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Effect of Natural Organic Materials 
on Cadmium and Neptunium Sorption 

K. Stephen Kung and Ines R. Triay 
Los Alamos National Laboratory 

Abstract 

In a batch sorption study of the effect of naturally occurring organic materials on the sorption of 
cadmium and neptunium on oxides and tuff surfaces, the model sorbents were synthetic goethite, 
boehmite, amorphous silicon oxides, and a crushed tuff material from Yucca Mountain, Nevada. 
An amino acid, 3-(3,4-dihydroxypheny)-DL-alanine (DOPA), and an aquatic-originated fulvic 
material, Nordic aquatic fulvic acid (NAFA), were used as model organic chemicals. Sorption 
isotherm results showed that DOPA sorption followed the order aluminum oxide > iron oxide > 
silicon oxide and that the amount of DOPA sorption for a given sorbent increased as the solution 
pH was raised. The sorption of cadmium and neptunium on the iron oxide was about ten times 
higher than that on the aluminum oxide. The sorption of cadmium and neptunium on natural tuff 
material was much lower than that on aluminum and iron oxides. The sorption of cadmium on 
iron and aluminum oxides was found to be influenced by the presence of DOPA, and increasing 
the amount of DOPA coating resulted in higher cadmium sorption on aluminum oxide. However, 
for iron oxide, cadmium sorption decreased with increasing DOPA concentration. The presence 
of the model organic materials DOPA and NAFA did not affect the sorption of neptunium on tuff 
material or on the iron and aluminum oxides. Spectrocscopic results indicate that cadmium 
complexes strongly with DOPA. Therefore, the effect of the organic material, DOPA, on the 
cadmium sorption is readily observed. However, neptunium is possibily complexed weakly with 
organic material. Thus, DOPA and NAFA have little effect on neptunium sorption on all sorbents 
selected for study. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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INTRODUCTION 

Naturally occurring organic compounds generated during the transformation of plant and animal 
debris over time and as a result of the synthetic activities of microorganisms are ubiquitous in 
surface and subsurface environments. For example, pore water from a well-developed soil 
environment usually contains dissolved organic carbon in quantities greater than 20 mg/l in top 
soils and in quantities of about 5 mg/l in subsoils. Dissolved organic carbon concentrations in 
groundwaters typically depend on the environment and are usually below 2 mg/l (1 \ The 
decrease in concentrations of organic materials with increasing depth is attributed to chemical 
and biological degradation as well as to sorption on mineral surfaces. Sorption of organic 
materials onto mineral surfaces is considered the dominant contributing factor to the removal of 
organics from solution during percolation through the subsurface. 

The interaction between organic materials and mineral surfaces in the natural environment is 
important to mineral surface geochemistry. Sorption of organic material onto mineral surfaces 
affects not only the solubility and charge of the organic materials in solution but also the 
properties of the mineral surfaces, such as their charge and hydrophobicity, thereby altering the 
reactivity of the mineral toward metal ions. A clear understanding of the effects of the organic 
materials that frequently coat mineral surfaces in natural environments will lead to improvements 
in the sorption models used to predict the mobility of heavy metal ions such as radionuclides in 
natural aquatic environments. The objective of the present research is to investigate the effect of 
organic materials on the retention of metal ions by mineral surfaces. 

Sorption experiments defined the sorption behavior of metal and organics on the sorbents iron, 
aluminum, and silicon oxides and a tuff material collected from Yucca Mountain, Nevada. 
Naturally occurring organics and cadmium ions were used in a model system to study the 
multispecies interaction. Batch sorption methods were used to quantify the organic and metal 
sorption. The organic materials were 3-(3,4-dihydroxypheny)-DL-alanine (DOPA), which contains 
well-defined organic functional groups, and a more complexed fulvic material, nordic aquatic fulvic 
acid (NAFA). Neptunium was used as a representative radionuclide. 

