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Abstract

This study explores, for the first time, the bioaccumulation of americium-241 (**! Am)
by Cupriavidus metallidurans and Ochrobactrum anthropi, two bacterial strains previously
investigated mainly for their interactions with other heavy metals and radionuclides. To
the best of our knowledge, no prior studies have reported the use of these microorganisms
for 24! Am removal from aqueous solutions. The effects of initial ! Am concentration and
solution pH on removal performance were evaluated through batch experiments. Kinetic
analyses were performed using pseudo-first-order (PFO) and pseudo-second-order (PSO)
models, with the PSO model providing a better fit, suggesting chemisorption as the rate-
limiting step in the process. Initial ! Am concentrations ranged from 75 to 300 Bq mL !,
and both bacterial strains demonstrated comparable maximum bioaccumulation capacities
of approximately 1.5 x 1078 mmol g~'. However, O. anthropi exhibited superior resistance
to 24! Am, maintaining colony growth at activity levels up to 1200 Bq mL~!, compared to a
threshold of 400 Bq mL ! for C. metallidurans. These findings highlight the robustness and
efficiency of these bacterial strains—particularly O. anthropic—in removing 4! Am from
liquid radioactive waste, offering promising implications for bioremediation technologies.

Keywords: americium-241; bacterial strains; adsorption; radioactive liquid waste

1. Introduction

The transuranic artificial radionuclide 2! Am (432.2 years of half-life) is commonly
found in devices such as lightning rods, smoke detectors, and various applications within
the nuclear industry. It is also frequently detected in liquid radioactive waste generated
by nuclear research activities. 24! Am is one of the most hazardous contaminants due to
its high radiotoxicity and long half-life. It decays by alpha emission to ?*’Np and, when
absorbed by the human body, it tends to accumulate in the bones and liver, potentially
inducing malignant tumors [1]. The committed effective dose coefficients are tabulated
in ICRP Publication 119, which defines safety reference values for radionuclide intake by
workers and the general public [2]. The maximum permissible body burden for 24! Am
is 11.1 kBq (approximately 8.76 x 1078 g), and the drinking water limit is 1.48 Bq mL !
(1.17 x 107® g L=1) [3]. The U.S. EPA also limits total alpha-emitting radionuclides (in-
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cluding americium) to 15 pCi L~! (~0.555 Bq L '), in drinking water under the National
Primary Drinking Water Regulations [4].

In aqueous environments, americium exists predominantly as Am®*, a trivalent ac-
tinide ion with a relatively large ionic radius (0.982 A), high hydration energy (7.4-10 A),
and strong affinity for ligands such as phosphate, carbonate, and carboxylate groups [5-7].
These properties govern its mobility and reactivity in natural and engineered systems. De-
spite its environmental relevance, the removal of Am®* remains a significant challenge due
to its stable oxidation state and strong complexation behavior [8]. Although conventional
methods—such as precipitation, ion exchange, and electrochemical processes—have been
employed, the large volumes of contaminated solutions and the typically low concentra-
tions of americium ions render these methods inefficient [9].

Advanced partitioning techniques, including TALSPEAK [10], DIAMEX/SANEX
(Diamide Extraction/Selective Actinide Extraction) [11], and PUREX (Plutonium Uranium
Reduction Extraction) [12], have been developed for effective actinide separation. However,
these approaches require highly specialized infrastructure and involve extensive processing
steps, such as nitric acid dissolution of nuclear fuel, multi-stage solvent extraction cycles,
robust containment systems, and stringent safety and proliferation controls [13].

Recent research has increasingly turned toward innovative techniques for radionuclide
removal, with particular attention given to bioaccumulation processes. Bioaccumulation
involves the uptake of metals by living biomass, such as microbial cells or tissues [14], and
relies on the inherent capacity of the biomass to bind, absorb, or adsorb metal ions from
aqueous solutions [15].

In bioaccumulation mechanisms, many microorganisms effectively bind to hazardous
and potentially toxic metal ions. Two primary mechanisms of metal ion removal are
recognized. The first involves binding at the cell membrane surface, which occurs without
energy expenditure. In the second, metal ions cross the cell membrane and participate
in intracellular biochemical pathways. The surface binding of metal ions is particularly
significant and often represents the primary method of metal ion removal [16].

Metal binding is facilitated by the abundance of functional groups on cell membranes,
which are primarily composed of proteins, lipids, and polysaccharides. These groups
include carboxylates, amines, amides, hydroxyls, phosphates, thiols, and others, all of
which provide sites for metal ion attachment [15,17].

