by the addition of EDTA. Means (1982) observed greater adsorption 

of metals by clays in the presence of oxalic acid, and identified adsorption 

of the oxalic acid-metal complex itself as one possible explanation. 

Weiss and Columbo (1980) studied the effect of EDTA on sorption of Co and 
Am by commonly encountered soil-forming minerals (shale, montmorillonite, 
kaolinite, illite, limonite, and vermiculite). The EDTA generally reduced 

sorption, but with montmorillonite the Co sorption was not affected, and the 

Am sorption was increased. Weiss and Columbo suggest that this behavior 

results from the adsorption of organic molecules by montmorillonite-type clays 

and comment that the presence of such clays in the soil around a disposal 

trench would tend to counteract the increased migration potential of organo­

radionuclide complexes. 

Norvell and Lindsay (1982) studied the sorption of the Fe-EDTA chelate; 

their data allow calculation of Kd=l mL/g for this chelate on a Colorado 
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soil. Lahav and Hochberg (1975) report Kd=0.57 ml/g for the Fe-EDTA complex 

on a sandy soil. 

In their study of the EDTA-enhanced migration of Co at Oak Ridge, Means, 

Crerar, and Duguid (1976) noted that whether the Co is adsorbed as an 

uncomplexed ion or as an entire complex was not known, but that their 

experiment suggested that the uncomplexed ion was the species which was 

sorbed. This question was not addressed in their final publication (Means, 

Crerar, and Duguid 1978). 

Except for the work of Weiss and Columbo (1980), these examples of the 

sorption of metal-organic ligand complexes were either too atypical of low­

level waste disposal conditions or too indefinite in proof to emphasize the 

potential importance of this phenomenon, with the result that it was generally 

overlooked in radionuclide migration considerations. 

COMPLEXANT DECOMPOSITION AND SORPTION 

Tests conducted this year have confirmed earlier indications (Swanson 

1982) that citrate decomposition was occurring during the course of 

radionuclide sorption experiments. Results of similar studies with EDTA are 

also presented; decomposition was observed in both Hanford and Savannah River 

soil systems, and sorption was observed with Savannah River and Oak Ridge 

soils. 

Citrate Decomposition 

Previous results with citrate complexant suggested that citrate was 

decomposing fairly rapidly under the experimental conditions (Swanson 1982). 

Such decomposition has now been proved in experiments in which citrate 

concentration was followed by using ion chromatography (IC) or 14c-Tabeled 
citrate. 

The results obtained with Hanford soil and two different concentrations 

of citrate are given in Figure 7. At an initial citrate concentration of 

0.0051:!_, nearly all of the citrate had decomposed within 10 days. There was 

general agreement between an experiment using IC and one using 14c-labeled 

citrate. 
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A similar experiment using IC was done with Savannah River soil. The 

results fell between those obtained by the two analytical methods with Hanford 

soil. Thus, the rate of citrate decomposition is essentially the same in the 

two soil/groundwater systems. 

At a citrate concentration of O.Ol5l:!_, the initial rate (mole/day) of 

citrate decomposition was about the same as at 0.05 M citrate. The reaction 

then slowed, however, and a longer time was required for complete destruction; 

the 0.015 M citrate data are fit quite well by assuming a first-order reaction 

with a half-life of 9 days. The possibility that the decrease in 14c 

concentration was due to sorption or precipitation of citrate, rather than to 

decorrposition, was ruled out by the following test. The citrate concentration 

was increased to 0.2 M with non-labeled citrate and the mixture shaken for 4 

days. No 14c reentered the solution, so it was concluded that none of the 

initially-added citrate remained to exchange with that added later. 

This possibly complex reaction was not examined further. However, the 

evidence is clear that citrate decomposition is quite rapid in these 

soil/groundwater systems. This lends support to the thesis (Swanson 1982) 

that citrate-containing nuclear wastes would be much less hazardous than 

wastes containing more stable (and stronger) complexants such as EDTA. 

EDTA Decomposition and Sorption 

Experiments were also conducted to address the behavior of EDTA under the 

conditions used in the radionuclide sorption experiments. Figure 8 presents 
the results obtained with three different soils {Hanford, Savannah River, and 

Oak Ridge) and two different methods of analysis (gas chromatography and 

counting of 14c-labeled EDTA). Very poor agreement was obtained between the 

two analytical methods; it is more likely that the gas chromatographic values 

are correct because that method is specific for EDTA, whereas the 14c method 

cannot distinguish between EDTA and partial decomposition products of EDTA 

which also remain in solution. 

The two-fold reduction in EDTA concentration observed during a 2 month 

time period, plus the evidence that EDTA decomposition products (which may 

themselves be complexants) remain in solution, indicate that quantitative 

interpretation of long-term radionuclide distribution experiments will be very 

difficult. However, such experiments are still important because they 

parallel the behavior that will be observed in the environment. 
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Another point should be made regarding the stability of EDTA (and other 

complexants); that is, that insufficient data currently exist to predict 

accurately the degradation rates of complexants in the environment. Means and 

Alexander (1981) point out that a major discrepancy exists between laboratory­

measured biodegradation rates of EDTA and the persistence of EDTA in 10 to 20 

year-old wastes at the Oak Ridge and Maxey Flats disposal sites. These 
authors comment that the true indication of a chemical's persistence in the 

environment comes from actual field data. 

