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Abstract 

We systematically quantified surface complexation of neptunium(V) onto whole cells of 

Shewanella alga strain BrY and onto cell wall and extracellular polymeric substances (EPS) of 

S. alga. We first performed acid and base titrations and used the mathematical model FITEQL 

with constant-capacitance surface-complexation to determine the concentrations and 

deprotonation constants of specific surface functional groups. Deprotonation constants most 

likely corresponded to a carboxyl site associated with amino acids (pKa - 2.4), a carboxyl group 

not associated with amino acids (pKa - 5), a phosphoryl site (pKa - 7.2), and an amine site (pKa 

> 10). We then carried out batch sorption experiments with Np(V) and each of the S. alga 

components at different pHs'. Results show that solution pH influenced the speciation of Np(V) 

and each of the surface functional groups. We used the speciation sub-model of the 

biogeochemical model CCBATCH to compute the stability constants for Np(V) complexation to 

each surface functional group. The stability constants were similar for each functional group on 

S. alga bacterial whole cells, cell walls, and EPS, and they explain the complicated sorption 

patterns when they are combined with the aqueous-phase speciation of Np(V). For pH < 8, 

NpOt was the dominant form of Np(V), and its log K values for the 10w-pKacarboxyl, other 

carboxyl, and phosphoryl groups were 1.75, 1.75, and 2.5 to 3.1, respectively. For pH greater 

than 8, the key surface ligand was amine >XNH3+, which complexed with Np02(C03h5-. The 

log K for Np02(C03h5- complexed onto the amine groups was 3.1 to 3.6. All of the log K values 

are similar to those of Np(V) complexes with aqueous carboxyl and N-containing carboxyl 

ligands. These results point towards the important role of surface complexation in defining key 

actinide-microbiological interactions in the subsurface. 
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1. INTRODUCTION 


The presence of actinides as subsurface contaminants has become a major environmental 

concern due to their long radioactive half-lives, energetic emissions, and chemical toxicity 

(Murray, 1989). The general objective in remediation of radioactive elements is recovery, 

immobilization, or isolation of the actinides from environmental receptors, including humans 

(Collins, 1960; Banaszak et al., 1999; Pearl, 2000). 

This research reported here contributes to understanding actinide-microorganism 

interactions that may affect immobilization of actinides: surface complexation of neptunium 

(Np), an actinide, onto bacterial surfaces. We quantified Np(V) complexation to the surface 

components of Shewanella alga strain BrY: bacterial whole cells, purified cell walls, and 

isolated extracellular polymeric substances (EPS). In particular, we characterized surface 

acidlbase groups active in complexing Np(V) according to their concentration, acid/base 

deprotonation constant (pKa), and complexation stability constant (log K) for relevant Np(V) 

species. 

Bacterial surfaces consist of heterogeneous mixtures of proton-active surface sites, 

potentially including carboxyl, phosphoryl, hydroxyl, and amino, groups (5-7). Their 

deprotonation reactions are 

=X - COOHo ---7= X - COO- + H+ (1) 

=X - P04 Ho ---7= X - P04- + lr (2) 

(3) 

(4) 
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where X represents the bacterial surface. The deprotonation or acid-dissociation constants for 

the reactions are, respectively, 

K = [= X - COO-]{H+} (5) 
1 [=X-COOH O

] 

(6) 

(7) 

K = [= X - NH2 ]{H+}
and (8) 

4 [=X-NH;] 

where the square brackets represent the concentration of surface species in moles per liter of 

solution and the non-square brackets represent the activity of the aqueous species. 

Concentrations are used for surface species, because activity coefficients are difficult to define 

for surface species. 

Daughneyet al. (1998) used the computer program FITEQL version 4.0 (Herbin and 

Westall, 1994) to find the deprotonation constant and concentration for each surface site on cell 

surfaces of Bacillus licheniformis, a Gram-positive bacterium. Titration data over a pH range of 

3 to 11 were best fit with a three-site model, and the pKa vaJues were 5.2 ± 0.3, 7.5 ± 0.4, and 

10.2 ± 0.5. Based on the average pKa values for simple carboxylic (pKa - 4-6), phosphoryl (-7­

8), and phenolic hydroxide (- 9-11), Daughney et al. (1998) assumed that the pKa values 

corresponded to carboxyl, phosphoryl, and hydroxyl surface functional groups, respectively. 

Fein et al. (1997) found similar pKa values for the surface-binding sites on Bacillus subtilis cell 

surfaces: 4.8 ±0.2,6.9 ±0.5, and 9.4 ±0.6. Unlike Gram-positive bacteria, structures and 

compositions of Gram-negative bacteria are different; the amino acid composition in the Gram­
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negative bacteria is higher due to a mixture of lipopolysaccharides and protein in the outer 

membrane (Haas et aI., 2001). 