EXPERIMENTAL MATERIALS AND METHODS 

Sorbents. Synthetic iron, aluminum, and silicon oxides and a crushed tuff material from Yucca 
Mountain, Nevada, served as model sorbents. Details of the methods for preparing the oxides 
are described in the literature ^ 2 , 3 l In brief, iron oxide was synthesized by reacting ferric chloride 
with dilute NaOH under slightly acidic conditions and was then aged at raised temperature for 
several days. X-ray powder diffraction (XRD) analysis confirmed the oxide to be pure goethite, 
FeOOH. The surface area of the goethite, calculated from N 2 adsorption by the three-point BET 
method, was about 90 rrr^/g. Aluminum oxide was prepared by fast hydrolysis of aqueous 
aluminum chloride with NaOH, followed by mixing and aging. The surface area of the f reeze-
dried material was 324 m2/g. XRD analysis confirmed that this aluminum oxide was poorly 
crystallized boehmite, an aluminum oxyhydroxide, AIOOH. The goethite and boehmite were 
stored in suspensions containing 0.1 M KCI. Solid concentration of these oxide suspensions was 
less than 20 mg/ml. Fumed silica, Si02, of 99.8% purity, obtained from Sigma Chemical Co., was 
used without further purification. This silica was reported to have a mean particle size of 11 nm 
and a surface area of 255 m2/g. The silica suspension was prepared by adding deionized water 
directly to the silica powder. XRD analysis revealed that this silica was an amorphous material. 
XRD analysis of the crushed tuff material (USW G-4 270), obtained from S. Chipera of Los 
Alamos National Lab., indicated that it was about 30% quartz and 69% feldspar, the remainder 
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consisting of trace amounts of layer silicates and iron oxide. Part of the tuff material was treated 
with a 15% hydrogen peroxide solution to remove any natural organic material from the tuff 
surface. The procedure for hydrogen peroxide treatment was adapted from a standard organic 
matter removal method^4). 

Sorbates. DOPA and NAFA were used as model organic chemicals. DOPA, a naturally 
occurring amino acid commonly found in plant seedlings, pods, and broad beans, was chosen 
because it contains well-defined organic functional groups such as carboxylic acid, amine, and 
phenols. The DOPA chemical, purchased from Fluca Chemical Company with purity greater than 
99%, was used as received. The NAFA, obtained from the International Humic Substances 
Society (IHSS), is identified by IHSS as a reference fulvic acid with the code number 1R105F 
and is prepared and homogenized from a designated aquatic source by IHSS. The cadmium 
chloride was purchased from J.T. Baker Chemical Company in powder form with chemical purity 
greater than 99%. Neptunium-237 was obtained from Amersham International (product code 
NGZ-44). The desired concentrations of neptunium were stored in 0.1-M KCI solutions. Under 
the experimental conditions used in this work, the cadmium and neptunium are expected in the 
oxidation states of Cd2+ and Np02 + , respectively. 

Methods. Organic sorption isotherms were obtained by mixing the desired sorbent suspension 
and DOPA in Teflon and polycarbonate centrifuge tubes; the initial DOPA concentrations ranged 
from 20 to 100 u.M. The pH was adjusted by adding 0.05 M NaOH or HCI immediately after . 
mixing. The tubes were capped and shaken for about 20 hours at 22 ±1 °C, after which the solid 
phase was separated from suspension by centrifugation. The supernatant was analyzed for 
unsorbed DOPA by UV spectrometry (Hewlett-Packard 8450A), and the amount of sorption was 
calculated by determining the difference between initial and final concentrations. KCI was used 
as a background electrolyte to maintain an essentially constant ionic strength of 0.1 M. A similar 
method was used for obtaining cadmium and neptunium sorption isotherms. The amount of 
cadmium in solution was determined by cadmium selective electrode (Orion), and the amount of 
neptunium in solution was determined by liquid scintillation counting (Packard 2550-TR/AB). The 
metal ions were introduced into the tubes after the pH in each suspension was adjusted. For the 
multisorbate systems, the organic sorbate was added before the metal sorbate. Solution pH was 
measured after 20 hours of shaking (carbon dioxide was not controlled). For cadmium sorption 
isotherms, initial solution concentrations of 20 to 100 \M of cadmium chloride were used. About 
0.5 to 2 \iM neptunium solutions were used for initial neptunium sorption isotherms unless 
otherwise noted. Preliminary analysis of the results indicated that equilibration time was reached 
within 4 hours. Standard sorbate solutions to which no sorbent was added and which were 
subjected to the same shaking treatment were used to generate standard curves. No sorbate 
sorption onto the centrifuge tubes was detected. A Hewlett-Packard UV spectrophotometer 
(Model 8450A) was used for the spectroscopic study. 