While the experiments with 14c-labeled EDTA appear to be meaningless 

insofar as EDTA stability is concerned, they should be of value in studying 

sorption of EDTA by the soils. Sorption is a rapid reaction which should be 

complete before EDTA decomposition proceeds to a significant extent. The 

initial rapid drop in EDTA concentration observed with Savannah 

River and Oak Ridge soils (Figure 8) is thus attributed to EDTA sorption. No 

sorption of EDTA by Hanford soil was observed. 

EDTA sorption data obtained at lower concentrations are shown in 

Figure 9. The fraction of the EDTA that was rapidly sorbed by the Oak Ridge 

soil increased slightly as the EDTA concentration decreased, being about 60% 

at 2x1o- 7 .!:!_ EDTA and 40% at 1x1o-6 .!:!_ EDTA (these fractions give Kd values of 

about 45 mL/g and 20 mL/g, respectively). As before (Figure 8), the 14c 

content of the solution then increased gradually, presumably due to 

decomposition of the EDTA into species that are not sorbed by the soil. 

LEACHING OF ELEMENTS FROM SOILS 

The potential importance of elements leached from the soil on the effect 

of organic complexants on radionuclide sorption was recognized in the earlier 

work (Swanson 1981 and 1982), but little data was obtained. Data obtained 

this year on the leaching of elements from the various soils are contained in 

the appendix and will be discussed here. 

A simplified comparison of the leaching of elements likely to be 

complexed from the three soils examined is contained in Table 4. EDTA in the 

Hanford soil system increases the concentrations of Ca and Zn in solution; 
surprisingly, the concentrations of these two ions increase more than the 

concentration of EDTA added (by a factor of 2.6). There is little or no 

leaching of Al or Fe from the Hanford soil. With Savannah River soil, EDTA 
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TABLE 4. Complex-Forming Elements Leached from Soils(a) 

Mx1o4 oM/ 
Soil Leachant pH Ca Zn = Hn Al Fe l!.Mxlo4{b) M Complexant - -

Hanford H20 8.4 1.0 0.09 -- -- 0.02 

5xl0· 5 M EDTA 8.7 1.9 0.42 0.02 0.03 0.005 1.29 2.6 

Savannah 
River H20 5.3 0.17 0.19 0.008 -- 0.012 

5xlo- 5 M EDTA 6.5 0.12 0.16 0.005 0.09 0.39 0.47 0.94 

~ 5xlo-4 M EDTA 6.2 0.13 0.26 0.026 3.0 1.4 4.4 0.90 

Oak 
Ridge H20 5.8 0.04 0.04 00 00 0.03 

1xlo-4 M EDTA 5.8 0.12 0.12 -- 0.06 0.74 0.93 0.93 

1xlo-3 M EDTA 0.15 0.61 1.1 3.3 5.6 10.7 1.07 

lxlo-4 M EDTA 0.20 0.26 0.09 1.2 0.70 2.34 2.34 

1xlo·3 M EDTA 2.8 0.92 4.9 32 34 75 7.5 

(a) In -2 weeks; 0.033 g soil/ml solution. 
(b) Total tncrease due to the complexant. 



causes large increases in the concentrations of Fe and Al, and the magnitude 

of this increase is approximately equal to the concentration of EDTA added. 

Large increases in Fe and Al concentrations also result from the presence of 

EDTA in the solution contacting Oak Ridge soil, and Mn and Zn are also 

significantly affected. 

With EDTA and both the Oak Ridge and Savannah River soils, the sum of the 

concentration increases of these elements was essentially equal to the 

concentration of EDTA added. This result is probably somewhat coincidental, 

as will be discussed later, especially since sorption of appreciable fractions 

of EDTA was observed earlier. However, with NTA the sum of the concentration 

increases was greater than the concentration of NTA added, especially at the 

higher NTA concentration. 

With concentrations of complexing metal ions equal to or greater than the 

concentrations of ligand, as observed here, the concentration of free ligand 

(which is what is important to radionuclide-ligand equilibria) is very low. 

Norvell (1972) calculated that a 1x10-4 !:!.. EDTA solution in equilibrium with 

H+, ca 2+, Mg 2+, Al3+, and Fe 3+ at a pH of 6 would contain only about 1x1o-11 M 

free EDTA. This is sti 11 sufficient to complex Ni quite strongly; the ratio 

of complexed Ni to uncomplexed Ni would be about 1x104:1 in such a solution 

(Norvell 1972). 

The data of Table 4 are intended to provide a gross qualitative 

comparison of the leaching of elements from the three soils; more detailed 

examination of the data presented in the appendix is also instructive. Figure 

10 contains data obtained with Savannah River soil at two EDTA concentrations; 
the soil-derived elements Fe, AT, and Zn are plotted (as a ratio of their 

concentration to the added EDTA concentration}. Aluminum increases rapidly at 

first, much more rapidly than Fe, but Al later decreases as Fe increases. The 

replacement of Al in solution by Fe is predictable from the magnitude of the 

EDTA complex stability constants (and the limited solubility of uncomplexed 

Al); as seen in Table 5, the Fe(III}-EDTA stability constant is about 1x109 

times greater than that for Al-EDTA, and the solubility of uncomplexed Al is 

only about 1x1o-12 !:!.. at pH 7. The initial rapid increase in AT concentration 

is presumably because more Al than Fe is present in the soil in a rapidly 

leachable form. The stability constant for the Zn-EDTA complex is 

approximately the same as that for the Al complex, so the Zn-EDTA complex must 
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TABLE 5, Properties of Soil-Derived Metal Ions 

EDTA Complex NTA Complex Solubility Product 

f1eta 1 Ion 
Formati?n 

Constant a) 
Formatio~ 
Constant a) 

of Amorph?gl 
Hydroxide 

ca 2+ 3.2x1D11 6.3x107 5. 5x1o- 6 

Mn 2+ 3.2x1o14 1.3x108 1. 9x1o-13 

Zn 2+ 1.6x1D17 1.6x1o11 1.2x1o- 17 

Al 3+ 4,0x1o 17 4 .0x10ll 1.3x1o-33 

Fe 3+ 3.2x1o26 l.Ox1o17 4xlo-38 

(a) Norvell (1972). 
(b) Dean (1973). 

also dissociate (along with the Al complex) as the Fe content increases. 

