
Draft for Review - 03/10/97 

Radiotoxicity of Neptuniumw) 
Towards Chelatobacter heintzii 

James E. Banaszaka9 

Donald T. Reedb* i .&GSj Bruce E. Rittmam" 

a Department of Civil Engineering 
Northwestern University 

2145 Sheridan Road 

w I 4 

Evanston, IL 60208-3109 

bChemicaI Technology Division 
Argonne NationaI Laboratory 

9700 South Cass Avenue 
Argonne, IL 60439 

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. 

t 





f s 

1 

2 

3 

4 

5 

6 

7 

S 

9 

Draft for Review - 03/10/97 1 

Radiotoxicity of Neptunium(V) and Neptunium(V) - Nitrilotriacetic Acid (NTA) Complexes 
Towards Chelatobacter heintzii 

James E. Banaszak'? ' 
Donald T. Reed'* 

Bruce E. Rittmann' 

'Department of Civil Engineering 
Northwestern University 

2145 Sheridan Road 
Evanston, IL 60208-3109 

Chemical Technology Division 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, IL 60439 

2 

*Corresponding author 
e-mail: reedd@cmt.anl.gov 

phone: 630-252-7964 
fax: 630-252-4176 

Abstract 

The objective of this work was to investigate the toxicity mechanisms of neptunium and  the 

nep tuniurn-NTA complex towards Chelatobacter heintzii. O u r  results show that metal 

toxicity of aquo NpOz+ may significantly limit growth of C. heintzii at free metal ion 

concentrations greater than = 105 M. However, neptunium concentrations 2 lo4 M do not 

cause measurable radiotoxicity effects in C. heintzii when present in the form of a 

neptunium-NT-4 complex or  coIloidaVprecipitated neptunium-phosphate. The neptunium- 

NTA complex, which is stable under aerobic conditions, is destabilized by microbial 

degradation of NTA. When phosphate was present, degradation of PITA led to the 

precipitation of an neptunium-phosphate phase. 

mailto:reedd@cmt.anl.gov
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Introduction 

Past practices at U.S. Department of Enersy (DOE) facilities have resulted in the 

contamination of subsurface aquifers with mixtures of organic compounds and radionuclides. 

An important class of mixed contaminants includes co-disposed actinides and organic chelating 

agents, such as nitrilotriacetic acid (NTA) (27). The presence of strong complexing agents in 

subsurface environments can increase dissolved actinide concentrations, leading to enhanced 

radionuclide migration in groundwater (20). 

The extent of NTA-induced migration depends on the long-term stability of the actinide- 

chelate complex. It has recently become clear that microorganisms play an important role in 

subsurface environmental chemistry (4). Microbial activities affect the concentration of 

biodegradable compounds and redox conditions in subsurface aquifers. Furthermore, microbial 

degradation of primary substrates in many cases produces or consumes acid equivalents, 

lowering or raising system pH (28). Therefore, the chemical speciation of redox and acidhase 

sensitive compounds in groundwaters can be largely dependent on biological activities. 

NTA is utilized by some bacteria, including Chelntobacter heintzii, as a sole source of 

carbon, nitrogen, and energy (8). Degradation of NTA by microorganisms decreases chelate 

availability, which modifies the speciation of metals and actinides in the system (3). The actinide 

species may form a complex with other ligands in the system; sorb onto oxides, organic matter 

surfaces, or bacteria cell membranes: or precipitate from solution ( t 3 .29 ) .  

The Speciation of actinides in the subsurface, subsequent to the microbiological 

degradation of the orzanic complexant, is defined by the inorganic (e.g., phosphate, carbonate, 

hydroxy) and organic (humic/fulvic acids) anions present, as well as pH. Of particular relevance 

to this paper. phosphates control metal solubility in some subsurface environments (30). 
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&forsenstern and Kim ( 7 2 ,  determined formation constants for phosphate complexation with 

Np(\') and used chemical equilibrium calculations to predict that neptunium-phosphate 

complexation dominates carbonate complexation at phosphate concentrations 2 10" hl. 

Bioprecipitation of uranium as a phosphate phase was linked to phosphatase-enzyme activity in a 

Citrobacter sp, suggesting that biologically mediated phosphate precipitation may be an effective 

method of removing actinides from contaminated waters (14-16). 

Radioactive elements, such as actinides, are unique because they are potentially toxic to 
. -  

microorganisms via two distinct mechanisms. First, actinide species can be chemically toxic, 

similar to other metals. The uncomplexed metal ions are usually more toxic to microorganisms 

42 than complexed metal species (1,6, 11, 17). Neptunium may inhibit growth in the same manner as 

43 

44 

other metals, for example by binding with proteins necessary for substrate transport or by 

substitution into cofacter metal ion sites (6). Second, microorganisms are susceptible to toxic 

45 

51 

effects caused by the ionizing radiation emitted during radioactive decay @ , I S ,  34). Ionizing 

radiation induces toxicity by causing unrepairable cell damage that prevents cell reproduction or 

causes cell death via several potential pathways. Reed (26) found that radiotoxicity effects of 

plutonium were induced below the absorbed dose threshold due to intimate association of the 

plutonium with C. heintzii. Neptunium, primarily an alpha particle emitter (IO), is potentially 

toxic to microorganisms if alpha particles emitted interact directly with the cell when the 

radionuclide is ingested by the organism during metabolic processes (34): is present in high 

enough concentrations to apply overall radiation doses exceeding the organism's radiation 

threshold (9). or is sorbed extracellularly (26). 
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As part of our continuing investigations of the interactions between actinide species and 

microorganisms, the objective of this work was to explore the potcntial toxicity mechanisms of 
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ncptunium towards C. h im: i i  and establish the stability of the neptunium-NTA complex in the 

presence of aerobic microbiological activity. We found that only the free Np02“ ion inhibited 

groLvth of C. heinrzii and that the toxic effects were mitigated when neptunium was complexed 

with NTA or phosphate or was bound in a neptunium-phosphate colloidprecipitate. 