The cell wall acts as a complex ion exchanger, comparable to a resin. Its ion exchange
capacity depends on the presence of functional groups and the spatial structure of the wall
itself. Key functional groups responsible for metal uptake include carboxyl, amino, sulfate,
and phosphate groups. These facilitate the capture of metal cations through electrostatic
attraction or dipole-dipole interactions. This interaction is particularly pronounced in the
case of metal ions due to the anionic characteristics of the cell wall [18,19].

The use of living, resistant microbial biomass presents a promising alternative to the
detoxification of industrial hazardous effluents, contributing to environmental protection
and the recovery of valuable metals. For instance, living biomass (P. aeruginosa) has already
demonstrated a 40% improvement in lead removal compared to its inactivated form [20].

A review of the extant literature reveals numerous studies addressing the removal of
radionuclides from aqueous solutions using biologically derived materials. For instance,
tannin has been examined for its capacity to extract U(VI)/Th(IV) [21], calcium alginate
aerogels for 232U and 2! Am [22], Saccharomyces cerevisiae for U/Sr [23,24], Aspergillus niger
for 8Sr and P™Tc [25], and Candida utilis for its ability to remove U(VI) [26]. These investi-
gations have examined the potential of these materials to remove americium from solutions.
Among microbial species, Cupriavidus metallidurans (C. metallidurans), a Gram-negative,
non-pathogenic, 3-proteobacterium, has garnered attention for its exceptional resistance
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to heavy metals [27,28]. Cupriavidus (ex Ralstonia) metallidurans CH34 is a hydrophobic,
metal-resistant bacterium isolated from the sludge of a zinc decantation tank in Belgium,
which was contaminated with high concentrations of several heavy metals [27]. This bac-
terium has gained increasing interest as a model organism for the study of heavy metal
detoxification and biotechnological applications.

Despite the well-documented resistance of C. metallidurans to various transition metals,
its interaction with actinides such as americium remains largely unexplored. C. metallidu-
rans is well known for its heavy metal detoxification capabilities, conferred by multiple
resistance determinants. These include Resistance-Nodulation-Division (RND) family ef-
flux systems and a variety of metal resistance operons located on its two megaplasmids,
pMOL28 and pMOL30 [29-31].

The evolution of C. metallidurans as a metal-resistant bacterium is well described in
the literature [29]. The authors mention that the cobalt-nickel and chromate resistance
determinants located on pMOL28 are believed to have evolved through gene duplication
and horizontal gene transfer, promoting adaptation to metal-rich environments such as
serpentine soils. On pMOL30, the czc (cobalt-zinc-cadmium) resistance operon coexists
with resistance genes for copper, lead, and mercury. The czc determinant likely originated
from the duplication of a chromosomal czcICBA core cluster (located on chromosome 2),
which was further extended by the addition of upstream czcN and downstream genes and
efflux genes of czcICBA (czcD, czcRS, czcE) [29].

Altogether, C. metallidurans appears to have evolved its exceptional metal resistance
through a combination of horizontal gene acquisition and operon duplication, particularly
targeting genes related to transition metal efflux. This genomic architecture is further
complemented by a reduced repertoire of metal uptake systems, minimizing intracellu-
lar accumulation of toxic ions [30,32]. However, the unique speciation and coordination
behavior of trivalent actinides such as 2! Am3" may pose challenges to these classical
detoxification systems, since actinides differ significantly in ionic radius and complex-
ation behavior compared to transition metals [33]. Meanwhile, although Ochrobactrum
anthropi (O. anthropic) has been described as metal-tolerant and isolated from contaminated
environments [34], we are unaware of studies evaluating its resistance to actinides or
other radionuclides.

Monthy et al. [27] also demonstrated that, depending on the metal, it may concentrate
in different regions of C. metallidurans plasmid pMOL28. This difference may result in
distinct bioaccumulation behaviors depending on the contaminant. Studies have demon-
strated that C. metallidurans already presents high resistance to a large variety of metals.
Some examples are lead [35], molybdenum and vanadium [36], platinum [37], zinc [38],
mercury and lead [39], cadmium [40], and uranium [41].

The bacterium O. anthropi is a Gram-negative bacillus, classified as Achromobacter,
and currently recognized as belonging to the genus Ochrobactrum. This organism has a
broad environmental distribution, being found in water, soil, plants, among other environ-
ments. Ochrobactrum strains are of particular interest for bioremediation. They can degrade
organophosphorus pesticides, toxic solvents, petroleum residues, and are also capable of re-
moving chromium, cadmium, copper, and other toxic metals from the environment [42-44].
Li et al. [45] reported a 95% removal efficiency for Cr(IV) by O. anthropi at an initial concen-
tration of 400 mg L~!. De Pddua Ferreira et al. [46] found O. anthropi in slurry samples from
lysimeters containing 24! Am and suggesting its potential resistance to this radionuclide
and its applicability in removing americium from radioactive waste.