However, the Zn can remain in solution because the solubility of 

uncomplexed Zn is relatively high at pH values like these (about lxlo- 3 M at 

pH 7 and 1x1D- 1 ~at pH 6). 

In the experiment at 5xl0- 5 .!:!. EDTA (Figure lOa), the sum of the 

concentrations of Fe, AT, and Zn exceeded the concentration of EDTA added at 

all time intervals. Because of the strength of the complexes formed by these 

elements with EDTA, the concentration of uncomplexed EDTA was only a small 

fraction of the added EDTA throughout this experiment. At the higher EDTA 

concentration {Figure lOb), this condition was not reached for about 2 weeks 

(at this soil-to-solution ratio). This variation in time taken to reach 

complexant saturation should be kept in mind when comparing results of 

radionuclide distribution experiments with Savannah River soil at different 

complexant concentrations; the free complexant concentrations may differ much 

more than the total complexant concentrations because of the limited leach 

rates of the soil-derived elements. 

Similar results are presented in Figure 11 for Oak Ridge soil and EDTA 

solutions of different concentrations. The Fe concentration increases more 

rapidly here than with Savannah River soil (Figure 10) so that there is less 

opportunity to see the growth and decline of the Al concentration. This is 

observed at the high EDTA concentration, however, where more time is required 
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for the Fe to reach its maximum value. As with Savannah River soil, the 

time required to leach enough complex-forming metal ions from Oak Ridge soil 

to equal the EDTA concentration increased with increasing EDTA concentration, 

so that the free EDTA concentration varied more with time at the high 

concentration than at the low concentration. The reasons for the apparently 

erratic Zn and Fe data at lxlo- 5 .!:!_ EDTA {Figure lla) are not understood. 

It can be argued that perhaps radionuclide distribution measurements as a 
function of time, as reported earlier {Swanson 1981 and 1982) and elsewhere in 

this report, would be more meaningful if the radionuclides were not introduced 

to the system until after the soil-derived element/complexant reactions have 

reached equilibrium. Such experiments would more closely simulate the 

possible cases where the groundwater contains complexants {perhaps from some 

nonradioactive waste disposal site or industrial activity) before it enters 

the LLW disposal site, and where the groundwater picks up complexants from one 

location in the LLW disposal site before it encounters radionuclides in 

another location. However, such experiments would not simulate the condition 

most likely to occur in a waste disposal site, which is the simultaneous 

exposure of complexant and radionuclide to the soil, as well as the 

experiments that have been done. 

The Oak Ridge and Savannah River soils were also leached with EDTA 

solutions at a soil-to-solution ratio of 0.001 g/ml {33 times lower than 

normally used) to see how much of the various metal ions would leach from the 

soil when an excess of complexant is present. The results are presented in 

Table 6. The Oak Ridge soil contains much greater amounts of readily 
leachable, EDTA-complexable elements than does the Savannah River soil; only 

in the case of Zn are the quantities equivalent in the two soils. 

Other observations from the data of the appendix are: 

• Different results were obtained from two batches of Savannah River soil 

leached with 5xlo-5 M EDTA. The rate of leaching of Fe was greater with 

Batch 1 than with Batch 2, and more Al was found initially with Batch 2 

than with Batch 1. These factors are probably related, as discussed 

earlier. 
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(a) 
(b) 

(c) 

• 

TABLE 6. Readily Leachable Quantitijs of 
Complex-Forming Elements a 

Oak Ridge Soil(b) Savannah River Soil(c) 
14 Da~s 34 Days !4 ~a~s 34 Days 

Ca 1.4 2.0 l. 0 0.7 

Zn 6.5 3.8 4.0 4.4 

Mn 3.9 3. 9 0.04 0.03 

Al 3.0 3.2 0 0 7 0.8 

Fe 7.8 9.0 0. 7 o. 5 

Quantities are (g element/g soi1) x 103• 
0.001 g soil/ml solution; lxlO- M EDTA. EDTA molarity/sum of element 
molarities = 2. -
0.001 g soil/ml solution; Sxlo-4 M EDTA. EDTA molarity/sum of element 
molarities = 4. 

More rapid leaching of Fe from Savannah River soil by SxlD-5 M EDTA 

occurred at a soil-to-solution ratio of 0.10 g/ml than at a ratio of 

0,033 g/ml. This is expected because of the increased surface area. 

• More rapid 1 eachi ng of Fe from both Savannah River and Oak Ridge soi 1 s 

resulted when they were contacted with water for 15 days before EDTA was 

added. 