METHODS AND MATERIALS 

Aquo NpOl’ ion toxicity was determined by growing C. heintzii in a fixed-pH glucose 

media with various neptunium concentrations. The glucose minimal media was used to prevent 

significant complexation with neptunium. Growth in the glucose media was intentionally 

nutrient limited to measure potential short-term toxicity effects. 

In order to determine the stability of the neptunium-NTA complex and the potential 

radiotoxicity of neptunium-NTA towards C. heintzii, variable-pH experiments were conducted in 

a defined mineral salts KTA growth medium and with varying neptunium concentrations. 

Growth- medium speciation during NTA degradation was computed using the dynamic chemical 

equilibrium computer code, CCBATCH (see Appendix A for a brief description of CCBATCH 

and the modeling methodology used for this work), developed at Northwestern University for the 

study of coupled chemical and biological processes (28). Chemical equilibrium calculations 

indicated that the initial dominant neptunium speciation in the medium was 63% NpOzNTA”, 24 

c70 NpO?HPO.C‘, 10% Np02+ and 2% Np02POJ2-. Absorption spectroscopy verified that 

NpO2NTA’- (990.3 nm) was the predominant neptunium species. N ~ O ~ P O J ”  (985.8 nm) could 

not be initially identified spectroscopically due to peak convolution with NpGNTA*-. Growth in 

the NTA experiments was limited only by the amount of NTA available as a primary substrate. 

Initial cell inoculations and total neptunium concentrations for both sets of experiments 

are detailed in Table I .  
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79 

80  

81  

52 

83 

81 

Sample preparation. Chrlntobncter heintzii (XTCC 39600), an obligately aerobic NTA 

deyader. was SroLvn in a defined NTA culture media (3 1) consisting of the following mineral 

additions (in gm per L): KzHPOq, 1.606; KHzPO+ 0.403; NHANO;. 0.499; MgS04.7 H10,0.203; 

CaCIp2 HzO. 0.0200; FeC1;.6Hz0, 0.0027; NTA, 0.999: and NaOH to adjust was the pH to7.0 

& 0.1. Growing cells were harvested in the log phase of growth (600 nm Optical Density (OD600) 

= 0.1); “resting” cells were harvested in post-log phase (OD600 > 0.1). Cells were rinsed three 

times in pH 6.2 2 0.1 0.01 M PIPES (Piperazine-N, N’-bis[2-ethanesulfonic acid]) solution, 

concentrated by centrifugation, and re-suspended in 0.01 M PIPES solution to prepare an 86 

85 

87 

85 

89 

90 

91 

92 

93 

94 

95 

96 

97 

9s 

99 

100 

inoculum with a final OD600 of 0.4-0.6. 

S teriie neptunium-NTA sample vessels were prepared by adding incremental amounts of 

2 95% isotopic purity 237Np stock solution, filtered through a 0.2-pm membrane filter, to defined 

mineral media in 30-ml serum bottles. Three control samples were prepared in a similar manner 

without addition of neptunium. All samples were inoculated with the culture described above. 

Neptunium-glucose experiments were conducted in a minimal glucose growth medium to 

prevent neptunium-organic complexation. The medium was prepared by addition of 0.942 gm/l 

glucose (dextrose) to a 0.01M PIPES solution. The final pH of the solution was adjusted to 6.0 k 

0.1 before 0.3-pm membrane filter sterilization. Aquo Np(V) samples were then prepared by 

adding incremental amounts of sterile neptunium stock. All growth experiments were performed 

in the dark at room temperature (2 1 fi 2°C) under aerobic conditions. 

Sample analysis. 1 -ml aliquots were periodically drawn from each vessel and analyzed for 

biomass production and neptunium-NTA complex stability by measuring the visible light-near 

infra red (VIS-NIR) absorption spectrum from 575 to 1250 nm using a Varian CARY 5 
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1 f 

105 

I06 

spectrophotometer. .A 0.7-ml subsample was then drawn from each aliquot and added to 10 ml 

of Ultima Gold scin[illaion cocktail (Packard); another 0.1 -ml subsample was added to 0.9 mi of 

sterile, deionized u‘xer. The remainder of the aiiquot was filtered through a O.2-pm filter, and 

0.2 ml of the filtered material was added to a second 10-rnl scintillation cocktail. Total 

neptunium concentrations Ivere determined by a-particle scintillation counting of the unfiltered 

preparation. The amount of bioassociated neptunium was calculated from the difference in a- 

107 particle scintillation counts between the unfiltered and filtered samples. All counting was done 

with a Packard model 2500 TR liquid scintillation analyzer. 
. .  

108 

109 

110 

The long term viability of C. heintzii in the presence of neptunium was monitored by 

Colony Forming Unit (CFU) plate counts. The ten-fold diluted subsamples described above 

1 1 1 were used to prepare serial dilutions up to lo‘*: 1. Two 25 pl splits from each dilution were 

112 spread onto 6% Agar-NTA growth media culture plates and observed for colony formation. 