RESULTS AND DISCUSSION 

The isotherms for DOPA adsorption on iron, aluminum, and silicon oxides at different pH levels 
are shown in Figure 1. On a weight basis, aluminum oxide was the most adsorptive whereas 
silicon oxide was the least adsorptive. The adsorption of DOPA on model oxides follows the 
order aluminum oxide > iron oxide > silicon oxide. The linear sorption curves for aluminum and 
iron oxides suggest a low degree of coverage of the surface reactive sites by the organic material 
in the presence of excess potassium chloride. This finding is consistent with the theoretical 
calculation of coverage, which suggests the amount of DOPA sorption is much less than a 
monolayer, based on BET surface area. 
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Figure 1. Isotherms for DOPA sorption onto aluminum, iron, and silicon oxides at different 

pH levels in the presence of 0.1 M KCI. 

Increasing the solution pH resulted in a higher organic sorptivity for all oxides. Under neutral and 
slightly acidic conditions (pH 5.5 to 7), iron and aluminum oxides were expected to have positive 
surface charges whereas silicon oxide was expected to have a negative surface charge <5). 
However, the sorption of DOPA on all sorbents was found to increase as solution pH increased 
despite the fact that the surface charge of silicon oxide is opposite that of iron and aluminum 
oxides. Although the sorption of DOPA is apparently not dependent on surface charge effects 
such as electrostatic attraction, it may be controlled by the deprotonation process of the organic 
material. DOPA is expected to be dominated by neutral species under neutral and slightly acidic 
conditions, but raising the pH level will increase the concentration of deprotonated DOPA species, 
which are expected to have a stronger affinity for oxide surfaces in direct surface complexation. 
Therefore, it is reasonable to assume that DOPA forms direct surface bidentate complexes on the 
oxide surfaces. The occurrence of surface complexation is further supported by the observed 
sorption of catechol on metal oxide, which indicated that catechol chemisorbed on aluminum 
oxide by forming a bidentate complex with surface metal * 6). 

The results of cadmium sorption on aluminum oxide, iron oxide, and tuff material treated with 
hydrogen peroxide at pH 6.2 in the absence of DOPA and in its presence at three concentration 
levels (2, 6 and 10 X 10" 5 M) are shown in Figure 2. The sorption isotherms clearly demonstrate 
that the sorption of metal ions of cadmium onto aluminum and iron oxides was affected by the 
presence of the organic material DOPA. The amount of cadmium sorption on iron oxide was 
lower in systems that contained DOPA than in systems that contained no DOPA. Furthermore, 

4 



the sorptivity of cadmium on iron oxide decreased as the initial DOPA concentration increased 
from 2 X 10" 5 to 10 X 10" 5 M. Apparently the presence of DOPA suppressed the cadmium 
sorption on iron oxide. The inhibition of cadmium sorption on the iron oxide surface in the 
presence of DOPA is probably caused by the lowering of the free cadmium ion activity in solution 
by formation of a DOPA-cadmium complex and/or the competing of surface reactive site on Fe 
oxide between metal ions and organics. 