Although their values are not included in the appendix, some of the soil 

leach solutions contained Ni and Co. The concentrations of these elements are 

of particular interest because they could affect the behavior of Ni and Co 

radionuclides. There appear to be significant amounts of Ni and Co in the Oak 

Ridge soil, but little or none was found (detection limit '"'"'5xl0- 7 .t!_ in our 

experiments) in leachates of Savannah River or Hanford soils. The leaching of 
Co from Oak Ridge soil by EDTA proceeded gradually with time, and was faster 

and more extensive at higher EDTA concentrations (Figure 12). With NTA, the 

leaching of Co was initially more rapid and extensive than with EDTA, but a 

decreasing Co concentration was then observed. This observed decrease may 

have been the result of the greater tendency of NTA to decompose (Means and 

Alexander 1981). No Ni was found in the EDTA leachates, but the Ni 

concentrations found in the NTA leachate were generally about one-half the Co 

con cent rations. 
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These concentrations of soil-derived Ni and Co are much 

normally added with the radionuclide solution 

higher than the 

(-5x!o-9 _li Ni and concentrations 

-5x!o- 8 _li Co). Whether rapid exchange occurs between the atoms from the two 

sources is not known. 

COMPLEXANT EFFECTS 

Earlier results have shown the importance of kinetically inert complexes 

to radionuclide migration. When the rate of complex dissociation is very slow 

and the complex itself is not sorbed by the soil, the mobility of precomplexed 

radionuclides will be much greater than that predicted from equilibrium 

considerations. In the extreme case,_ kinetically inert complexes could 

migrate at the same speed as the groundwater. Rapid dissociation of the 

complexes, so that the uncomplexed radionuclide can be sorbed by the soil, is 

desirable. We have previously reported large differences in the rates of 

complex dissociation with various complexant solutions and with various 

soils. We have now obtained data with two additional complexants and with 

more complicated, commercially available decontamination solutions. 

Commercial Decontamination Solutions 

One of the major uses of organic complexants in the nuclear industry is 

in the decontamination of nuclear power plants. The wastes from these 

activities thus provide a major source of complexants in low-level waste 

disposal sites, unless they are treated before disposal. 

The three commercial decontamination solutions tested here had been used 

in decontamination tests on the Surry nuclear power plant's failed steam 

generator, which is undergoing examination at PNL. The compositions of the 

three solutions tested are proprietary, but their primary ingredients are 

known to include organic complexants. 

Different results were obtained with each of the three solutions, again 

illustrating the fact that all organic complexants should not be considered to 

be equally poor with regard to radionuclide migration. With Hanford soil and 

tenfold dilutions of the solutions (Figure 13}, little or no decrease in 

contained 60co activity was observed over a 40 day contact time with solution A, 

while <10% of the Co remained in solution after only 6 days with solution C. 
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Solution B showed intermediate behavior; the Co concentration gradually 

decreased until only 10% remained after 50 days. 

Solution A was also tested with soil from the Savannah River site. The 

complex dissociated more rapidly in the Savannah River soil case; <10% of the 

Co was still in solution after about 20 days. This behavior is comparable to 

that observed earlier in tests with simple complexant solutions. 

It should be mentioned that there are plans to process decontamination 

solutions by ion exchange before they are disposed of, to separate the 

contained radionuclides from the complexants. If this is done, then solutions 

like those tested here would not be wastes, and the Co behavior observed here 

could be atypical. The behavior of the radionuclides sorbed from·complexant 

solutions onto ion exchange resins would probably be different; this is an 

area that could profit from additional study. 

Additional Complexants 

large differences between the rates of dissociation of Ni and Co 

complexes of EDTA, DTPA, oxalate, and citrate in Hanford soil systems were 

revealed in previous work (Swanson 1982). The strong complexants, EDTA and 

DTPA, formed complexes that dissociated more slowly than the weaker 

complexants, oxalate and citrate. It is well known that there is no necessary 

relationship between the thermodynamic strength of a reaction and the rate at 

which the reaction occurs, so additional complexants were examined in an 

effort to find strong complexants whose Ni and Co complexes dissociate 

rapidly. Rapid complex dissociation is desirable from a waste disposal 

standpoint, while complexant strength may be desirable in decontamination 

operations. 

The additional complexants examined were HEDTA and NTA, which are 

intermediate to those previously examined in the stability of the complexes 

they form with Ni, as shown by the data presented by Norvell (1972): 

Complex 

Ni -DTPA 
Ni -EDTA 
Ni -HEDTA 
Ni -NTA 
Ni -Citrate 
Ni -Oxa 1 ate 

log of Formation Constant 

21.3 
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The Hanford soil system was used in the experiments because that is where 

slow dissociation reactions are more likely to be observed, and Ni was the 

radionuclide used for the same reason. Very slow equilibration was observed 

with HEDTA; in experiments with 2xlo- 6 .!i_ HEDTA, >90% of the Ni remained in 

solution after 2 months of soil contact when the Ni was complexed before it 

was exposed to the soil, and <5% of the Ni entered the solution in 2 months 

when the Ni was sorbed by the soil before the HEDTA was added. Much faster 

equilibration was observed with NTA. 

The results with NTA are summarized in Figure 14. Close agreement was 

obtai ned between precompl exed (ci rc 1 e data) and presorbed (triangle data) 

experiments within about 1 month, indicating that an apparent equilibrium 

position was attained within that time. The data at 2xlo-6 M and 6xlo-6 M NTA 

gave apparent Kd values that decrease approximately in proportion to increases 

in the added NTA concentration. However, a much larger effect was observed on 

increasing the NTA concentration to 2xlo-5 .,t!.. for reasons which are not known. 