Given their biological and biochemical attributes, C. metallidurans and O. anthropi
offer promising features for the biotechnological removal of radionuclides. C. metallidurans
harbors a complex network of metal-resistance operons (e.g., czc, cop, and cnr) distributed
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across two large megaplasmids (pMOL28 and pMOL30), enabling efficient detoxifica-
tion of heavy metals via efflux pumps, oxidative stress responses, and reduced uptake
mechanisms [47,48]. This strain has already demonstrated resistance to a wide range of
metals, including Pb, Mo, V, Zn, Hg, Cd, and U [31,36,49-51]. Genomic adaptations such
as operon duplication and horizontal gene transfer have further enhanced its resilience in
metal-rich environments such as serpentine soils or industrial effluents [29,52].

While O. anthropi is less studied in the context of radionuclides, it has been frequently
isolated from contaminated environments and is known to form biofilms and secrete ex-
opolysaccharides, facilitating the sorption of Cr, Cu, Cd, and other heavy metals [43,53,54].
It has also demonstrated the capacity to degrade xenobiotics such as organophosphates
and petroleum residues, reinforcing its value for environmental bioremediation [55,56]. No-
tably, it has been detected in lysimeters containing 4! Am, suggesting a potential tolerance
to actinides [46].

Despite these promising traits, the potential of C. metallidurans and O. anthropi for the
bioaccumulation of actinides, particularly trivalent species like Am>*, remains largely un-
explored. This study aims to evaluate, for the first time, the capacity of metabolically active
cells of these strains to uptake 2! Am in aqueous solution, as well as their radiotolerance.
Batch experiments were carried out at three initial activity concentrations and multiple
contact times, and minimum inhibitory concentration (MIC) assays were conducted over
a wide range of 2! Am levels. In this context, the term bioaccumulation refers to the net
uptake of 24! Am by living, active cells under aqueous conditions, without fixation or inacti-
vation steps. While this includes surface adsorption and potentially intracellular processes,
the specific contribution of each was not independently quantified. These findings pro-
vide foundational data for the future development of biologically based and cost-effective
strategies for the remediation of liquid radioactive waste containing trivalent actinides.

2. Materials and Methods
2.1. Bacteria Preparation

C. metallidurans and O. anthropi were selected for the bioaccumulation experiments. C.
metallidurans was supplied by the Institute of Biosciences of the University of Sao Paulo.
The strain grew under aerobic conditions in nutrient broth (NB) at 28 °C, following standard
protocols [57]. O. anthropi, isolated from the manure collected from lysimeters in prior
studies [46], was cultured in brain heart infusion medium (Difco, BD Diagnostics, Sparks,
MD, USA) for 24 h in an oven at 37 °C under constant stirring. Before the bioaccumulation
experiments, the following analyses were performed: bacterial growth curve, MIC, and cell
viability for 50% lethal dose (LD50).

MIC studies were undertaken for the two bacteria to determine the minimum 24! Am
amount capable of inhibiting the growth of microorganisms, using a successive dilution
method [58]. All MIC experiments were plated in triplicate. Bacterial biomass was obtained
by growing cells in Tris Salt Medium (TSM) with subsequent addition of >! Am. TSM was
prepared according to the formulation described in [34] and consisted of the following
components: Tris-HCI (50 mmol L~1), NaCl (80 mmol L~ 1), MgCl, (2 mmol L~1), CaCl,
(0.27 mmol L=1), KCI (20 mmol L~ 1), and glucose (10 g L~1). The final pH was adjusted
to 7.0 for O. anthropi and 5.0 for C. metallidurans using HCl or NaOH solutions as needed.
The estimated total ionic strength of the medium, assuming full dissociation of salts, was
approximately 0.138 mol L. Details of the ionic strength calculation and the total medium
composition are provided in the Supplementary Materials (Text S1 and Tables S1-S3,
respectively).

All experiments were conducted in TSM, with consistent composition and pH con-
ditions applied separately for each bacterial strain. This ensured that any potential back-
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ground interactions between americium and the medium components remained constant
within each experimental set. The medium contains defined amounts of inorganic salts
and low concentrations of organic components, without any chelating agents, minimizing
the likelihood of strong complexation with Am>®*. Moreover, no visual signs of turbidity,
precipitation, or colloid formation were observed in the control tubes during the course
of the experiments. Centrifugation was performed before radiometric analysis, and only
the clear supernatant was measured, further reducing the risk of interference from non-
biological retention. These precautions support the conclusion that the observed differences
in americium uptake can be attributed to the presence and activity of the bacterial biomass.