• Fe w/o DOPA 
• Fe w/2e-5 M DOPA 
• Few/6e-5MDOPA 
A Few/10e-5MDOPA 
• Al w/o DOPA 
a Alw/2e-5MDOPA 
A Alw/6e-5MDOPA 
O Alw/10e-5MDOPA 
M Tuff w/o DOPA 
X Tuff w/2e-5M DOPA 
+ Tuff w/6e-5M DOPA 
a Tuffw/10e-5MDOPA 

0e+0 2e-5 4e-5 6e-5 8e-5 1e-4 

Cd Equilibrium Concentration (M) 

Figure 2. Sorption isotherms for cadmium on tuff material and iron and aluminum oxides 
with and without OOPA at pH 6.2 in 0.1 M KCI. 

Conversely, the amount of cadmium sorption on aluminum oxide was higher in the presence of 
DOPA than it was in the absence of DOPA. In addition, the amount of cadmium sorption 
increased as the initial DOPA concentration increased from 2 X 10" 5 to 10 X 10" 5 M. Evidently, 
the organic coating enhanced the sorption of cadmium on aluminum oxide. Because more than 
95% of the DOPA was retained on the oxide surface, the coating of aluminum oxide with organic 
DOPA provided a favorable environment for cadmium sorption. The enhancement of cadmium 
sorption on DOPA-coated aluminum oxide is likely attributed to the formation of stable surface-
DOPA-cadmium ternary complexes. 

The presence of DOPA had little effect on the sorption of cadmium on treated tuff (Figure 2). The 
lack of an observable effect of the presence and absence of DOPA on cadmium sorption on 
treated tuff probably results from the intrinsically low sorptivity of cadmium on tuff material. Any 
small enhancement or suppression of sorption that might be attributed to DOPA under such a low 
sorptivity would be below the range of the analytical detection limit. Results of this study suggest 
that the model organic material DOPA does decrease the sorption of cadmium ions on tuff. 
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The study also examined the effect of a natural organic on radionuclide sorption onto natural tuff 
material which may have been precoated with the natural organic The standard method for 
removing the natural organic material from mineral samples is to use hydrogen peroxide to 
oxidize the organic matter. In these experiments, a 15% hydrogen peroxide solution was used to 
remove the possibly presorbed natural organic from the crushed tuff material collected from 
Yucca Mountain, Nevada. In sorption experiments conducted to study the effect of the naturally 
presorbed organic on neptunium sorption on tuff materials, half of the samples were treated with 
hydrogen peroxide. Figure 3 shows the sorption isotherms of neptunium on tuff materials 
exposed to hydrogen peroxide and tuff materials not exposed to hydrogen peroxide. Isotherm 
results suggest that treatment with hydrogen peroxide had little or no effect on the sorption of 
neptunium onto the tuff material. 
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Figure 3. Sorption isotherms of neptunium on tuff material treated with hydrogen peroxide 
(open circle) and untreated tuff material (filled circle). 

The lack of effect of hydrogen peroxide treatment on neptunium sorption on tuff materials is 
attributable to three factors. First, the untreated tuff material may contain very little or no organic 
material on its surface. Low organic content on the untreated tuff surface could be expected 
because crushed tuff material is generated from bedrock that may have little exposure to natural 
organic materials. New surfaces generated during the crushing process would not contain 
organic materials, in which case untreated tuff would be expected to behave essentially the same 
as tuff treated with hydrogen peroxide. Second, neptunium has intrinsically low sorptivity on tuff 
material. No observable difference in sorption on both treated and untreated tuff is attributed to 
the low sorption of neptunium on both sorbents. Any minute differences in sorption are likely to 
occur below the level of detection, as was the case for the sorption of cadmium on tuff material in 
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the presence of DOPA (see Figure 2). Third, the sorption of neptunium may be unaffected by 
organic material, assuming that organic materials such as DOPA do not influence neptunium 
sorption on either tuff or aluminum and iron oxides. 