Because of its more rapid equilibration with Ni (and presumably also Co), 

it appears that wastes containing NTA would be less of a problem in a waste 

disposal site than wastes containing DTPA, EDTA, or HEDTA. Another factor 

that supports this conclusion is that NTA is more highly biodegradable (Means 

and Alexander 1981) and thus would have a shorter lifetime in the environment. 

OTHER RESULTS 

Partial data were obtained in several different areas of investigation. 

These data are less detailed and definitive, but they do add additional bits 
and pieces of information of potential importance and are presented for 
completeness. 

Difference in Soi 1 Batches 

In addition to the differences in radionuclide behavior among soils from 

the different sites, differences were also observed between different batches 

of soils from the Savannah River site. Batches from the Oak Ridge and Hanford 

sites were not compared. 

Results of precomplexed-type experiments in the Co(II)/EDTA/Savannah 

River soil system with the two batches of Savannah River soil are presented in 

Figure 15. These experiments were performed in an inert-atmosphere glove box 
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to prevent air oxidation of Co(II) to Co(III), which is known to occur in the 

presence of complexants. 

Different behaviors were obtained with the two batches of Savannah River 

soil. The rapid initial sorption of Co is of comparable magnitude in the two 

cases, but the stabilities with time of the rapidly attained positions differ 

widely. l~ith Batch 1 soil, a pseudo-equilibrium position appears to be stable 
for several months, but with Batch 2 soil the initially attained position is 

stable only for a week or two. The initially attained sorption positions 

correspond to a Kd value of about 8 ml/g (2x1o-4 .!:!_ EDTA). This value is 2 to 

3 times lower than that discussed earlier in the Ni/EDTA/Savannah River soil 

system. 

These results emphasize the fact that supposedly similar soil samples can 

give different radionuclide behaviors. Also, as was mentioned earlier, the 

leaching of elements from these two batches of Savannah River soil by EOTA 

solutions presented different pictures. 

Ni /NT A/Oak Ridge Soi 1 System 

Some experiments were done in the Ni/NTA/Oak Ridge soil system, primarily 

to see if sorption of the complex itself is important here, as it was in the 

corresponding EDTA system. The results are confusing, but some of them do 

indicate that complex sorption may occur in this system as well. 

The results of precomplexed-type experiments at three different NTA 
concentrations and presorption-type experiments at two of these NTA 

concentrations are shown in Figure 16. The results of the precomplexed-type 

experiments are similar to those obtained with EDTA (Figures 1 and 3); that 

is, a rapid decrease in Ni concentration followed by an extended period of 
apparent stability. The apparent Kd values calculated from these 

precomplexed-type experiments are 270 ml/g at lx1o- 6 ~ NTA, 110 mL/g at 

1xlo-5 ~ NTA, and 29 mL/g at 1xlo-4 M NTA. The dependence of apparent Kd on 

NTA concentration is less than that observed in the Eu/EDTA/Hanford soil 

system (Figure 2), which suggests sorption of the Ni-NTA complex by Oak Ridge 

soi 1; but greater than that observed in the Ni /EDTA/Oak Ridge soi 1 system, 

which suggests that sorption of the Ni-NTA complex is less important than 

sorption of the Ni-EDTA complex. 
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The results of the presorbed-type experiments in 

soil system (Figures 16b and 16c) are not understood. 

the Ni /NT A/Oak Ridge 

With lx!0- 5 !!_ NTA, the 

Ni found in solution after a few days was in good agreement with that found in 

the corresponding precomplexed-type experiment, but it then decreased 

markedly. With lxlo-4 .!!_ NTA, the Ni found in solution after a few days was 

significantly greater than that found in the corresponding precomplexed-type 

experiment, and continued to increase with time. Obviously, more work is 

required to understand the behavior observed in this system. 

Effect of pH on Ni-EDTA Complex Dissociation Rate 

The earlier work (Swanson 1982) showed that equilibrium was attained much 

more rapidly in Savannah River soi 1 systems than in Hanford soi 1 systems. One 

obvious difference in the two systems is the pH, which is generally in the 

range of 5 to 6 with Savannah River soil and 8 to 9 with Hanford soil. Some 

experiments tested the effect of pH on the rate of dissociation of the Ni-EDTA 

complex to see if it could explain the different results with the two soils. 

An effect of pH was indeed observed, but only at values below those 

encountered with the soils, so this possible explanation for the difference in 

Ni behavior with the two soils does not appear to be valid. 

These experiments were done by preparing a 5xlo-6 .!!_ Ni + 2xlo- 5 M EOTA 

stock solution, aging the stock solution for 7 days, then diluting several 

aliquots to lxlo-8 .!!_ EDTA at different pH values, and allowing the diluted 

aliquots to age for various time periods before portions were withdrawn for 

contacts with Hanford soil. The results of these experiments are given in 

Figure 17. 

The rate at which the Ni-EDTA complex was converted to a species which 

allowed the Ni to be sorbed during brief contact with Hanford soil increases 

markedly as the pH during aging decreases. However, the rate at pH 5.4 is not 

much different than was observed in a companion experiment (discussed in the 

following section), where a diluted aliquot was immediately and continuously 

contacted with soil. This demonstrates that the pH effect is not important in 

the pH ranges developed in Hanford and Savannah River soil systems. 

On decreasing the pH during aging from 5.4 to 3.9, however, a marked 

difference in Ni behavior during soil contact was observed; as the time of 

aging increased, the fraction of the Ni that was sorbed during a subsequent 
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contact with soil increased. This effect was even more pronounced at a pH 

value of 2.9 during aging. 