Americium solution was purchased from Amersham, England. Activities of the
synthetic solutions were 20, 40, 80, 120, 150, 175, 200, 225, 250, 300, 350, 400, 450, 800,
1000, 1200, 1400, 1800, and 2000 Bq mL~!. These solutions were prepared from a stock
solution of 2450.50 Bq mL~! Americium chloride (AmCls). The tolerance ranges studied
for AmClz were 7 x 107% to 6 x 1072 umol L=! (Bq mL~1). Homogeneity of 241 Am
in the aqueous medium was maintained by constant stirring (90 rpm) during sample
preparation and incubation. Although data on the exact solubility of AmCl; in pure
water are limited, americium(Ill) compounds are generally considered highly soluble
under neutral conditions [59,60]. Additionally, all experimental conditions were prepared
identically using calibrated micropipettes to dispense appropriate aliquots per flask, thereby
ensuring uniform exposure. All procedures involving 24! Am were conducted in a licensed
radiological facility following strict safety protocols, including the use of HEPA-filtered
fume hoods, personal protective equipment, and dosimetry monitoring, in accordance with
institutional and regulatory guidelines for handling alpha-emitting radionuclides.

An aliquot of 50 mL from each culture was centrifuged at 2500 rpm for 15 min, and the
supernatant was discarded. Pellets were washed and resuspended in TSM. This procedure
was performed thrice to eliminate the culture medium. The optical density (OD) of the
bacterial suspension in the TSM was adjusted to 1 at 600 nm. In pre-autoclaved 22 mL
quartz flasks, 9 mL TSM were combined with 1 mL of TSM containing bacteria. Serial
dilutions up to 10~® were prepared, according to the National Committee for Clinical
Laboratory Standards [58]. These samples were incubated at 37 °C under constant agitation
for 24 h before plating

Growth curve studies for each bacterial strain were conducted in triplicate. After
inoculation, the OD at 600 nm (OD600) was measured hourly for 10 h [61]. For the flow
cytometry assays, 200 pL of each bacterial suspension at OD600 was added to individual
tubes. Three controls were prepared (one for each strain), and for each sample, two tubes
were set up: one with Triton, to permeabilize the cell wall and ensure membrane perme-
ability, and one without Triton. To each tube, 10 uL of propidium iodide (18 ug mL~!) was
added, followed by agitation and incubation for 30 min. Then, 1 mL of FACS Flow buffer
was added, and the samples were centrifuged for 15 min at 2000 rpm. Supernatants were
discarded, and the pellets were resuspended in 200 pL of FACS Flow buffer plus 10 pL of
1% paraformaldehyde. After gentle mixing, the samples were placed on crushed ice in a
closed Styrofoam box wrapped in aluminum foil. From each prepared solution, 1.2 mL was
taken, supplemented with 60 puL of Rhodamine 123, and then analyzed in a FACScalibur
flow cytometer (Becton-Dickinson, San Jose, CA, USA), as previously described [62].

Rhodamine 123 is a cationic fluorochrome that selectively accumulates in cells with po-
larized membranes, serving as a marker for metabolic activity and viability. Approximately
10,000 events were recorded per sample, and data were processed using CellQuest software
(version 5.2.1). Debris was excluded based on forward and side scatter (FSC/SSC) profiles.
Viability gates were established by comparing fluorescence profiles of untreated controls
and Am-exposed cultures, assuming that low FL-1 intensity corresponds to depolarized,
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metabolically inactive cells. Although no chemically inactivated positive control was used,
visual inspection of the bimodal fluorescence distribution enabled consistent separation of
viable and non-viable populations.

All glassware and quartz flasks were autoclaved prior to use. Bacterial manipulations
were performed using sterile pipettes, tips, and gloves, inside a laminar flow hood. Cul-
ture purity was verified by streaking aliquots of each strain on nutrient agar plates and
confirming colony morphology consistency. No contamination was observed throughout
the experiments. After OD600 adjustment to 1.0, cell suspensions were serially diluted and
plated to quantify CFU mL~!, ensuring comparable concentrations of viable cells between
strains. Flow cytometry with Rhodamine 123 staining was additionally used to confirm
cell viability and metabolic activity prior to exposure to >4! Am solutions.

2.2. Americium Uptake Experiments

Aliquots of each bacterial culture were centrifuged at 2500 rpm for 15 min. The
supernatant was discarded, and the pellets were resuspended in TSM at pH 7 for O.
anthropi and pH 5 for C. metallidurans. Resuspended solutions were then centrifuged at
2500 rpm for 15 min twice to remove the culture medium. The adjustment of OD was made
to 2.5, corresponding to a bacterial mass of approximately 2 mg. 2! Am solutions were
prepared in TSM at pH 7 and 5, at concentrations of 150, 300, and 600 Bq mL 1.