Surface-complexation models (SCMs) were used to predict the extent of metal and 

radionuclide sorption by bacteria in response to changes in environmental parameters such as 

pH, bacteria-to-metal ratio, ionic strength, and temperature (e.g., Fein et aI., 1997; Daughney and 

Fein, 1998; Daughney et aI., 1998; Xue et aI., 1998; Fowle and Fein, 1999). Metals in solution 

can complex with surface-functional groups, much like they complex with the same groups in 

solution. For Np(V), the dominant species for pH S 8 is Np02+, which can complex with 

deprotonated surface sites. We show the complexation reaction and stability constant for NpOt 

with the carboxylic surface group as an example: 

(9) 

K = [== X COO(Np0 2)O] 
(10) 

5 [== X COO-]{NpO;} 

At high pH, Np02+ declines, and Np(V)-carbonate species begin to dominate. The Np(V)­

carbonate complexes are likely to sorb onto the X NH3+ surface sites are: 

The surface complexation of Np depends on the pH-dependent Np speciation and bacterial 

surface species. Thus, surface complexation of Np(V) should depend on pH in a complicated 

manner that involves the speciation of the surface sites and Np(V) in solution. Therefore, our 

goal was to characterize the Np(V)-complexation sites on surface components of S. alga. 
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2. MATERIALS AND lVIETHODS 

2.1. Growth of Shewanella alga strain BrY 

Shewanella alga strain BrY, a dissimilatory metal-reducing and Gram-negative rod, was 

isolated from the Great Bay Estuary, New Hampshire (Caccavo et aL, 1992). It is a facultative 

anaerobe that can grow rapidly under aerobic conditions. We grew it aerobically on tryptic soy 

broth 24 hours prior to use. Cells were harvested from stationary phase at an optical density at 

600 nm (OD600) of 0.1 and rinsed three times in a solution of 0.01 M PIPES (piperazine-N, N' 

bis[2-ethanesulfonic acid]) and 0.1 M KCl. The pH of the rinse solution was the same as that 

used in the subsequent batch experiments. The rinsed cells were concentrated by centrifugation 

at 4400 rpm and 4°C, and then they were re-suspended to prepare an inoculum stock with a final 

OD600 between 1 and 2. 

2.2. Cell-Wall Purification 

To isolate the bacterial cell walls, we modified a method developed by Salton (1964), 

who used sonication for homogenization followed by differential centrifugation for fractionation. 

Cell-wall isolation began by disrupting the cells in 0.1 M KCI solution with sonication (B. Braun 

Labsonic® U sonicator, B. Braun Biotech International). The cell suspensions were sonicated 5 

times for 1 min (rested 1 min in an ice bath between bursts) at the power of 100 Wand the 

frequency of 20 kHz. The degree of disruption was monitored by phase microscopy. The 

disrupted cells were centrifuged at 20000 g (Optima TLX Ultracentrifuge 120000 rpm, Beckman 

Coulter, Inc.), and the pellets were resuspended in 0.1 M KCI and centrifuged at 5000 g for 5 

min to remove intact cells and coarse debris. Then, the isolated cell walls were collected at 
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13000 g for 20 min. 

2.3. EPS Isolation 

We modified the method developed by Yildiz and Schoolnik (Yildiz and Schoolnik, 

1999) to extract EPS from S. alga. First, S. alga was cultivated overnight at 30°C on the surface 

of sterile cellophane dialysis membranes (Sigma-Aldrich Co., St. Louis, MO) placed on the 

surface of tryptic soy broth agar plates. The lawn of confluent biomass growth was harvested 

and suspended in 250 ml of 0.9% NaCl. The EPS were then detached from the bacterial surface 

by centrifuging them at 13000 g for 1 hour at 4°C, which removed pellets of intact cells. Crude 

EPS were precipitated from the supernatant after adding 750 mL of 100% ethanol and 

refrigerating it overnight. The EPS precipitate was centrifuged at 13000 g for 30 min with 95% 

ethanol twice and with 100% ethanol once. Then, the pellets of EPS were collected and allowed 

to dry. 

2.4. Titration Experiments 

We performed acid or base titrations to determine the density and pKa values of surface 

acidfbase groups. Titration experiments were carried out using a potentiometric auto-titrator 

(Model KEM AT21O, Kyoto Electronics Manufacturing Co., Ltd.) with a 20-mL burette unit 

(Model APB-118-01B). Solutions were degassed for 20 min with N2 and kept in a N2 anaerobic 

chamber (Plas Labs) when not in use to keep out 02 and CO2, which could affect the pH. The 

titrant solutions and titrant aliquot were degassed again immediately prior to titration and kept 

under positive pressure of N2 by allowing a gentle flow of N2 through the entire system during 

the titration. 
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We used a 'down-up pH' protocol for the titration experiment. A known amount of 

bacterial cells was added to a O.l-M NaN03 solution. The solution was then divided into two 

portions, each of 30-ml volume. The first portion was added into the titration vessel and titrated 

with 0.1 M HN03 to a pH value of 4. Then, the titration vessel was cleaned of the first portion. 

The second portion was added and titrated with 0.1 M NaOH to a pH value of 10. The overall 

results were combined to produce the entire titration spectrum. The reason for using the 'down­

up pH' method was to preclude alterations of the biomass by extreme pH. 