The data shown in Figure 17 were obtained after only 1 day of contact 

with Hanford soil; in some cases the contact time was extended by 1 week with 

no change in the Ni content of the solution. The pH values measured during 

these contacts were in the range normally encountered with Hanford soil. 

Ni/EDTA/Hanford Soil System 

In the earlier work (Swanson 1981 and 1982) experiments were done in the 

Ni/EDTA/Hanford soil system in which 100% of the Ni remained in solution over 

a period of 1 year. Work done this year did not give the same result, 

although the rate at which Ni was sorbed by the soil was still quite slow. 

The reasons for this discrepancy are not known; they may involve the specifics 

of the preparation of the Ni-EDTA stock solutions, but this was not 

demonstrated. 

An example of the type of results from this year 1 s tests was obtained in 

conjunction with the experiments discussed in the preceding section. A 

diluted aliquot containing 1x1o-8!:!. EOTA of the same stock solution was 

contacted immediately 

cases shown in Figure 

and continuously with soil, for 

17 where other diluted aliquots 

soi 1 • 

comparison with the 

were aged at different 

In this case, 88% of the pH values before being contacted briefly with 

Ni remained in solution after 16 days and 69% remained after 49 days. As 

mentioned earlier, 100% of the Ni remained in solution for 1 year in earlier, 

similar experiments. 

Fe(III) Addition Experiments 

The known strength of the Fe(III)-EDTA complex, and the markedly 
different behavior of the Ni-EDTA complex in the Hanford soil system than in 

the Fe-rich Savannah River and Oak Ridge soil systems, prompted examination of 

the effect of Fe(III) on the behavior of Ni in the Ni/EDTA/Hanford soil 

system. When the preformed Ni-EOTA complex was spiked (to 5xlo-9!.:!. Ni) into a 

solution containing 1x1o-5 1i_ EDTA and lx1o- 5 !:!. Fe( III) only 12 minutes before 

soil contact was begun, the behavior of the Ni was the same as in a similar 

experiment in the absence of Fe (>90% of the Ni remained in solution after 1 

month). However, Fe(III) did have an effect in an experiment employing higher 

concentrations and a longer time before dilution and soil contact under 
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otherwise identical conditions. Only 6% of the Ni remained in solution after 

4 days when the preformed Ni -EOTA complex was spiked (to 4xlo- 7 !:!_ Ni) into a 

solution containing lxlo-3 !:!_ EDTA and 1.5xlo-3.!:!. Fe( III) 3 days before the 

solution was diluted 100-fold and soil contact was begun. 

These data show little effect of Fe( III) on the behavior of the Ni-EDTA 
complex during contact with Hanford soil, but that a large effect can occur 

prior to soil contact. This effect is presumably the dissociation of the Ni­

EDTA complex, caused by preferential complexing of the EDTA by the Fe(III). 

These data indicate that this dissociation does not occur immediately but does 

occur rapidly enough under some conditions that the addition of Fe(III) to 

EDTA-co~taining waste solutions could make the wastes less hazardous from a 

radionuclide mobility standpoint. 
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APPENDIX 

DETAILED DATA ON THE LEACHING OF METAL IONS FR0/1 SOILS 

This appendix contains the detailed results of the work done this year on 
the leaching of metal ions from soils. Some highlights of these results were 

discussed in the text; these detailed results are presented for 

completeness. The first three tables contain solutions under a variety of 

conditions. The fourth table contains the results of leaching Oak Ridge soils 

with NTA solutions. 

A. I 



)> 

N 

TABLE A. I. Metal Ions Leached from Hanford Soil(a) by EDTA 

T1me, q Soi 1 I 
Na 2 EllTA,M ~ ml Solution{b) _£,fi_ Na K 

2 0,033 9.13 8.4 0,46 
14 0.037 8.42 9,0 0,88 
44 0,042 8,2 0.72 
44 (d! 0,042 7. 2 0, 59 

206(d 0,061 B. 7 1.1 

s x w- 5 3 0,033 9.20 7.4 0,49 
5 0,037 9.03 8.5 0,56 

13 0.042 8. 74 8,5 0.49 
21 0,048 8.37 10 0,59 
34 0,056 8.32 10 0,67 
66 0,067 8.14 8.7 0,90 

(a) 150-500 11m sieved portion, 
(b) Ratio varies as solution is removed for analysis, 

lc) lts 1 nr] 2-nm mf>mbrane filter cones, 
d) Sample acidified after filtration, 

Found in Filtered (c) Leachate, M x 104 

~ Ca Zn Mn Al 

0.17 0,33 0.03 -- 0.02 
0.49 1.0 0,09 -- --
0,77 1.6 0.26 0,006 --
O.BO 1.6 0,39 0,007 --
1.3 2.8 0,40 -- --
0.31 1.1 0,26 0,003 0,03 
0,35 1.1 0.34 0,006 0.02 
0,65 1.9 0.42 0.020 0.03 
0,83 2.2 0,60 0.026 --
1.0 2.6 0.55 0.018 --
1.4 3.6 0.34 0,008 --

< 

Fe Si 

-- 3,8 
-- 4.2 
-- 4,5 
0.02 4.4 
0.02 4 .o 

-- 3.4 
-- 3,6 
0,005 4.0 
0,003 4.6 
0,002 4. 7 
0.011 4.9 
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TABLE A.2. Metal Ions Leached from Savannah River Soil{a) by EDTA 

Time, g Soil/ Found in F1ltP.red (c) Leachate, M x 104 

Na 2EDTA,M ~ ml Solution(b) _ell_ ,, k ~ 
,, Zo Mo Al Fe S; 

Batch !!J.. 