113 Extraction of particulate-associated neptunium was determined by two methods: via 

114 

115 

116 

117 

118 

119 

dilution by the addition of 0.1 ml of unfiltered sample to 0.9 ml deionized water, and via 

recomplexation by addition of 0.1 ml of unfiltered sample to 0.9 ml of 0.001 M NTA solution. 

Colloidal/precipitate neptunium-phosphate characterization was performed by measuring 

the absorption spectra of 0.125 mM Np(V) in the mineral salts media without NTA during NaOH 

titration. A similar procedure was completed on a 0.125 mV1 Np(V)-20 miM H~POJ solution for 

comparison. Xp02POI’- and Np02HPOi species were characterized by comparison with their 

120 known absorption bands ( 2 3 ) .  

Samples for X’TA concentration analysis were prepared by adding 0.2 ml of 0.2-pm I 1 1  

122 

123 

filtered solurion to 1 ml of lo-’ hl HC1. XTA analyses were performed with a Dionex DX-500 

Ion Chromamgraph (IC). The IC was calibrated using freshly prepared NTA standards. NTA 
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peltk location was veriiisd After sample analysis by spiking one sample with additional NTA and 

re - an  a 1 y z i n g . 

RESULTS AND DISCUSSION 

Neptunium toxicity and stability towards Chelatobacter heintzii in giucose growth media, 

Xeptunium-glucose experiments were run at two different initial cell densities to determine if 

potential Np(V) toxicity was related to cell concentration. Microbial growth was tracked for all 

samples for 40 days. Figure l a  shows that NpQf concentrations of 5x10-’ M rapidly inhibited 

the growth of C. heintzii independent of initial cell density. A smaller inhibitory effect was 

observed from lower neptunium concentrations after I O  days. Plate counts of resting cells in the 

presence of 2.5 x 31 NpOz+ showed a 50% loss in viability after I day (data not shown), and 

OD measurements (Figure 1 b) indicated that this concentration of Np02+ caused complete 

inhibition within 200 hours. Although the exact mechanism responsible for growth inhibition 

can not be conclusively discerned from these data, the rapid onset of growth inhibition at Np02+ 

concentrations > 5 x lo-’ M suggests that neptunium inhibition is chemical rather than radiolytic 

in nature, since the damage caused by ionizing radiation is a function of the absorbed radiation 

dose, a time-dependent parameter 

Neptunium partitioning between aqueous and particulate phases was monitored in these 

experiments by absorption spectrometry and alpha scintillation counting of unfiltered vs 0.2-pm- 

filtered samples. The NpO2’ concentrations determined from VIS-NIR spectrometry shown in 

Figure 2 indicate that the Np(V) concentration was stable over the course of the experiment. 

However, scintillation counting showed that 0 to 20% of the 237Np was associated with the 

particillate phase (data not shown). Since the most significant partitioning was measured in 

samples with hish neptunium and biomass concentrations, we believe that the scintillation 
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partitioning results are an artifact of the filtration procedure. rather than an indication of 

significant biosorption. !Ve Lvould not expect biosorption to be a significant mechanism in the 

Np(V) system. since NpO-' sorption on organic surfaces is much less significant than that of 

Np(IV), due to the l q e  difference in charge between the ttvo ions (29). 

Stability of the Np-NTA complex during NTA degradation. The growth rate of C. heintzii in 

NTA mineral media could be expected to be adversely affected by the presence of neptunium in 

two ways. Because NTA is a strong chelator, most neptunium in solution will form a neptunium- 

NTA complex, effechvely rendering a portion of the NTA unavailable for biological utilization. 

However, chemical equilibrium speciation calculations predict that even the highest 

concentration neptunium sample could only complex with = 2% of the initial NTA in solution. 

Thus, the concentration-dependent growth rate of C. heintzii should remain unaffected by the 

amount of neptunium present in these experiments, as long as sufficient excess NTA is present. 

The second possible mechanism that could affect the biological growth rate is the 

potential toxicity of neptunium towards C. heintzii, either as a result of metal toxicity (free ion) 

or due to radiolytic (free or complexed neptunium) effects. Results from the neptunium-glucose 

experiments showed that significant metal toxicity would not be expected unless the 

concentration of the free Np(V) released from the NTA complex exceeded 5 x lo-' M. In order 

to isolate potential radiotoxicity effects from neptunium chemical toxicity, the minimum starting 

NTA:neptunium ratio for these experiments was 50: 1. Chemical speciation calculations 

indicated that the highest free NpO?' concentration w'as 1.3 .y lo-' hl under the initial conditions; 

therefore, the chemical toxicity effects from the free ion should have been small. 

Figure 3 shows the growth of C. heinrzii in NTA mineral media in the presence of 

increasing neptunium concentrations. Growth appeared to be unaffected by neptunium 
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concentiations up ta 10'' bI. a result verified by viable plate counts taken during the course of the 

experiments: Culture plates prepared after 45 days showed that cells grown in the presence of 

M neptunium had similar colony numbers to the control samples, suggesting that 

radiotoxicity was not important at this concentration. The dose-to-solution at the highest 

neptunium concentration is well below the lethal external radiation dose for C. heintzii, 330 Gy 

(33 Krad) (26): At a neptunium concentration of 1.25 x lo-' M, the effective ionizing radiation 

dose is =: 0.05 Gy (5 rad) per day, or approximately 2.5 Gy (0.25 G a d )  over the course of the 48 

day experiment. 