The bioaccumulation/biosorption experiments were performed in triplicate using
batch mode using 1.5 mL TSM solution containing 2! Am and 1.5 mL TSM containing
bacteria. As a result, the 2! Am initial concentrations were 75, 150, and 300 Bq mL!
(2.45 x 1072, 4.90 x 10~%, and 9.80 x 10~? mmol L, respectively). The solutions were
placed into 22 mL capacity quartz flasks under sterile conditions. The vials were packed
in plastic bags, placed in polyethylene bottles, and maintained under constant stirring at
room temperature for different contact times, depending on the bacteria. The contact times
tested were 1, 2, 4, 6, 12, and 24 h for C. metallidurans and 0.03,0.08,0.5,1,2,4,6,12,24 h
for O. anthropi.

After incubation at each designated contact time, the solutions were centrifuged at
2500 rpm for 15 min, and 1 mL of the supernatant was collected for scintillation analysis.
The method used is described by Li et al. [45], and allowed the detection of residual activity
concentrations of americium. The measurements were performed by comparison with a
reference standard from Amersham International (GE Healthcare, Amersham, Bucking-
hamshire, UK), with an activity /mass of 785.823 kBq g~'. One milliliter of the prepared
solution was mixed with 19 mL of scintillator liquid inside 22 mL quartz flasks [63]. The
sample was vortexed for 1 min and placed in the scintillator for 30 min. The residual
americium was quantified in a Tri-Carb 2100 TR Liquid Scintillation Analyzer (Packard-
Canberra, Meriden, CT, USA). The dry mass was determined by subjecting the adsorbent
post-treatment to a drying process in an oven (WTC Binder, Tuttlingen, Germany) main-
tained at 80 °C for a period of 4 h.

2.3. Americium Removal and Kinetics

The amount of americium was calculated from the difference in the americium con-
centration in the aqueous solution before and after bioaccumulation. The kinetic study
considered the americium uptake by the following equation:

q=(Ci—Cf)V/m (1)

where q is the concentration of americium in the bacteria (mmol g_l), C; and C; are the
initial and the final 2*! Am concentration in solution (mmol L~1), V is the solution volume
(L) and m is the initial mass of bacteria (g).



AppliedChem 2025, 5, 34

7 of 16

Bioaccumulation rate has been described by several kinetic model approaches, in
batch operations, as a function of solution concentrations with different reaction orders or
regarding the adsorbent capacity. There is also the consideration of the rate of population
growth/decrease in the aqueous media in the removal of metals by living microorganisms.
The determination of bioaccumulation kinetics is crucial to properly evaluate the removal
efficiency of 24! Am and for the design of effluent treatment on an industrial scale.

In the models used, the population of bacteria was considered to remain constant
during the kinetic experiment, since the rate of growth is slow when compared to the
kinetic rate. Pseudo-first-order (PFO) kinetics is commonly applied to describe the biosorp-
tion/adsorption of metals using different types of biomasses. This model was described by
the differential equation and is given as follows [64]:

dq/dt =k (qeq — 9 2)

where q and qeq are the concentration of americium in the bacteria over time and at the
equilibrium, respectively; k; is the PFO rate constant.
Also, the mathematical equation for Pseudo-second-order (PSO) kinetics was pro-
posed [65].
dq/dt =k (qeq — 9)° (3)

where k; is the PSO rate constant, geq is the concentration of americium in the bacteria at
the equilibrium, and q is the amount of the solute adsorbed in time.

In this study, the PFO and PSO kinetics were applied in their nonlinear forms to
evaluate all adsorbents” performance and to elucidate the mechanisms involved. The
error metrics employed were the coefficient of determination (R?), the Mean Absolute
Error (MAE), and the Root Mean Squared Error (RMSE), with the corresponding equations
provided in the Supplementary Materials (Text S2).

3. Results and Discussion
3.1. Preliminary Experiments

The growth curves of O. anthropi and C. metallidurans are presented in Figure 1, while
the MIC results for the bioaccumulation experiments are summarized in Table 1. Although
O. anthropi exhibited faster growth compared to C. metallidurans, both bacteria displayed
similar growth patterns.

2.0

1.5

- 1.0

o.D

0.5+

0.0

T T T T T T
0 100 200 300 400 500 600
time (min)

Figure 1. Growth curves of Ochrobactrum anthropi (black squares) and Cupriavidus metallidurans (red
circles). Error bars represent the standard deviation from triplicate measurements.
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32

% Electrical potential of mesosomes

Unviable/inactive

Table 1. MIC (“+” growth of bacteria; “-” no growth of bacteria).