2 0,033 6.4 7 1.0 o. 20 0.04 0.11 0.10 .. .. 0,001 0.32 
14 0,037 5. 28 1.6 0.68 0.12 0.27 o. 29 0.012 .. 0,004 1.7 

"!'I 
0,042 1.0 0,31 0,08 0.13 0.21 0.006 .. 0.002 4.4 

z6: d 
0,042 1.0 0.26 0.11 0.21 0.26 0.006 .. 0,013 4.4 
0.061 1.1 0.36 0.07 0.12 0.16 0,002 .. 0,016 5.8 

2l< I 0,033 1 .1 .. .. 0.18 0. 20 .. .. 0.003 o. 26 
51d I 0.038 1.1 .. .. 0.10 o. 21 .. .. 0,005 0.49 

,I d) 0.044 1.0 .. .. 0.17 0.19 0,008 .. 0,012 1.3 
351< I 0.052 1.0 0.2 0.08 0.17 0.14 0,007 .. 0,012 3. 9 

s K w-6 2ld I 0.033 1.1 .. 0.08 0.17 o. 22 .. . . 0,035 0.28 ,. sl' 1 0.038 1.2 .. .. 0.14 0.20 0.006 .. 0.064 0.45 
,I d) 0.044 1.3 .. 0.11 0.18 0.25 0.008 .. 0.053 1.2 w 
191' I 0.052 1.2 0.08 0.22 0.24 0.006 0.06 0.079 2.1 .. 
361' I 0,064 1.0 o. 2 0.09 0,18 0. 22 0.008 .. 0.068 3.9 

s x w- 5 21<1 0.033 2.3 .. .. 0.13 0,20 .. 0,32 0,079 o. 28 
sl<l 0.038 1.9 .. .. 0.10 0.17 .. 0.24 0.16 0.54 ,I d) 0.044 1.9 .. .. 0.12 0.16 0.005 0.09 o. 39 1.3 

t91d) 0,052 2.4 .. .. 0.34 0. 22 .. 0.09 0.49 2.0 
3sl' I 0.064 1. 3 .. o. 21 0.39 o. 20 0,01 0,06 0. 57 3.8 

5 x l0-5(e) old) 0.033 1.1 .. 0.11 0.28 0.27 0.007 0,07 0.046 0.84 
21d) 0.038 2. 3 .. .. 0.16 0.18 0.004 0.35 0.14 1.0 
51 d I 0.044 1.7 0.4 .. 0.14 0,18 0.005 0.15 0.21 1.2 

t21d I 0.052 1.6 .. O.OR 0.20 0.19 0.005 0.05 0.41 1.9 

I• I 150-500 ~m sieved portion, 
I' I Ratio varies as solution is removed for analysis. 
I' I Using 2-nm memhrane filter cones. 

f:l Sam~le acidified after filtration. 
Soi cnntacterl with water for 15 rlays hefore EnTii was arlrlerl. 



TABLE A.2. (cont.) 

Time, q Soi 1 I Fo1md in Filtered (c) Leachdte M x 104 

Na.zEDTA,M ~ mL Solution(h) ....!!!!_ ,, ' ..!'L c, Zo Mo AI Fe Si 

5 X 10-S 3 0.10 5.14 2.4 0.39 0.11 0.27 0.20 0.011 -- 0,26 1.0 
14 0.11 5.34 2. 2 0.08 0.10 0.16 0.22 0.012 -- o. 34 3,4 
51 0.12 5.69 l.7 0.62 0.18 0.22 0.16 0.014 -- a. 32 6,8 
s2ld I 0.12 1.8 0,54 0.18 0.22 0.18 0.015 -- 0.40 6,9 

midi 0,18 2.0 0.56 0.06 0.18 0.26 0.007 -- o. 38 6,9 

5 x 10-4 3 0,033 5.34 12 0.17 0.03 0.17 0.63 0.082 2. 3 0,26 o. 53 
14 0,037 6.15 10 -- 0,05 0.13 0,26 0,026 3,0 1,4 1.8 
52ld I 0.042 6,56 8, 7 0.26 0,05 0,10 0.18 0,054 1.0 3, 6 3, 9 

"" midi 0.050 9,8 -- -- 0.12 0.22 -- -- 4.7 5,4 . 
""' 5 x to- 4 14(d) 0.0010 11 0,2 -- 0.24 0.62 0.008 0.27 0.12 0,16 

34(d) 0.0011 11 -- -- 0.10 0.68 0.006 0.31 0,09 0.11 

Bdtch #1 

5 )( 10-5 3 0.033 6.31 2.7 0.36 0.05 0.09 0.14 0.001 0.05 0.22 1.3 
5 0.037 6. 31 3,0 0.33 0.04 0.08 0.12 0.001 -- o. 30 1.7 

13 0,042 6.53 2.3 0.20 0.05 0.08 0.08 -- -- 0,44 3.2 
21 0.048 6.02 2.4 0.31 -- 0.07 0.13 0.001 -- 0,32 4.1 
34 0.056 6.4 3 3,1 0.28 -- 0.08 0.10 -- -- 0.39 5,3 
66 0.067 6.59 2,5 0. 59 0.05 0.08 O,ll -- -- 0.43 6.4 

I, I 150-~UU 11111 s icved port 1 on. 
{b) Ratio vMies as solution is rerrroved for analysis. 
(c I Using 2-nm membrane filter cones. 
(d) Sample acidified after filtration. 
(e I Soil contacted with water for 15 days before EDTA was adt.Jed. 