Previous work by Reed (26) in the Pu(W)-NTA system showed that radiolytic effects, due 

to preferential association of Pu(IV) with the biomass, were observed at radiation doses below 

the lethal dose. Figure 4 shows the amount of neptunium associated with C. heintzii, as 

determined by w-particle scintillation counting of 0.2-pm filtered vs. unfiltered samples. 

Partitioning to the solid phase was negligible for the first 250 hours, but then rapidly increased. 

Figure 5 illustrates that, at the end of the experiment, the amount of neptunium in the filtrate was 

roughly proportional to the total neptunium concentration in solution. 

Although Pu(IV) associated with C. heintzii cells was not readily extractable with EDTA 

(26) ,  0.001 hl XTA recovered 97% of the neptunium from the particulate fraction, verifying that 

the particulate neptunium was nearly completely recoverable. Approximately 4 1 '% of the 

particle-associated neptunium was extracted by 10-fold dilution with deionized water of one of 

the lo-' kl neptunium samples. The resulting particulate neptunium was 5556, which 

corresponds with the measured particulate neptunium in the 10-' h4 neptunium sample. 

Therefore. the neptunium partitioning was reversible and concentration dependent within the 
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2 14 

short time frame of the c\tracticn prccedure, indicatins that the free Np(V) ion concentration was 

reaching chemical equilibrium with the particulate fraction. 

Neptunium Speciation During Glucose and NTA Biodegradation. Reversible, concentration- 

dependent partitioning and lack of microbial growth inhibition suggest that neptunium released 

from the NTA complex was being scavenged by other ligands in the system, making it 

unavailable to C. heirttzii. Subsequent colloid formation or precipitation would explain 

neptunium association with the biomass. In order to determine the mechanism responsible for 

mitigating the potential toxicity of neptunium released from NTA complexation, chemical 
. .  

equilibrium modeling was combined with spectrophotometric investigations to establish the 

changing chemical speciation of neptunium in the growth media during NTA degradation. 

VIS-NIR spectrometry during the glucose media experiments verified that the Np(V) 

oxidation state is stable at neutral pH in the presence of C. heintzii. The stability of the Np(V)- 

NTA complex was monitored by periodically measuring the absorption spectrum during NTA 

degradation by C. heintzii. Figure 6 compares spectra from a 1.25 x 

sample after 2 hours and 3,4, 6 and 48 days of growth. The complex was initially stable in the 

M neptunium-NTA 

presence of biological activity for up to 6 days. Loss of the neptunium-NTA complex from 

solution at 45 days is reflected by the disappearance of the absorption band at 990.2 nm. 

Two possible explanations can account for the association of neptunium with the biomass 

following XTA degradation by C. heintzii. First, free NpO?' may have been adsorbed onto the 

cell membrane, as is seen in the Pu system. However, results from glucose-media experiments 

suggested that biosorption of neptunium is not a significant process. An alternative explanation 

is thar neptunium released from the XTA complex could have formed a solid phase if NTA 

degradation by C. heinrzii changed the solution characteristics such that neptunium precipitation 
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'15 became favorablz. F i p r e  7 shows an enlargement of the 48 day spectrum of the unfiltered lo-' 

2L6 hf neptunium sample s h o n n  in Fisure 6. The unfiltered spectrum shows a new band formation 

3-17 at = 1015 nm, which is indicative of the formation of a new neptunium species. 

218 

2 19 

220 

Precipitate formation should be correlated with the loss of NTA from solution, since 

excess NTA would lead to a stable NTA complex. The small 990-nm peak for a filtered sample, 

shown in the inset of Figure 7, corresponded with the final concentration of NTA at the end of 

221 

222 

the experiment, shown in Table 2, and the maximum amount of neptunium that could be 

cornplexed by NTA. All samples showed nearly complete NTA degradation, verifying that 

223 

224 

225 

226 

neptunium speciation was no longer being dominated by NTA complexation. 

The 10 I5 nm peak observed in Figures 6 and 7 has not been previously reported for 

Np(V) VIS-NIR absorption spectra. However, carbonate and phosphate compIexation with 

Np(V) are known to cause red-shifted new band formation in the VIS-NIR. Carbonate is present 

227 in groundwater as a byproduct of organic degradation and as a result of mineral dissolution, and 

228 

229 

is a strong actinide complexant that can affect actinide mobility in subsurface aquifers (5). 

Neptunium solubility in many carbonate systems is controlled by a Me(I)NLX)zCO3 precipitate, 

230 where Me(I) represents any mono-valent cation. Using a representative solubility product of 

(241, the expected Np02' concentration in equilibrium with a Me(I)NpO,CO3 solid, 0.1 M I 0- 10.28 23 1 

232 Me(1). and atmospheric COz(g) at pH 8, the highest final pH of the growth media after NTA 

233 degradation. would be = 2.6 x M. All the final measured NpOg concentrations shown in 

234 Table 2 werz below this le\.el, suggesting that neptunium solubility was being controlled by 

235 another solid phase. 

236 

237 

Chemical equilibrium calculations by Morgenstern and Kim (22) have shown that 

phosphate complexation with neptunium can out-compete carbonate complexation in natural 
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238 

239 

waters when phosphate concentrations exceed 

been characterized for some actinide systems, no solubility data arc available for the Np(V)- 

&I. Although phosphate solid phases have 

7-40 phosphate system. 