Bacteria

Activity Concentration (Bq mL—1) - -
C. metallidurans O. anthropi

+
+

40
80
120
150
200
250
300
350
400
500 -
700 -
800 -
900 -
1000 -
1200 -
1400 -

+ 4+ + + + + + +

I A T T T T

Regarding their resistance to americium, O. anthropi presented superior tolerance,
with colonies growing even at activity concentrations of up to 1200 Bq mL !, as shown in
Table 1. This resilience can be attributed to prior exposure to 24! Am in the lysimeter from
which it was isolated. Ferreira et al. [46] reported that bacterial consortia containing O.
anthropi were four times more tolerant to 24! Am>* than Pseudomonas putida F1. Conversely,
C. metallidurans exhibited significantly lower resistance, with growth-restricted activity
concentrations up to 400 Bq mL~!.

The viability of bacterial cells after 5 h of exposure to americium at LD-50 (lethal dose
for 50% of the population) is depicted in Figure 2. The LD-50 values determined by the
flow cytometry technique were 200 Bq mL~! for C. metallidurans and 600 Bq for O. anthropi.

3 Unviable/inactive
Viable/active ! Viable/active
1

50.42%

59.98%

49.66% 40.11%

% Electrical potential of mesosomes

MMJ o Do i

100 101 102 103 104 100 101 102 10° 104
FL-1 Rhodamine 123 FL-1 Rhodamine 123

Figure 2. Viability of the bacteria after 5 h of contact with 241 Am /LD-50. (A) C. metallidurans; (B) O.
anthropi.

After 5 h of contact with 200 Bq 241 Am, 49.66% of C. metallidurans cells remained viable,
as indicated in Figure 2A. For O. anthropi, 40.11% of cells remained viable after 5 h exposure
to 600 Bq mL 1, as shown in Figure 2B.
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We recognize that flow cytometry data may be influenced by potential artifacts. For
example, the presence of americium or other actinides could interfere with dye binding
or fluorescence emission. In addition, cell aggregation may result in underestimation of
total events, and autofluorescence of the bacterial cells can partially overlap with the signal
of the viability dye. These limitations were minimized by including appropriate controls,

using single-color staining, and applying strict gating strategies.

3.2. Uptake of > Am by Bacteria
The bioaccumulation results for O. anthropi and C. metallidurans at initial americium

concentrations of 75, 150 and 300 Bq mL~! are displayed in Figure 3.

1.50 = 1078 1 1.50 % 107 R WP RPN SRR SN ; k|
] &é‘.._é_, i ot oot Tt ettt b tont o oy e | }{é._. & a - -
' - ® 75 Bg/mL
125 10% § ® 75 BamlL 12510
! m 150 Bg/mL | a ®m 150 Bg/mL
e i A 300 Bg/mL ~ 4 A 300 Bg/mL
D 1.00 < 100 _ _-PFO 100 %107 -~ _PFO
g 1t -~ PSO g L PSO
£ i
E 750« 10 E750x107] 4 .
k- a2 8 . ® jjpu-®% 8 - ¥ - 2
i ' 7
55001074 I ;‘%5.00 €10y
[ ¥
?Q_.,_..______Q.____.___._.__.__c. 1 " .- Y RIS NI
2500 107 | 2.50 = 1070 ]..,ry i
| ¥
0.00 % 107 m 0.00 x 10| g
T T Y. T T T T
g 18 15 20 2 0 5 10 15 20 25
Time (h) time (h)
(A) (B)

Figure 3. Bioaccumulation of americium, in the following initial activity concentrations: 75, 150, and
300 Bq mL~1. (A) O. anthropi; (B) C. metallidurans.

The results indicate that higher americium concentrations led to increased bioaccu-
mulation capacities. For O. anthropi (Figure 3A), equilibrium was reached at the very
beginning for all initial americium concentrations, with no significant increase in bioaccu-
mulation capacity even after 24 h. However, g (mmol g~!) was remarkably superior with
increased initial americium concentrations, reaching a maximum of 1.47 x 108 mmol g~!
([*'Am]y = 300 Bq mL~1). These values of g are comparable to those obtained by [46]. The
authors used various bacterial communities to treat radioactive liquid organic waste. As
concerns the removal of 24! Am, g values were 1.1 x 10~ mmol g !,5.4 x 107 mmol g !,
and again 5.4 x 1071 mmol g~ ! for the three different bacterial communities. The values
presented in this study surpass those reported by [46]. However, they employed bacterial
communities to treat a complex radioactive waste, with the presence of other radionuclides
such as cesium and uranium, which may have impaired higher bioaccumulation capacities
by ionic competition.