At each titration point, the auto-titrator recorded a potential value of the bacterial cell 

suspension and the corresponding amount of acid or base added. The potentials were converted 

to the pH of the cell suspension. At each point, we allowed the sample to equilibrate at a new pH 

for at least 3 minutes or once a potential stability of 0.1 mV/s had been attained. 

2.5. Effects of Extreme pH 

To determine if pH extremes altered the biomass's acid/base characteristics, we adjusted 

the pH of whole-cell suspensions directly to 2 or 12 with concentrated HN03 or NaOH. The 

suspension at pH 2 was then titrated with 0.1 M NaOH, while the suspension at pH 12 were 

titrated with 0.1 M HN03 with the method described above. 

2.6. Preparation and analysis of NpOz+ 

The isotopic purity of the neptunium used was greater than 99% by mass and 87% by 

curies based on isotopic analysis. All original Np was first oxidized to Np022+ by fuming in 

perchloric acid and then reduced to pentavalent neptunyl, Np02+, by the addition of a few drops 

of 30% hydrogen peroxide (based on Seaborg and Katz, (1954) and Clark et al. (1995)). The 

8 



pentavalent neptunyl was precipitated as a sodium-neptunium-carbonate phase, washed with 

high purity water, and dissolved in 0.1 M perchloric acid to form the stock solution. The 

oxidation state of this neptunium stock was established by absorption spectrometry (always 

>99% oxidation-state purity). This stock was added to the PIPES/KCl solution prior to starting 

the batch experiments. Neptunium(V) concentrations were determined by a-scintillation 

counting (Collins, (1960» and periodically verified by inductively coupled plasma-mass 

spectroscopy (ICP-MS) (VG Model Elemental PQII+ Turbo ICPIMS). 

2.7. Batch Experiments of Np(V) Surface Complexation 

We perrormed batch experiments to establish the rate and concentration dependence of 

neptunium complexation onto S. alga cell surraces. Batch experiments were carried out in 1.5­

mL centrifuge tubes containing 1 mL of 0.1 M NaN03 solution under non-growth conditions. A 

known amount of biomass solid (i.e., bacterial whole cells, cell wall, or EPS) was added to the 

medium. The pH of the solution was adjusted prior to the experiments by adding a small amount 

of 0.2-/-lm-filtered NaOH or RN03. Aliquots from a concentrated Np(V) stock solution were 

added to bring the initial neptunium concentration to approximately 6 j.!M. To establish the 

stability of Np02+ in solution, controls with no biomass additions were prepared. Bottles were 

gently shaken at 25 ± 2°C throughout the sorption experiments. 

For each experiment, aliquots of 0.5 mL were drawn from the centrifuge tubes and 

analyzed for neptunium concentration after 120 minutes, which was long enough to establish 

equilibrium (Haas et al., 2001; Gorman-Lewis et aI., 2005). The total neptunium concentration 

and the neptunium concentration after filtration through a 0.22-j.!m filter (Millipore 

UFC30GV25) were determined by a scintillation counting (Packard model 2500 TR llquid 
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scintillation analyzer) of duplicate samples. The amount of biomass-associated neptunium was 

calculated as the difference between the total and filtered concentrations of neptunium. 

2.8.FITEQL 

FITEQL is a non-linear least-square fitting program used to determine optimum model 

parameter values from a set of titration data at a single ionic strength or at multiple ionic 

strengths (Herbelin and Westall, 1994). The program optimizes the values of adjustable 

parameters by changing their values until the sum of the squares of the residuals between the 

measured titration data and FITEQL calculated values is minimized. 

Deprotonation of the cell-surface functional groups creates negatively charged surface 

sites that give a negative electrical potential. This potential can affect the interactions of ions 

with the bacterial surface sites. We accounted for the effects on surface acidity constants with 

the relationship K = Kin! ex{ ~~If!"). We related the electric potential (ljf) to the surface 

charge (a) using a constant capacitance model for the electric field C = a , where C is the 
If!" 

capacitance of the bacterial surface in F/m2 (Stumm and Morgan, 1996). We used a capacitance 

of 8 F/m2, which is the same value used by Fein et aI., 1997 for B. subtilis. FITEQL uses the 

Davies equation (Herbelin and Westall, 1994) to calculate ionic strength and activity coefficients 

for species in solution. 

ffiEQL calculates the variance, V(Y), between the experimental data and the model, 

which provides a quantitative means of comparing the fit of the different models. 
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(14) 

where Y calc and Yexp are the calculated and the experimental data, Sexp is the error associated with 

the experimental data, np is the number of data points, nu is the number of Group II components 

(total and free concentrations are known), nu is the number of adjustable parameters, and V(Y) is 

the variance in Y. The V(Y) value provides a quantitative measure of the goodness of fit of each 

model, and we use this parameter to determine the best-fitting model. The rule of thumb is that 

reasonable fits correspond with V(Y) values of between 1 and 20 (Herbelin and Westall, 1994). 

S. alga is rod shaped, with a length of 2.2 J.Lm and a O.63-J.Lm diameter (Caccavo et aI., 

1996), yielding a geometric surface area of 4.98xlO-12 m2/celL Based on plate counting, a 

bacterial suspension of 1 g cells/L is composed of 9.1 x109 cells/mL. Coupling the geometry and 

mass factor for S. alga yields a specific surface area of 45 m 2/g. 