To explore the possibility that the untreated tuff contained little organic material, 4 to 50 u.M of 
DOPA was purposely added to both treated and untreated crushed tuff materials, and the 
sorption isotherms of neptunium on these systems were compared. As Figure 4 illustrates, the 
addition of DOPA had no effect on neptunium sorption on either treated or untreated crushed tuff 
materials. These data thus support the premise that the presence of organic material does not 
affect neptunium sorption on tuff materials. 
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Figure 4. Isotherms of neptunium sorption on hydrogen peroxide treated and untreated 
tuff materials with and without DOPA. 

Because this experiment did not rule out the possibility that the lack of observable effect was a 
result of the intrinsically low sorptivity of tuff materials, the sorption of neptunium on iron and 
aluminum oxides in the absence and presence of DOPA was examined. The sorption of 
neptunium is expected to be much higher on iron and aluminum oxides than on tuff material. 
Thus, any effect of DOPA on neptunium sorption ought to appear in the oxide systems. To verify 
this assumption, sorption isotherms were measured for neptunium on iron and aluminum oxides 
and tuff material in the absence of organic materials with 0.1 M KCI at pH 6.2. The results 
presented in Figure 5 clearly indicate that the sorptivity of aluminum and iron oxides is 
approximately one and two orders of magnitude higher, respectively, than the sorptivity of tuff 
material. Thus, any effect of DOPA on neptunium sorption should be easily detectable in these 
oxide systems. 

Neptunium sorption isotherms on iron and aluminum oxides in the presence of DOPA are shown 
in Figure 6. In this experiment, 0.1 M KCI was used to maintain an essentially constant ionic 
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strength, and the final pH of the suspensions was adjusted to 6.2. The initial neptunium 
concentration ranged from 0.2 to 2 u.M, and the initial DOPA concentration ranged from 4 to 50 
uM. The sorption isotherms of neptunium on aluminum and iron oxides suggest that DOPA does 
not signifieantly affect the sorption of neptunium. In contrast to the study of cadmium sorption on 
aluminum and iron oxides, which found that DOPA does affect the metal ion sorption, this 
experiment found no significant influence of DOPA on neptunium sorption on aluminum and iron 
oxides. These results suggest that neptunium and cadmium sorb onto iron and aluminum oxides 
through different mechanisms. 
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Figure 5. Isotherms of neptunium sorption on tuff material and iron and aluminum oxides. 
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Figure 6. Sorption isotherms of neptunium on iron and aluminum oxides in the presence 
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In a second set of experiments to study the effect of naturally occurring organic material on 
neptunium sorption, NAFA served as the model fulvic material and neptunium as the model 
radionuclide. The sorption isotherms of neptunium on aluminum and iron oxides, in both the 
presence and the absence of NAFA, are shown in Figure 7. Sorption isotherms of neptunium on 
untreated and treated tuff materials are shown in Figure 8. In these experiments, 0.1 M KCI was 
used as the background electrolyte, and the final pH was adjusted to 6.2. Initial neptunium 
concentrations ranged from 0.2 to 3 uM, and NAFA concentrations ranged from 0.1 to 0.4 ppm. 
Like DOPA, NAFA had little effect on neptunium sorption. 
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Figure 7. Sorption isotherms of neptunium on aluminum and iron oxides with and without 
NAFA. 
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UV spectroscopic method was used to study the complexation between DOPA and cadmium. 
The UV spectra of DOPA solution and 1:1 ratio of DOPA-Cd complex at the concentration of 5 X 
10* 5 M under different levels of solution pH were shown in figures 9 and 10, respectively, in 
Figure 9, the DOPA spectra are seen to undergo a bathochromic shift from 280 to 294 nm, with 
the appearance of a new absorbance maximum at 240 nm as solution pH increased. The 280 nm 
absorbance is presumably arisen from the secondary band of the n to re* transition. The 
bathochromic shifts at high pH (pH 9 and above) is probably due to the additional pairs of 
nonbonding electrons on the oxygen atoms which are made available for interaction with the re 
electron orbitals of the ring upon the removal of proton. By comparison, the 280 nm absorbance 
is shift to 299 nm, with the appearance of a shoulder at 246 nm in the presence of cadmium ions 
as solution pH increased (Figure 10). In addition, in the presence of cadmium ions, the 
bathochromic shift of DOPA started at lower pH levels (below pH 8). Apparently, DOPA complex 
fairly strong with cadmium. In contrast, neptunium was found to complex weakly with a natural 
humic material which was extracted from a groundwater (7). The relatively weak complexation of 
the pentavalent neptunium ion is a result of its relatively low effective charge on the cation (8). 
Thus, In the model systems studied in the work reported here, it is reasonable to suggest that 
because neptunium complexes weakly with DOPA, DOPA has little effect on neptunium sorption 
on all sorbents selected for study. Conversely, cadmium complexes strongly with DOPA so that 
the effect of the organic material on the metal sorption is readily observed. 