24 1 To predict the dominant neptunium complexes in the system, we used the computer 

313- program CCBATCH to simulate the equilibrium chemical speciation of the mineral growth 

243 media during NTA degradation by C. heintzii. The aerobic biodegradation of NTA can be 

244 described by the following stoichiometry when HNTA’- is selected as the degradable form of 
. -  

245 NTA(3,28): 

0.055 C6H,O6N’- +0.0875 0, +0.133 H’ +0.069 H,O+ 
246 

0.032 C,H,O,N +0.17 H,CO, +0.023 NH,+ 

247 where CsH702N represents biomass. 

24 8 

249 

Inspection of the reaction stoichiometry explains the pH rise observed in weakly buffered 

systems undergoing NTA degradation. Each mole of HNTA2- degraded consumes 2.4 acid 

250 

25 1 

252 

253 

254 

255 

3-56 

257 

25 8 

759 

equivalents, causing the rise in pH., The magnitude of this effect depends on the concentration of 

other buffers in the system and may also be mitigated by retention in solution of a portion of the 

3.4 moles of carbonic acid produced per mole of NTA degraded. For example, in a closed 

system, carbonic acid retention causes a less dramatic pH increase as compared to a solution in 

equilibrium with atmospheric CO&). Additionally, precipitation of Np -CQ’- or -PO4” solids 

would remove base equivalents from the system at near neutral pH, which could also counter 

increasing pH. 

The final pHs for all the neptunium-NTA samples are shown in Table 3,. As predicted by 

the degradation stoichiometry, consumption of NTA caused a 0.6 to 1 pH unit increase. 

Modeling studies of the growth medium speciation in equilibrium with atmospheric COdg) 
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partial pressures ( lr3--' Litrn) yielded a final pH prediction of S .5 ,  indicating that pH was being 

affected by carbonic acid retention and/or precipitation of base equivalents. Figure 8 shows the 

predicted dominant speciation of the 0.125 mil Np(V)-NTA mineral media solution in 

equilibrium with a slightly elevated CCb(g) partial pressure of IO".' atm, which yielded a final 

predicted pH of 7.9. The modeling results show that NpOzHPOi and Np02POA" are the 

dominant neptunium species after significant NTA degradation has taken place. Additionally, 

the final Np02' ion concentration calculated by the model, 1.4 x 

measured concentrations in Table 2, indicating that solubility of a neptunium solid phase is 

limiting the amount of neptunium in solution. 

M, exceeds the final 

Figure 9 shows the model predicted distribution of neptunium among the major 

complexing ligands during NTA degradation at 

that phosphate complexation accounts for 80% of the neptunium speciation in solution after 

complete NTA degradation. Consequently, we attempted to experimentally correlate the 1015 

nm peak formation with the phosphate system. In order to identify the 1015 nm peak, the 

variable-pH VIS-SIR spectra of Np(V) in the defined mineral salts media (without any NTA) 

was compared to the Np(V) spectra obtained in a 20 mh4 H3POJ solution. The behavior of both 

systems followed the results seen by Morgenstern and Kim (22) in lower concentration phosphate 

solutions: Fizure 10 shows that as pH was increased, neptunium speciation shifted from the free 

aquo species to successive complexation as NpHPOd- ( ~ 9 8 8  nm) and NpP0-t'- ( 4 9 3  nm>- 

Figure 1 1  shows that, after = 20 minutes, new band formation at 1015 nm was observed at the 

expense of ihe NpP04'- complex, and the overall turbidity of both solutions increased, suzgesting 

colloid formation/precipitation. The final spectrum remained stable for days, (Figure 12), but the 

colloidal species had to be re-suspended in solution prior to each spectroscopic analysis. These 

atm CO&) partial pressure. It illustrates 
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results indicate that neptunium speciation after NTA degradation was controlled by the 

phosphate system. and neptunium-phosphate colloid forniation/precipitation can be identified by 

VIS-XIR peak formation at 1015 nm. 

Our results correlate with work by Francis et a1 ( I  I ) ,  who showed that nickel toxicity was 

modulated by coprecipitation of Ni with iron-hydroxides after citrate degradation. Also, 

formation of a neptunium-phosphate colloidaVprecipitate phase agrees with results reported for 

the Pu(V1) system ( 3 2 , 3 3 ) ,  suggesting that phosphate colloid formatiodprecipitation may be an 

important mechanism affecting actinide solubility and speciation in natural systems. This latter 
. -  

finding will be investigated further, since phosphorus is a required biological nutrient and many 

in-si tu bioremediation efforts require supplemental phosphorus additions. 

Our results in this study are in contrast to previous findings in the plutonium-NTA 

system, where C. heintzii was sensitive to radiolytic effects at similar actinide concentrations due 

to selective association of plutonium with the biomass. This work suggests that future 

bioremediation efforts involving actinide elements will require careful evaluation of coupled 

chemical and biological processes. 

CONCLUSIONS 

Toxicity studies in non-complexing glucose growth media showed that aquo N p a f  is 

stable in the presence of aerobic biological activity for up to 40 days. The uncomplexed Np(V) 

ion significantly inhibited growth of Chelntubncter heintzii at concentrations greater than or 

equal to 5 x lo-' M. most likely due to toxic metal inhibition. 