2.9. CCBATCH Speciation Model 

We used the SPECIATE subroutine in the biogeochemical model CCBATCH to calculate 

Np(V) speciation in solution (VanBriesen and Rittmann, 1999,2000). Table 1 presents the 

parameter inputs we used for CCBA TCH. 

11 
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Table 1 

Complex formation constants for major aqueous species used in CCBATCH (Smith et aI., 1997). 


Species (ixyza 

Np0 20H ~I(-I)O = 	 10-9
.1 


10-231
Np0 2(OH)z­ ~1(-2)0 = 

1
Np0 2C03­ ~101 = 104

. 

Np0 2(C03hj
­ 13102 = 	 107.1 


10
85
Np0 2(C0 3h':l­ PlO3 = 

10-035
Np0 2C1 13 ­101­
Np0 2N03 
 13101= 10-0.6 


9
HC03 POll = 109
.
 
1
H2C03 13021 = 	 106

.
 

10-139
NaOH 13]1(-1)0 = 


NaC03 
 ~101 = 101.3 
~ _ 10-025
NaHC03 111­

HCl ~Oll = 10-3 


NaCl 
 ~ 101= 10-0.5 


HN03 
 ~011 = 	 10-0
.
78 


10-055
NaN03 ~ ­101 ­ -
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3. RESULTS AND DISCUSSION 


3.1. Effects of Extreme pH on S. alga 

Exposure of S. alga whole cells to extreme pH caused three effects. First, exposure to pH 

2 caused the cells to aggregate, which was visibly observable. Second, titration with NaOH of 

cells exposed to pH 2 resulted in a loss of buffering capacity, probably because of loss of surface 

functional groups, perhaps from denaturation of the cell proteins or loss of exposed surface site 

due to aggregation. Third, exposure to pH 12 resulted in a loss of optical density, most likely 

due to hydrolysis of cell solids (Madigan et aI., 2000). 

The extreme-pH results demonstrate why we used the 'down-up pH' protocol (i.e., 

starting from around neutral pH, one portion of identical aliquots was titrating up-pH with NaOH 

and the other titrating down-pH with HN03) and stopped pH titrations at 4 and 10. We kept 

these pH limits to preserve the chemical properties of the cell components, which were destroyed 

when the starting pH was in the extreme pH regions. 

3.2. Calculating the Deprotonation Constants of Surface Functional Groups on S. alga 

Whole Cells, Cell Walls, or EPS using FITEQL 

We used FITEQL version 4.0 (Herbelin and Westall, 1994) to solve for the deprotonation 

constants and absolute concentrations (mole/L) of each distinct type of surface sites. For each 

titration, we fit the titration experimental data by employing models involving one, two, or three 

distinct types of surface functional groups. FITEQL was unstable when we tried to use four 

groups, and this prevented us from testing a four-site model. We normalized the surface site 
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concentrations (mole/L) to the weight of biomass per liter of electrolyte, yielding specific site 

concentrations in moles per gram of bacterial cells or cell component suspensions. 

Figure 1 compares the best-fit modeling results with the experimental results from the 

titration experiment with 10.1 gram of S. alga whole-cell dry weightIL. The experimental data 

were fit well only by a model having three distinct types of surface functional groups. Models 

including only one or two distinct types of surface functional groups did not adequately fit all of 

the experimental data. A one-site model with a pKal of 10.2 could account for the buffering 

capacity of the bacterial suspensions only above pH 8. The one-site model failed totally for pH 

less than 8. Similarly, the two-site model with pKas of 9.5 and 6.7 described the experimental 

data above pH 6, but had almost no buffering capacity for pH less than 5. The V(Y) values also 

were well out of the acceptable range for one and two groups. 

0.003 

0.0025 
:s 
0~ .... 0.002c 
~ 
t'tl 
.:! 0.0015 
:::J 
cr 
(J) 

" 0.001 
or:> 
t'tl 

" (J) 0.0005 

" oct " 0 

-0.0005 

o 
•
• ... 

Experimental 
1 Gr, Vy"" 5677 
2 Gr, Vy =74 
3 Gr, Vy =18 

3 4 5 6 7 8 9 10 
pH 

Fig. 1. Comparison of the experimental data with one-, two-, and three-site modeling results from 
FITEQL for 10.09 g of S. algaIL. The capacitance was 8 F/m2

. The pKa values for each set of 
functional groups are: 3 groups, pKas =5.0, 7.2, and 10.0; 2 groups, pKas = 6.7 and 9.5; and 1 
group, pKa =10.2. 
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The three-site model showed the proper buffering capacity for the entire pH range with 

best-fit pKa values of 5.1 ± 0.4,7.2 ± 0.3, and 10.0 ± 0.3. Although direct analysis of the 

bacterial cell surfaces is required for confirming the existence of these surface functional groups, 

we interpret that the three pKa values of 5.1, 7.2, and 10.0 correspond to carboxyl, phosphoryl, 

and amino groups, respectively, which are commonly present on Gram-negative cell surfaces 

(Haas et aI., 2001). The corresponding concentrations for the three functional groups on S. alga 

were 3.1xW·3 moles, 1.4 xW-3 moles, and 4.3 xW-3 moles of the surface sites per gram of 

bacteria. 