WAVELENGTH (nm) 

Figure 9. UV spectra of DOPA at different levels of solution pH. DOPA concentration at 5 X 
1 0 - 5 mole/I. 
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Figure 10. UV spectra of 1:1 ratio of Cd and DOPA at different levels of solution pH. 
Concentration of Cd and DOPA at 5 X 10" 5 mole/I. 

CONCLUSIONS 

From the sorption data, the following conclusions can be drawn concerning the effect of natural 
organic materials on metal sorption by iron, aluminum, and silicon oxides and crushed tuff 
material: 

(1) The sorption of model organic material DOPA on oxide surfaces follows the order aluminum 
oxide > iron oxide > silicon oxide. For a given sorbent, the higher the pH, the more DOPA is 
sorbed. Surface complexation is the most likely sorption mechanism. 

(2) The sorption of cadmium and neptunium on iron oxide is ten times higher than that on 
aluminum oxide. The sorption of cadmium and neptunium on crushed tuff material was much 
lower than that on oxide surfaces. 

(3) The sorption of cadmium was influenced by the presence of DOPA on iron and aluminum 
oxides. Increasing the amount of DOPA coating resulted in higher sorption of cadmium on 
aluminum oxide, presumably because of the formation of stable surface-ligand-metal 
complexes. However, cadmium sorption decreased with increasing DOPA concentration in 
the iron oxide system, presumably because of the formation of stable ligand-metal complexes 
in solution. 
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(4) The amount of neptunium sorption was not affected by hydrogen peroxide treatment of 
crushed tuff material. The presence of the model organic materials DOPA and NAFA did not 
influence the sorption of neptunium on tuff or on iron and aluminum oxides. This lack of an 
observable effect is presumably a result of the weak complexation between neptunium and 
the model organics. 
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FIGURE CAPTIONS 

Fig. 1. Isotherms for DOPA sorption onto aluminum, iron, and silicon oxides at different pH levels 
in the presence of 0.1 M KCI. 

Fig. 2. Sorption isotherms for cadmium on tuff material and iron and aluminum oxides with and 
without DOPA at pH 6.2 in 0.1 M KCI. 

Fig. 3. Sorption isotherms of neptunium on tuff material treated with hydrogen peroxide (open 
circle) and untreated tuff material (filled circle). 

Fig. 4. Isotherms of neptunium sorption on hydrogen peroxide treated and untreated tuff materials 
with and without DOPA. 

Fig. 5. Isotherms of neptunium sorption on tuff material and iron and aluminum oxides. 

Fig. 6. Sorption isotherms of neptunium on iron and aluminum oxides in the presence and 
absence of DOPA at pH 6.2. 

Fig. 7. Sorption isotherms of neptunium on aluminum and iron oxides with and without NAFA. 

Fig. 8. Isotherms of neptunium sorption on treated and untreated tuff materials with and without 
NAFA. 

Fig. 9. UV spectra of DOPA at different levels of solution pH. DOPA concentration at 5 X 10" 5 

mole/I. 

Fig. 10. UV spectra of 1:1 ratio of Cd and DOPA at different levels of solution pH. Concentration 
of Cd and DOPA at 5 X 10" 5 mole/I. 
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