Our results show that growth of C. heintzii in NTA media is unaffected by the presence Of 

up to IO-' hf Np(V) in solution after 45 days. Viability of C. heintzii remains unaffected by the 

presence of IO"' hI neptunium after complete degradation of all NTA in solution. 
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Dynamic chemical equiiibrium modeling, combined with VIS-NIR absorption 

spectrometry data, suggest that the potential toxicity of neptunium to C. heintzii is mitigated by 

neptunium-phosphate precipitation induced by a pH increase caused by biodegradation of NTA. 
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APPENDIX A 

CCBATCH modeling methodology and application to the neptunium-NTA system. 

CCBATCH is a computer code, developed at Northwestern University, designed to investigate 

the dynamics of coupled biological and chemical reactions in mixed waste subsurface 

environments. The exact modeling methodology is describe elsewhere (28). To summarize, the 

model is unique in that it  explicitly couples biological electron donor and acceptor substrate 

consumption to competing chemical reactions in order to determine the effect of biological 

reactions on the fate of various components in the system. Currently, the model systematically 

considers the following competing subsurface reactions: acidhase, complexation, fixed-pH 

precipitation. biomass synthesis and decay, substrate utilization (contaminant degradation), and 

toxicity effects. 

Based on user input information, the model calculates the equilibrium concentrations of 

all the chemical species in the system, including the degradable form of the electron donor 

substrate, at the initial pH and component concentrations. It uses a Newton-Raphson technique 

that combines the aqueous-phase mass balances with mass-action equilibrium expressions for all 

relevant acidrbase and complexation reactions, and can it compute the equilibrium pH from the 

proton condition when the pH is not fixed. 

Once the initial acid-base and complexation equilibria are established, the model uses the 

method developed by McCarty (19) to calculate the fraction of available electrons (received from 

the electron donor) utilized in energy generating, biomass production, and biomass decay 

reactions. By determining the proper rationing of electrons between these various pathways, the 

substrate utilization and biomass synthesis stoichiometry are calculated based on the degradable 

form of substrate input to the model. The correct coupling of substrate utilization to acidic 
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337 hydrogen production or consumption is the important link that enables the model to calculate 

changes in sysrzrn pH caused by substrate consumption. 

339 

340 

341 

342 

343 

344 

Once the pH c h a q e  and component total concentration adjustments are determined for a 

given time step. the model recalculates the acid/base and metal complex speciation of the system 

based on the updated component concentrations and new pH. The newly calculated substrate 

concentrations are used to determine the substrate utilization rate for the next time step, and the 

process is repeated until the limiting substrate is exhausted. The model allows prediction of 

substrate utilization rates based on the concentration of individual substrate species, as opposed 

343 to overall substrate concentrations. 

346 To illustrate the methodology used by CCBATCH, consider the fate of neptunium during 

347 the degradation of NTA, based on HNTA'- degradation stoichiometry. The rate of change of 

348 major components in the system can be related to the rate of substrate consumption as follows: 

S O z  X rate of donor utilization SHNT.4 
rK\TX = -9 md 

KHNTA "HNT.4 KO2 

349 

- 
rnct - r ~ y  -b rLlecay = -yrHbTA - bX 
ro: = 1 .59rH,,, + 5bX 
%- = 2.42rH,,, + 1bX 

rHLCOI = 3.09rH,,, + 5bX 

rhw-- = 0.43,, + 1 bX 

rate of biomass accumulation 
rate of oxygen utilization 

rate of acidic hydrogen utilization 

rate of HICO; production 

rate of NH: production 

350 where qrnd is the maximum specific utilization rate for the electron donor substrate; KHNTX is the 

35 1 

352 

half maximum rate concentration for the specific donor species; SHW;\ is the electron donor 

substrate concentration; KO: is the half maximum concentration €or the electron acceptor, 

353 oxygen; So: is the oxysen concentration; X is the concentration of active biomass degrading the 

354 primary substrate: E' is the true yield coefficiznt: and b is the biomass decay constant. The first 
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coefficient in  each of [he last four rate equations is calculated directly from HI\TTA’- degradation 

stoichiometp. For eu,imple. the rate of oxygen utilization is 0.0575/0.055 = 1.59 moles of ch- 

consumed per mole of HNTX” degraded. Similarly, the second coefficient can be derived from 

stoichiometp representing the complete endogenous mineralization of cell biomass (28). Thus, 

mineralization of one mole of biomass (C5H702N) consumes 5 moles of 0 2  and 1 mole of H+, 

and produces 5 and 1 mole(s) of carbonic acid and N&+, respectively. 

As l3XTA’- and acidic hydrogen are removed from the system, H2C03* and NH4+ are 

produced. To maintain chemical equilibrium, the remaining NTA re-equilibrates among its 

various acid-base and complex species based on the new pH and component totals. Initially, the 

presence of excess NTA in the system dominates neptunium speciation. However, eventually 

enough HNTX’)‘ is degraded that the total amount of NTA remaining in solution is no longer 

sufficient to complex most of the neptunium. The fate of the “free” neptunium then depends on 

the pH and presence of other ligands in solution. 