,• .. 
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TABLE A. 3. 

' .. 

Metal Ions Leached from Oak Ridge Soil(a) by EDTA 

' . 

Time. g Soi 1/ 
ml Solutlon(b) 

Found in Filtered (c) Leachate 1 M x 104 

Al Na?EUTA,M ~ __£!!.._ Na K __t:1L Ca Zn Mn 

H20 3 0.033 5.94 1.1 0.27 -- 0.04 0.03 -- --
14 0.037 5. 77 1.0 0.17 -- 0.04 0.04 -- --
s2(d I 0.042 5.93 1.2 -- -- 0.08 0.06 -- --

195(d) 0.050 1.4 -- -- 0.09 0,07 -- --
1 x w-5 3(d I 0.033 1.2 -- -- 0.08 0.10 -- --

7(dl 0.038 1.1 -- -- 0.18 0.08 -- --
14(d 0.044 1.4 -- -- 0.06 0.05 -- --
34 (d I 0.052 1.4 -- -- 0.09 0.06 -- --

5 X 10-S 3 0.033 5.86 1.5 0.20 -- 0.07 0.04 -- --
14 0.037 5.79 1.0 -- -- 0.04 0.06 -- --
52 0.042 5.98 1.4 -- -- 0.06 0.05 -- --
521d l 0.042 1.4 -- -- 0.12 0.07 -- --

172 d 0.061 2.0 -- 0.11 0.20 0.10 0.002 0.09 

5 ' 10-5(e) 
"i:l 

0.033 1.6 -- -- 0.18 0.13 0,002 0.03 

i(d) 
0.038 2.2 0.26 -- 0.10 0.10 0.001 0.04 
0.044 1.7 -- -- 0.18 0.09 0.002 0.03 

12(d) 0,052 1.8 -- -- 0.14 0.09 0.001 --
1 x w-4 s(d) 0.033 2.6 0,31 -- 0.16 0.16 -- 0.10 

10( d l 0.038 2.1 -- -- 0.12 0.12 -- 0.06 
1 71d 0.044 1.1 -- -- 0.10 0.10 -- 0.03 
34 d) 0.051 2.5 -- -- 0.14 0.11 0,007 0.05 

1 X 10-J 7(d I 0.033 31 -- -- 0.08 0.55 1.1 1.8 
14 (d I 0.036 31 0.3 0.1 0.15 0.61 1.1 3.3 
34 (d I 0.040 33 -- -- 0.11 0.41 0.81 0.5 

1 x w-3 14(d) 0.0010 11 -- -- 0.36 1.0 0,71 1.1 
34 (d I 0.0011 31 -- -- 0.50 0.58 0.70 1.1 

(a 150-500 ).lffi sieved portion. 
(b Ratio varies as solution is re111oved for analysis. 

1~ 
Using 2-nm membrane filter cones. 
Sample acidified after filtration. 
Soil contacted with water for 15 days before EDTA was added. 

Fe Si 

-- 0.39 
-- 1.8 
0.04 2.8 
0.02 3.9 

0.08 1.7 
0.13 2.2 
0.09 2.6 
0.08 2.9 

0.29 1.4 
0.25 1.8 
0.35 2.9 
0.37 2.9 
0.40 3.7 

0.03 2.4 
0.38 2.4 
0.41 2.6 
0.41 2.5 

0.68 2.0 
o. 74 1.4 
0.71 1.5 
o. 71 1.8 

4.3 1.1 
5.6 4.9 
5.8 1.1 

1.4 0.30 
1.6 0.65 
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TABLE A.4. Metal Ions Leached from Oak Ridge Soil(a) by NTA 

Ti rue, q Soi 1 I 
NTA, M Days ml Solution(h) _£!I_ No 

1 x w-5 3(d) 0.033 1.2 
71' I 0.038 1.1 

l4(d) 0.044 1.6 
34 i' I 0.052 1.5 

1 x Io-4 51' 1 0.033 2.1 
10!' I 0.038 1.4 
ll(d) 0.044 1.1 
34!' I 0.052 2.0 

1 x w-3 7!' I 0.033 2.2 
14 (d I 0.036 2. 2 
34 (d) 0.040 2.6 

(a) 150-500 11m sieved portion. 
(b) Rat10 varies as solution is remo~ed for analysis. 
(c) Usinq 2-nm membrane f11ter cones. 
(d) Sample acidified after filtration, 

• -

K 

--
--
--
--
0,31 
--
0,29 
--
0.46 
0,46 
0,54 

Found in Filtered (c) Leachate
1 

M x 104 

Mq Co ,, 
"" Al 

-- 0.08 0.12 -- 0.04 
-- 0,04 0.07 -- 0.04 
-- 0.05 0,06 -- 0.03 
-- 0.09 0,08 -- 0.09 

0.60 0.50 0.52 0.36 1.9 
0.46 0.38 0.44 0.31 1.7 
0.18 o. 20 0,26 0,09 1. 2 
0.07 0.20 0.26 0,04 1.0 

4. 7 2.8 0.84 2.2 32 
4.9 2.8 0,92 2. 2 32 
5 .o 3.2 1.1 2.6 30 

• ' . • • 

,, ST 

0.04 1. 7 
0.03 2.1 
0.02 2.4 
0.05 2. 9 

0.68 2.5 
0,65 3.0 
0.70 3.0 
0.59 3. 3 

34 12 
34 14 
33 16 
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