We also used FITEQL to solve for the deprotonation constants and the concentrations of 

each functional group on S. alga cell walls and EPS. As Fig. 2 shows, the titration data for S. 

alga cell walls and EPS also were fit well by a model having three distinct types of surface 

functional groups. Table 2 lists all the pKa values and specific site concentrations for isolated 

cell walls and EPS, as well as for whole cells. The pKa values were similar for whole cells, 

purified cell walls, and EPS: 4.8 to 5.2 for pKaJ, 7.2 to 7.3 for pKa2, and 10.0 to 10.9 for pKa3. 
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Fig. 2. Comparison of the experimental data with the three-site modeling results from FITEQL 
for (a) 0.77 g of cell walllL and (b) 9.75 g of EPSIL. The capacitance was 8 F/m2

. The pKa 
values for cell wall modeling run are 5.2, 7.2, and 10.2. The pKa values for EPS modeling run are 
4.8, 7.3, and 10.9. 
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Table 2 
The pKa values and specific site concentrations for the best-fit three-site models for S. alga cell 
walls, EPS, and whole cells. 

pKa1 
3 CS1 !>Cell pKa2 pKa3 CS3C S2 ,,-/ 

Component 
7.25.16 6.8 0.74Cell Walls 10.2 7.1 14.6 9.7 

(46.4%) (5.1%) (48.5%) 
4.76 2.2 7.28 0.88 10.9 3.0 6.1 7.8EPS 

(35.2%) (14.5%) (49.3%) 
5.1 3.1 7.2 1.4 10.0Whole Cells 4.3 8.8 18 

(35.2%) (15.9%) (48.9%) 
(a) pKa values for the surface functIOnal groups correspond to the condition of zero IOmc strength 
and zero charge coverage. 
(b) Absolute concentrations of the surface functional groups are in mmoles per gram of bacterial 
cell component. Percentages of the row totals are in parentheses. 

Approximately 20 commonly occurring amino acids polymerize to form peptides and 

proteins. Amino and carboxyl groups on amino acids react in a head-to-tail fashion, eliminating 

a water molecule and forming a peptide bond as a backbone structure of proteins. Voet and Voet 

(1995) listed the pKa of the terminal amino groups on amino acids ranging from 8.8 to 11.0, 

while terminal carboxylate groups have pKa values near 2.4. Several amino acids -- aspartic 

acid, glutamic acid, histidine, arginine, lysine, and serine contain a side chain group that has 

acid/base properties. For example, aspartic acid and glutamic acid contain a side chain with a 

carboxyl functional group; histidine, arginine, and lysine contain a side chain with an amino 

functional group; and serine contains a side chain with a hydroxyl functional group. The pKa 

values of R groups of aspartic acid, glutamic acid, histidine, arginine, lysine, and serine are 3.9, 

4.3,6.0, 12.5, 10.5, and 13, respectively. Thus, proteins possess reactive amino and carboxyl 

termini, and they further display characteristics of the side chain groups that have acid/base 

properties with a range of pKa values. 
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Based on the typical pKa values of the common functional groups discussed above, the 

functional groups with the pKa value of 4.8 to 5.2 most likely correspond to the carboxyl 

functional groups from polysaccharides or from side chains of amino acids and proteins, the 

functional groups with the pKa value of 7.2 to 7.3 most likely correspond to the phosphoryl 

functional groups from phospholipids, and the functional groups with the pKa value of 10.0 to 

10.9 most likely correspond to the terminal amino groups or the side chain of amino acids from 

proteins. 

The amino groups (Cs3), comprising about 50% of the total sites (Table 1), were the most 

plentiful in bacterial whole cells, cell walls, and EPS. The second largest group, from 35% to 

46%, was carboxyl (Cs1 ) for all three components. 

Bacterial cell walls displayed the highest total site density (2:Cs), and the cell-wall sites 

were dominated by the carboxyl and amino groups, with few phosphoryl groups. Cell walls are 

composed mainly of polysaccharides and peptidoglycans, macromolecules that contain carboxyl 

and amino functional groups. Having the least phosphoryl groups indicates that cell walls have 

the least phospholipids, which house the phosphoryl sites. Phosphoryl groups were greatest in 

the whole cells, but always the group having the fewest functional groups. Based on the 

distribution of the three sites and the total site density, the whole cells have acidlbase properties 

more similar to EPS than to cell wall. 

3.3. Determining Site-Specific Stability Constants for Np(V) Adsorption onto S. alga Cell 

Surfaces 

After obtaining the concentrations and the deprotonation constants for the surface site 

reactions, we used CCBATCH to determine site-specific stability constants for Np(V) adsorption 
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onto bacterial surfaces from batch metal-sorption experiments containing fixed biomass 

concentrations, a fixed initial Np(V) concentration, and 0.1 M NaN03. Figure 3 shows the 

amount of Np(V) adsorbed over the pH range for whole cells, cell wall, and EPS. It also 

presents the best-fit modeling results, which are described below. 