In order to calculate the dominant neptunium speciation in the NTA growth medium, we 

considered the formation of 47 complexes from 16 components. The important neptunium 

370 aqueous species and their formation constants are shown in Table A- 1. Formation constants for 

non-actinide metal complexes and acid dissociation constants were taken from Morel and Hering 

372 

373 

(3  1) and corrected to 0.1 Nl ionic strength. Carbonate speciation was calculated by assuming 

Henry’s Law equilibrium between the aqueous and gas phase CO:! concentrations. 
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44s 

449 

T.ABLE 1. Initial cell inoculations and total neptunium concentrations for 

neptunium-glucose and neptunium-NTA studies" 

Experimental Code Total Neptunium Initial Cell Concentration 
(W 0d600 

1 -B- 1 0 0.004 
1-B-2 0 0.004 
1 -B-3 0 0.004 
1-9- 1 2.0 x 0.004 
1-8-1 1.7 x lo-* 0.004 
1-7- 1 2.0 io-' 0.004 
1-6- 1 1.7 x 0.004 
1-5- 1 1.9 10-~ 0.004 
1-4- 1 1.2 1 0 - ~  0.004 
1-4-2 0.004 
2-B- 1 0 0.007 
2-B-2 0 0.007 
2-B-3 0 0.059 
2-B-4 0 0.007 
2-B-5 0 0.059 
2-4- 1 5.4 0.007 
2-4-2 5.4 0.007 
2-4-3 5.4 1 0 - ~  0.059 
2-4-4 2.9 1 0 ' ~  0.007 
2-4-5 2.7 1 0 - ~  0.059 

2-6- 1 5.9 x 0.007 
2-8- 1 6.0 x lo-* 0.007 

2-4-B 5.4 10 '~ 0.0 

450 

45 1 "Labels starting with 1 denote NTA mineral media. Label 2 represents minimal 

452 glucose media. Initial NTA and glucose concentrations were 5.2 mM (0.375 gm 

45 3 CAiter). 
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454 T.4BLE 2. Final NTA and neptunium concentrations of filtered NTA 

435 growth medium samples after 48 days" 

Sample Final Sp(V) Concentration (Nl) Final NTA Concentration 01) Final pH 

1-4-1 3.84 x 1.04 x 7.90 k .03 

1-4-2 6.37 x 2.91 x 7.98 k .04 

1-5-1 8.27 x N D ~  7.83 f .03 

1-6-1 7.68 io-' ND 7.87 k .04 

1-7-1 1.52 x io-' ND 7.73 Ifi .03 

1-8-1 1.7 x lo-* 7.97 10'~ 7.63 f .03 

1-9-1 2.0 1 0 - ~  ND 7.84 Ifi .02 

456 

457 scintillation counting. 

458 bND - Not Detected (< 1 x M) 

"NTA concentrations determined by IC analysis. Neptunium determined by alpha particle 
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459 

460 

T,ABLE A-1. Equilibrium formation constants for major neptunium 

aqueous species in NTA mineral growth medium 

Species References 

25 
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~ b i  

FIG. 1. Growth of Clzelatobacter heintzii in glucose media (OD600) as a function of time for 

growing (a) and resting (bl cells. 

464 

465 

366 

467 

FIG. 2. NpOzf concentration, determined by VIS-NIR absorption spectrometry, as a 

function of time (E = 392 @ 950.2 nm). The free ion concentration remained stable over the 

course of the experiment, indicating no change in oxidation state or  complexation occurred 

during glucose degradation by C. heintzii. 

465 

469 

FIG. 3. Growth of. C. heintzii vs time in NTA mineral media. Er ror  bars are 99 % 

confidence limits of the mean of three blank samples. 

470 

47 I 

472 samples. 

FIG. 4. Neptunium partitioning during NTA degradation by C. heintzii. Partitioning was 

determined by alpha particle scintillation count comparison of filtered to unfiitered 

473 

474 

FIG. 5. Percent particulate neptunium as a function of total neptunium concentration at 

the end of the experiment. Dashed lines represent 95 % confidence interval. Np(V) 

475 partitioning with the solid phase was proportional to the total neptunium concentration. 

476 

177 

478 

379 

FIG. 6. V-IS-NIR spectra of 1.25 x 

degradation by C. heintzii, showing both the stability of the neptunium-NTA complex 

(990.2 nm peak), and microbial growth (OD600). After XTA degradation, neptunium 

speciation shifted to the phosphate system, indicated by the 1015 nrn absorption band. 

Nl neptunium in NTA mineral media during NTA 
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FIG. 7. Enlargement of the 970 to 1050 nm region of the unfiltered 45 day spectrum 

shown in FIG. 6. The 1015 nm peak is clearly visible. A small amount of neptunium-NTA 

complex was seen after filtration (990 nm peak, inset). 

FIG. 8. Neptunium speciation during NTA degradation for 0.125 mM Np(V) in NTA 

mineral growth media, calculated by the dynamic chemical equilibrium computer code, 

CCBATCH. Calculations a re  based on equilibrium with lo-’.’ atm C02(g) partial pressure 

and the assumption that  no solid phases are  present. 

FIG. 9. Calculated dominant neptunium complexes in the mineral growth medium as a 

function of amount of NTA degraded, under the same conditions noted in Figure 8. 

Np0,HP04- and Np0,PO; a re  the dominant neptunium species following NTA 

degradation, accounting for 80% of the total neptunium. The Np0,C03- species accounted 

for less than 10 ’31 of the total neptunium in solution after NTA degradation. 

FIG. 10. VIS-NIR absorption spectra of 0.125 mM Np(V) in NTA-free mineral salts 

growth media at  various pH. The dominant neptunium species in solution are NpO,’ 

(980.2 nm (lo)), N p 0 2 H P 0 i  (988.8 nm (22)), and NpOzPO:- (993.6 nm (22)). Spectra 

matched those obtained for a 20 mM H ~ P O J  solution (not shown). 