The experiments with O. anthropi revealed to be efficient and a fast bioaccumulation
process since an average removal of 95% was observed after 2 min of contact for all studied
concentrations. The results achieved for C. metallidurans were very close to those obtained
by O. anthropi. In terms of percentage removal, an average of 90% of the initial 2! Am
activity concentration was removed in the 1 h contact. Furthermore, at 6 h of contact, an
average of 99.6% of removal was reached for all activity concentrations of 4! Am.

The bioaccumulation performance observed in this study can be contextualized by
comparing it with results from other biomaterials reported in the literature. Table 2 sum-
marizes these values for various biomaterials tested for americium uptake, providing a
comprehensive perspective on their biosorption and bioaccumulation capacities under
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different conditions. This comparison highlights the potential of O. anthropi and C. metallidu-
rans for the removal of 2! Am from aqueous solutions. The bioaccumulation performance
observed in this study can be contextualized by comparing it with results from other
biomaterials reported in the literature. As shown in Table 2, most of the reported stud-
ies focus on biosorption processes using inactivated biomass, such as Rhizopus arrhizus,
Saccharomyces cerevisiae, or tannin-based materials, which typically achieve high removal
efficiencies (95-99%) with contact times ranging from 60 to 200 min. In contrast, the present
study demonstrates that live bacterial strains such as O. anthropi and C. metallidurans can
achieve similarly high removal efficiencies (95-99.6%) but in much shorter time frames (as
little as 2 to 60 min). These results reinforce the potential of active bioaccumulation for
the efficient removal of americium from aqueous systems. Due to the scarcity of studies
focusing specifically on the bioaccumulation of radionuclides, especially actinides like
americium, the data presented here contribute valuable insights into this underexplored
area, complementing the broader body of work on biosorption. The kinetic parameters for
the PFO and PSO models are presented in Table 3.

Table 2. Comparison of biosorption/bioaccumulation capacities (7), removal efficiencies (R), and
contact times for 24! Am uptake by various biomaterials reported in the literature.

Biomaterial Adsorption Type  guax OF geq (mmol g—1) R (%) Contact Time  Reference
Tannin Biosorption 7 x 1073 - ~200 min [66]
Saccharomyces cerevisiae Biosorption - 95 60 min [67]
Rhizopus arrhizus Biosorption - 99 60 min [3]
Rhizopus arrhizus Biosorption - [68]
Rhizopus arrhizus Biosorption - 97 120 min [69]
Candida sp. Biosorption - 98 240 min [70]
Pseudomonas fluorescens Biosorption - 100 - [71]
Pseudomonas Biosorption - 72 - [72]
11x107°
Bacteria communities Bioaccumulation 5.4 x 1010 - - [46]
54 x 10710
Sepia officinalis (cuttlefish)  Bioaccumulation - 65 - [73]
Elodea canadensis Bioaccumulation 2.6 x1075* - - [74]
Ac1p.enser gueldenstacdtii Bioaccumulation - 50 14-28 days [75]
(diamond sturgeon)
O. anthropi Bioaccumulation 147 x 10~8 95 2 min This study
C. metallidurans Bioaccumulation - 99.6 360 min This study

* Maximum 24! Am activity concentration/specific alpha activity of 21 Am (1.27 x 101 Bq mol ™).

Table 3. Kinetic parameters of pseudo-first-order and pseudo-second-order models ? for the bioaccu-
mulation of 21 Am O. anthropi, and C. metallidurans.

PFO PSO
Bacteria pH Co Jeg,exp - 10710 kq Qeq,calc - 10710 R? ky x 10% Qeq,calc - 10710 R?
(Bq mL-1) (mmol g—1) (h-1) (mmol g—1) (g mmol-1h-1) (mmol g—1)

7 75 34.93 119.76 34.64 0.996 3.04 34.73 0.997

O. anthropi 7 150 66.20 136.19 70.15 0.991 1.39 70.68 0.992

7 300 139.74 466.16 143.33 0.997 0.42 144.48 0.998

5 75 36.73 2.22 35.41 0.986 0.16 36.67 0.994

C. metallidurans 5 150 72.88 341 70.94 0.996 0.29 71.69 0.996
5 300 146.94 243 144.30 0.998 0.06 147.26 1.000

3k (h™') and k (g mmol~! h™1) are the rate constants of the first and second order models, respectively.