Figure 4 shows the corresponding Np(V) aqueous-phase speciation, as computed by the 

speciation sub-model of CCBATCH. At pH less than 4, almost all Np(V) is NpO/ ion. A 

carboxyl group with pKa of 5.0 is nearly absent at a pH of 4 or lower. This means that Np 

complexes with the surface functional groups should have been negligible for pH less than 4. 

However, the experimental data (Fig. 3) clearly show that Np(V) complexed to the bacterial 

surface sites for this low-pH range. The likely explanation for this continued Np(V) 

complexation at low pH is that another surface functional group existed and had a lower pKa. 

We propose that this group is X-COOH from amino acids, which typically have pKa values near 

2.4 (Voet and Voet, 1995). The presence of an amino acid X-COOH group could not be detected 

by the pH titration, because the titrations must proceed to a pH well below 2 to fully define a pKa 

of 2.4. However, because the biomass aggregated and lost acid/base functional groups at pH 

approaching 2, we could not quantify the amino X-COOH group, even though it existed. 

However, the surface-complexation effect of amino X-COO· groups can be detected at pHs well 

above pKa - 2.4, as is illustrated in Fig. 3. 
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Fig. 3. Comparison of experimental and modeling results for Np(V) surface complexation by S. 
alga components as a function of pH and suspended bacterial concentrations for (a) whole cell ­
3.7 giL, (b) EPS - 9.75 gIL, and (c) cell wall- 0.77 giL. 
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3.4. Proposing an Additional Carboxyl Surface Site with pKa of 2.4 

Although we cannot detect the 10w-pKa carboxyl groups associated with amino acids 

from the titration experiment, we were able to see them with Np(V) complexation experiments 

that did not go below pH 3. Therefore, we propose that an additional carboxyl surface site with 

pKa of 2.4 existed, based on the fact that amino-acid groups were present. Since the 10w-pKa 

carboxyl groups come from the same amino acids, we further propose that the concentration of 

the 10w-pKa carboxyl groups was equal to the concentration of the amino groups obtained from 

FITEQL calculations. The concentration is thus 4.3xlO-3moles per gram of S. alga whole cells, 

5.7xlO-3 moles per gram of cell wall, and 3.0xlO,3 moles per gram of EPS. Adding the low pKa 

group did not alter the best-fit titration curves in Figures 1 and 2 (not shown). 
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We coupled the experimental data (Fig. 3) with CCBATCH-computed speciation and 

surface-site speciation to explain the features of the pH-dependent Np(V) surface complexation 

and to generate the model results also shown in Fig. 3. We show in detail how we extracted the 

log K values for S. alga whole cells. Later, we list the calculated Np(V) surface-complexation 

stability constants for isolated cell wall and EPS, obtained with the same procedures. 

We determined the absolute concentrations of each functional group in molelL for 

CCBATCH input parameters by multiplying the known biomass or cell component concentration 

in gramlL for each experiment by the concentration in mol/g of bacteria. 

Figure 5 illustrates the new pH-dependent surface site speciation for whole cells with 4 

functional groups, i.e., 10w-pKa carboxyl (pKa of 2.4), carboxyl (pKa of 5.1), phosphoryl (pKa of 

7.2), and amino (pKa of 10.0) groups. Figure 4 shows the corresponding pH-dependent 

speciation for Np(V). 
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Fig. 5. Bacterial surface sites as a function of pH, with FITEQL-calculated 4 pKa values of 2.4, 
5.1,7.2, and 10.0 and with the concentrations of 7.78xlO-3 moleslL of 10w-pK a carboxyl groups, 
5.61xlO·3 moleslL of carboxyl groups, 2.53xlO-3 of phosphoryl groups, and 7.78xlO-3 moleslL of 
amino groups. The >XC represents the 10w-pKa carboxylate groups. (From CCBATCH) 

3.5. Determining the Stability Constants for >XCNp02 and >XCOONp02 from the pH 

Range of 2 to 4 

In this pH range, the dominant Np(V) species is the NpOz + free ion (Fig. 4), and the 

dominant ligand surface species is >XC, the 10w-pKa carboxyl groups, although >XCOO- begins 

to become significant for pH near 4 (Fig. 5) 

We used the speciation model in CCBATCH to calculate the best-fit stability constants 

for NpOz+ complexation with >XC and >XCOO-. In a CCBATCH input file, we specified each 

surface site and NpOt as components. The metal, i.e., NpOz +, complexed onto each bacterial 

surface site was specified as a complex or species. The components were H+, NpOz+, HZC03, X­

23 



C, and X-COO-. The species for the system were OR, CO/, HC03, X-CH, X-COOH, 

Np020H, Np02C03-, Np02 (C03h3., Np02(C03)35-, X-CNp02, and X-COONp02. In this pH 

range, the complexation of Np02+ onto bacterial surface functional groups can be described by 