FIG. 11. VIS-NIR absorption spectra of 0.125 m>I Np(V) in NTA-free mineral salts 

growth media at  pH 7.87 (a), and in a 20 mM H3P04 solution at  pH 8.22 (b), both as a 

function of time. Predominant neptunium speciation shifts from phosphate complexation 

to an  unidentified colloidaVprecipitate phase (1015 nm). Note the increase in solution 

turbidity (baseline OD960 shift from 0.011 to 0.031) caused by agitation. 
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FIG. 12. VIS-NIR absorption spectra of 0.125 mM Np(V) in NTA-free mineral salts 

growth media at pH 7.87 after 3 days (a), and in a 20 mM H3P04 solution at pH 8.22 after 

1 day (b). The neptunium-phosphate colloidaVprecipitate phase (1015 nm) remained 

stable. Once again, agitation increased the turbidity of the solution. 



E 
S 
0 
0 co 
@, 
x c .- 

0.25 

0.20 

0.15 

0.10 

0.05 

I 
0.059 Initial OD a In 

/ 

A7----"-----" 
/- 0.007 initial OD 7 : O  pM N p  wlo C. hientzii 

/-- 
0.00 D 7 7-1 I 1 I I I 

0 200 400 600 800 1000 1200 1400 

0.1 40 

0.120 - 

0.100 - 

E 0.080 - 

0.059 Initial OD b 

No N p  

S 
o 0.060 C 
0 250 pM Np co 
@, 0.040 - 7 

% 
v) 
C a 

c .- 

a 

/ 

e 
N o  Np 

v 
250 pM N p  

/ 

0.007 initial OD 
0.000 I I I 1 I I 

200 400 600 800 1000 1200 1400 0 

Time (hr) 



1 e-3 

le-4 - 2-4-1, 4-2, 4-3, and 4-8 

Q 
ow z I 

le-5 4 \ 2-6-1 

le-6 ! I I 1 I 

0 200 400 600 

Time (hr) 

800 1000 

Figure 2 - NpO,' concentration as determined by VIS-NIR absorption 
spectrometry as a function of time (e = 392 @ 980.2 nm). The free ion 
concentration remained stable over the course of the experiment, 
indicating no change in oxidation state or complexation occurred 
during glucose degradation by C. hehfzi. 
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Figure 3 - Growth of C. heintziivs time in NTA mineral media. Error bars 
are 99% confidence limits of the mean of three blank samples. 
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Figure 4 - Neptunium partitioning during NTA degradation by C. heintzii. 
Partitioning was determined by alpha particle scintillation count 
comparison of filtered to unfiltered samples. 
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Figure 5 - Percent particulate neptunium as a function of total Np 
concentration at the end of the experiment. Dashed lines represent 95% 
confidence interval. Np(V) partitioning with the solid phase was 
proportional to the total Np concentration. 
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Figure 6 - VIS-NIR spectra of 1.25 x 
during NTA degradation by C. heintzii, showing both the stability of the 
Np-NTA complex (990.2 nm peak), and microbial growth (ODeoo). After 

M Np in NTA mineral media 

NTA degradation, Np speciation shifted to the phosphate system, 
indicated by the 101 5 nm absorbance band. 
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Figure 7 - Enlargement of the 970 to 1050 nm region of the unfiltered 48 
day spectrum shown in Figure 6. The 101 5 nm peak is clearly visible. 
A small amount of Np-NTA complex was seen after filtration (990 nm 
peak, inset). 
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Figure 8 - Np speciation during NTA degradation for 0.1 25 rnM Np(V) in 
NTA mineral growth media, calculated by the dynamic chemical 
equilibrium computer code, CCBATCH. Calculations are based on 
equilibrium with I O-2.7 atm C02(g) partial pressure and the assumption 
that no solid phases are present. 
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Figure 9 - Dominant Np complexes in the mineral growth medium as a 
function of the amount of NTA degraded, under the same conditions 
noted in Figure 8. Np02HP04-and Np02P04,- are the major Np 
species following NTA degradation, accounting for 80% of the total Np. 
The Np02C03- species accounted for less than 10% of the total Np in 
solution after NTA degradation. 
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Figure 10 - VIS-NIR absorption spectra of 0.125 mM Np(V) in NTA-free 
mineral salts growth media at various pH. The dominant Np species in 
solution are NpO,' (980.2 nm (lo)), Np0zHP04- (988.8 nm (22)), and 
Np02PO:' (993.6 nm (22)). Spectra matched those obtained for a 20 
mM H3P0, solution (not shown). 
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Figure 1 1 - VIS-NIR absorption spectra of 0.1 25 mM Np(V) in NTA-free 
mineral salts growth media at pH 7.87 (a), and in a 20 mM H3P0, 
solution at pH 8.22 (b), both as a function of time. Predominant Np 
speciation shifts from phosphate complexation to an unidentified 
colloidal/precipitate phase (101 5 nm). Note the increase in solution 
turbidity (baseline OD,,, shift from 0.01 1 to 0.031) caused by agitation. 
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Figure 12 - VIS-NIR absorption spectra of 0.125 mM Np(V) in NTA-free 
mineral salts growth media at pH 7.87 after 3 days (a), and in a 20 mM 
H,PO, solution at pH 8.22 after 1 day (b). The Np-phosphate 
co1loidaVprecipitate phase (1 01 5 nm) remained stable. Once again, 
agitation increased the turbidity of the solution. 