Both the PFO and PSO models provided a good description of the experimental data
for O. anthropi and C. metallidurans. The PFO rate constant (k;) provides insights into
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the speed of the process. This model is often applied to systems where physisorption
dominates. However, as shown in Table 3, the R? for the PFO model were generally lower
compared to the PSO model, suggesting that the americium bioaccumulation by both O.
anthropi and C. metallidurans is not primarily governed by physisorption.

The PSO model is typically associated with chemisorption, where chemical bonding
or electron sharing between the sorbate and the sorbent occurs. The kinetic parameter kj
reflects the rate constant for chemisorption. As indicated in Table 3, the PSO model provided
a better fit to the experimental data, with R? values exceeding 0.99 for most conditions.
Therefore, it is hypothesized that the rate-limiting step was driven by chemisorption.

For O. anthropi, the PFO model yielded calculated equilibrium capacities (qe calc)
of 34.64, 70.15, and 143.33 x 1071 mmol g_1 at initial concentrations of 75, 150, and
300 Bq mL~!, respectively, compared to the experimental values of 34.93, 66.20, and
139.74 x 10719 mmol g~!. This resulted in a MAE of 2.61 x 10~ mmol g~! and an RMSE
of 3.09 x 1071 mmol g~!. In contrast, the PSO model produced qe c,c values of 34.73,
70.68, and 144.48 x 109 mmol g~ !, with a MAE of 3.14 x 107! mmol g~! and an RMSE
of 3.77 x1071% mmol g 1.

For C. metallidurans, the PFO model gave qe ca1c Values of 35.41, 70.94, and 144.30
x 10710 mmol g~! at initial concentrations of 75, 150, and 300 Bq mL~!, leading to a
MAE of 1.97 x 1071 mmol g~! and an RMSE of 2.04 x 10~ mmol g~!, while the
PSO model yielded qe carc of 36.67, 71.69, and 147.26 x 10~!® mmol g1, with a MAE of
0.52 x 1071 mmol g~! and an RMSE of 0.71 x 1071 mmol g~ 1.

These results indicate that, strictly in terms of numerical agreement with the exper-
imental data, the PFO model provides slightly lower errors for O. anthropi, whereas the
PSO model has smaller errors for C. metallidurans. However, both models achieve high R?
values (>0.986), suggesting a good overall fit.

For O. anthropi, the bioaccumulation process was remarkably efficient and rapid, with
most of the americium removed within the first few minutes of contact. The high rate
constant k; observed for this strain at all concentrations highlights its potential for fast
remediation of radioactive waste. For instance, at an initial concentration of 300 Bq mL1,
O. anthropi reached a g, of 1.44 x 1078 mmol g~!, demonstrating superior performance
compared to other microbial systems reported in the literature.

The rapid attainment of equilibrium observed for O. anthropi can be attributed to a
combination of physical and biological factors. First, fast mass transfer of americium ions
in the aqueous medium allows prompt interaction with the bacterial cell surface, which
is consistent with observations that diffusion can be a limiting factor in metal sorption
processes at low ion concentrations [76]. Although direct evidence of americium-induced
aggregation in O. anthropi is not available, it is plausible that bacterial cell aggregation
could enhance the local density of binding sites, promoting faster bioaccumulation, as
observed in other systems where aggregation increases the effective contact between cells
and solutes [77]. For C. metallidurans, the bioaccumulation process was slightly slower but
still highly effective. This bacterium achieved near-complete removal (99.6%) of americium
within 6 h of contact. Although its k; values were lower than those of O. anthropi, the
ge were comparable, indicating that both strains exhibit similar potential for americium
uptake despite differences in kinetic rates.

The findings indicate that understanding the kinetic behavior is critical for optimizing
the operational parameters of bioaccumulation systems. Factors such as contact time, initial
concentration, and bacterial loading can significantly influence the efficiency and scalability
of the process.
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4. Conclusions

This study demonstrates the promising potential of C. metallidurans and O. anthropi for
the bioremediation of aqueous solutions contaminated with 24! Am. Both strains exhibited
high uptake efficiencies and rapid removal kinetics, with O. anthropi showing exceptional
radiotolerance and nearly complete removal within minutes. The kinetic profiles suggest
chemisorption as the dominant mechanism for americium uptake.

These results support the feasibility of using metabolically active bacterial biomass in
low-energy, biologically based strategies for radioactive waste treatment. Importantly, the
goal is not desorption or metal recovery, but rather safe immobilization: once saturated,
the biomass can be incorporated into solid matrices such as cement or geopolymers for
long-term containment of radionuclides.

Future work should explore the performance of these strains in real or complex
waste matrices, including multi-metal systems and organic contaminants, to validate their
applicability under practical environmental and industrial conditions.
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