== X - C- + NpO; -t== X - C(Np02)o 

and == X - COO- +NpO; -t== X - COO(Np02)O 

In the CCBATCH calculation, the log K values of X-COONpOz and X-CNp02 species 

are adjustable parameters. We adjusted the (log K)s to minimize the difference between the 

input experimental value for adsorbed Np(V) (i.e., total sorbed Np(V) as a function of pH) and 

the calculated value for sorbed Np(V) (i.e., the sum of the X-COONp02 and X-CNp02 

concentrations). The best-fit log K stability constants for Np(V) adsorption for the 10w-pKa 

carboxyl and the other carboxyl group were 1.75 and 1.75. The calculated log K values are in 

good agreement with the log K values for Np(V) complexation with other carboxylate-containing 

ligands, such as acetate (1.46), lactate (1.56) and succinate (1.72) (Smith et al., 1997). 

3.6. Determining the Stability Constants for >XP04NpOz from pH Range of 4 to 8 

In this pH range, the dominant Np(V) aqueous species still was the Np02 + free ions (Fig. 

4), and the significant ligand surface species were >XC, >XCOO', and >XP04-, with >XCOO­

rising sharply throughout the range (Fig. 5). Using the log K values for the two carboxyl groups 

obtained from the previous step, we further used CCBA TCH to determine the stability constant 

for >XP04Np02 that best-fit the experimental data in the pH range 4 to 8. The sorption of 

NpOz+ onto phosphoryl functional groups can be described by 

== X -PO; + NpO; 
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The additional component for CCBATCH input file was >X-P04-, and the additional species 

were >X-P04H, and >X-P04Np02. 

The best-fit log K value for Np surface complexation for the phosphoryl group was 2.20. 

The calculated log K values are in good agreement with the log K values for Np complexation 

with inorganic phosphate (2.54 for Np02HP04-) (Smith et al., 1997). 

3.7. Determining the Stability Constants for >XNH3NpOz(C03) and >XNH3NpOz(C03)zz­

from the pH Range of 8 to 10 

In this pH range, the dominant Np species shifted dramatically from Np02 + to 

Np02(C03r, Np02(C03)/-, and Np02(C03) species, with Np02(C03) 35
- becoming 

completely dominant by pH == 10 (Fig. 4). With the shift away from NpOt as the dominant 

Np(V) species, the important ligand surface group became >XNH3+. Sorption onto the amino 

functional groups can be described by 

X NH; + Np02CO; -+= X NH3 (Np02C03) 

= X NH; + Np02(C03);- -7= X NH3(Np02(C03)z}2­

X - NH; + Np02(C03);- -7= X NH3(Np02(C03)3)4­

The new component for CCBATCH input file was >X-NH2, and the additional species were >X­

NH3+, >X-NH3(Np02C03), >X-NH3(Np02(C03)zr, and >X-NH3(Np02(C03h)4-. 

We calculated the best-fit log K values for >XNH3Np02(C03)34-, >XNH3Np02(C03)/, 

and >XNH3Np02(C03) for the experimental data in the pH range of 8 - 10. The best-fit log K 

values were 3.1, 2.7, and l.8, respectively. Clearly, >XNH3Np02(C03)34- was the important 

surface complex in that its log K value was higher than for other surface ligands that complex 

with Np02 +. The complexation at high pH of the Np-carbonate species was observed as long as 
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the >XNH3 + surface ligand was present. The calculated log K values are in good agreement with 

the log K values for Np(V) complexation with N-containing carboxylates (3.4 for alanine and 3.6 

for glycine (Smith et aI., 1997). 

Table 3 summarizes the Cs, pKa, and log K values for Np(V) complexation to sites on 

whole cells of S. alga, as well as on the purified cell walls and isolated BPS. The best-fit 

stability constants for Np adsorption, along with Cs and pKa values, also are given for the cell 

components in Table 3. 

The comparisons between the modeling results and the experimental results in Fig. 3 

show that the model captured the trends in N p(V) complexation to whole cells, cell walls, and 

BPS over the pH range of 2 - 12. For all biomass materials, Np(V) surface complexation 

increased nearly linearly from pH 4 to 8 due to >XCOO- and >XP04-ligands increasing as pH 

increases (Fig. 5). For pH 8 to 10, Np(V) sorption reached a plateau for whole cells and BPS due 

to the decline in NpOt, which is compensated by the increases in Np02(C03) -, Np02(C03) l-, 

and Np02(C03) l, which complexes with the >XNH3 + surface ligand. Cell walls do not show 

the plateau, because they have much less of the phosphoryl surface groups to complex with 

Np02+. The strong drop off of Np(V) sorption for pH > 10 with whole cells, BPS and cell walls 

was due to the decrease in >XNH3 + surface ligand. 

26 



T
ab

le
 3

 

T

he
 l

og
 K

 v
al

ue
s 

fo
r 

N
p 

ad
so

rp
ti

on
 o

nt
o 

fu
nc

ti
on

al
 g

ro
up

s 
on

 S
. 

al
ga

 w
ho

le
 c

el
ls

, 
ce

ll
 w

al
ls

, 
an

d 
E

P
S

. 


W
ho

le
 

C
el

ls
 

E
P

S 
C

el
l 

W
al

ls
 

F
u

n
ct

io
n

al
 

G
ro

u
p

 
N

p-
C

om
pl

ex
ed

 
Sp

ec
ie

s 
pK

aa
 

C
S 

b 
L

o
g

K
 

pK
a 

C
s 

L
o

g
K

 
pK

a 
C

s 
L

o
g

K
 

>
X

C
H

 
N

p0
2+

 
2.

4 
4.

3x
lO

-J 
1.

75
 

2.
4 

3.
0x

lO
-J 

1.
75

 
2.

4 
7.

1x
lO

-J 
1.

75
 

>
X

C
O

O
H

 
N

p0
2+

 
5.

1 
3.

1x
10

-J 
1.

75
 

4.
8 

2.
2x

lO
-J 

1.
75

 
5.

2 
6.

8x
lO

-J 
1.

75
 

>
X

P
0

4
H

 
N

p0
2+

 
7.

2 
1.

4x
lO

-J 
2.

2 
7.

3 
8.

8x
lO

-4 
2.

5 
7.

2 
7.

4x
lO

-4 
3.

1 
>

X
N

H
3+

 
N

p0
 2

(C
0

3r 
10

.0
 

4.
3x

lO
-J 

1.
8 

10
.9

 
3.

0x
lO

-J 
2.

0 
10

.2
 

7.
1x

10
-:

; 
2.

0 
N

p 0
 2

(C
0

3)
 2

3 -
2.

7 
3.

0 
2.

9 
N

p 0
 2

( C
0

3
) 

3)
­

3.
1 

3.
2 

3.
6 

(a
) 

pK
a 

va
lu

es
 f

or
 t

he
 s

ur
fa

ce
 f

un
ct

io
na

l 
gr

ou
ps

, 
co

rr
es

po
nd

in
g 

to
 t

he
 c

on
di

ti
on

 o
f 

ze
ro

 i
on

ic
 s

tr
en

gt
h 

an
d 

ze
ro

 c
ha

rg
e 

co
ve

ra
ge

. 
(b

) 
A

bs
ol

ut
e 

co
nc

en
tr

at
io

ns
 o

f 
th

e 
su

rf
ac

e 
fu

nc
ti

on
al

 g
ro

up
s 

in
 m

ol
es

 p
er

 g
ra

m
 o

f 
ba

ct
er

ia
l 

ce
ll

 c
om

po
ne

nt
. 

27
 



To summarize, solution pH influenced the metal speciation and the metal-binding sites on 

the bacteria cell surfaces. Using acid/base titrations and Np(V) sorption experiments, we 

characterized surface sites on three S. alga surface components. The bacterial whole cells, 

purified cell walls, and isolated EPS each display four functional groups having pKa values of 

2.4,4.8 to 5.2, 7.2 to 7.3, and 10.0 to 10.9. We interpret that these pKa values correspond to the 

carboxyl group on amino acids, other carboxyl groups, phosphoryl groups, and amino groups on 

amino acids. Each surface functional group displayed similar affinity for Np(V) complexation. 

The log K for NpOt complexed onto the 10w-pKa carboxyl, other carboxyl, and phosphoryl 

groups were 1.75, 1.75, and 2.2 to 1, respectively. The log K for Np02(C03)', Np02(C03)l' 

and Np02(C03) 35
- complexed onto the amino groups was 1.8 to 2.0, 2.7 to 3.0 and 3.1 to 3.6, 

respectively. 

The most predominant species of Np(V) was Np02 + at pH below 8. At low pH (i.e., less 

than 4), Np02 + was complexed to the carboxyl groups with pKa of 2.4 forming the surface­

complexed >XCNp02. As pH increased, NpOt also complexed with another carboxyl groups 

(pKa of -5.0), forming the surface-complex >XCOONp02. Then, NpOt complexed to the 

phosphoryl groups (pKa of 7.2), forming the surface-complex >XP04Np02. When pH increased 

above 8, the Np02 + species decreased, but the aqueous Np(V)-carbonate species became the 

predominant species. The Np(V) carbonate species complexed to the amino group on the cell 

surfaces, balancing out the decrease in Np02 + surface-complexes. At pH above 10, however, 

Np(V) sorption decreased due to the decrease in the >XNH/ surface sites. 

The surface-complexation by whole cells was between that of EPS and the cell wall, but 

more similar to EPS. This similarity stemmed mainly from EPS and whole cells having less of 

the high-pKa carboxyl groups and more phosphoryl groups than did the cell walls. 
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Our results indicate that the surface-complexation model can be used to quantify surface 

complexation of Np(V) onto S. alga bacterial whole cells, EPS, and isolated cell walls. The 

complex pictures of Np(V) adsorption to whole cells, EPS, and purified cell walls can be 

explained by the pH-dependent shifts in Np(V) speciation (from Np02+ to Np02(C03h5- as pH 

increases) and the change in available surface ligand groups. Complexation of Np(V) to surface 

ligands is of similar strength to complexation to the same ligands in solution and not large. 
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