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Abstract

In this study, rare earth element (REE) binding constants and site concentration
on the Gram+ bacteria surfaces were quantified using a multi-site Langmuir isotherm
model, along with a linear programming regression method (LPM), applied to fit
experimental REE sorption data. This approach found one discrete REE binding site on
the Gram+ Bacillus subtilis surface for the pH range of 2.5 to 4.5. Average log;o REE
binding constants for a site j on these bacteria ranged from 1.08 + 0.04 to 1.40 + 0.04 for
the light REE (LREE: La to Eu), and from 1.36 + 0.03 to 2.18 = 0.14 for the heavy REE
(HREE: Gd to Lu) at the highest biomass concentration of 1.3 g/L. of Bacillus subtilis
bacteria. Similar values were obtained for bacteria concentrations of 0.39 and 0.67 g/L
indicating the independence of REE sorption constants on biomass concentration. Within
the experimental pH range in this study, Bacillus subtilis was shown to have a lower
affinity for LREE (e.g. La, Ce, Pr, Nd) and a higher affinity for HREE (e.g. Tm, Yb, Lu)
suggesting an enrichment of HREE on the surface of Gram+ bacteria. Total surface
binding site concentrations of 6.73 + 0.06 to 5.67 + 0.06 and 5.53 + 0.07 to 4.54 = 0.03
moles/g of bacteria were observed for LREE and HREE respectively, with the exception
of Y, which showed a total site concentration of 9.53 + 0.03, and a log Kggg; of 1.46 +
0.02 for a biomass content of 1.3 g/L. The difference in these values (e.g. a lower affinity
and increased binding site concentration for LREE, and the contrary for the HREE)
suggests a distinction between the LREE and HREE binding modes to the Gram+
bacteria reactive surface at low pH. This further implies that HREE may bind more than
one monoprotic reactive group on the cell surface. A multisite Langmuir isotherm

approach along with the LPM regression method, not requiring prior knowledge of the



number or concentration of cell surface REE complexation sites, were able to distinguish
between the sorption constant and binding site concentration patterns of LREE and
HREE on the Gram+ Bacillus subtilis surface. This approach quantified the enrichment
of Tm, Yb and Lu on the bacteria surface and it has therefore proven to be a useful tool
for the study of natural reactive sorbent materials controlling REE partitioning in the

natural environment.
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Introduction

The solution and mineral properties of rare earth elements (REE) make them
adequately robust probes for low temperature geochemical reactions. The interest in REE
geochemistry arises from their systematic chemical properties which usually lead to
fractionation in geochemical systems [1]. REE form a coherent group and generally occur
in the trivalent oxidation state. The effective ionic radii of REE decrease when the atomic
number increases [2]. This effect causes characteristic regular features of normalized
REE patterns defining the CHArge and RAdius-Controlled process, CHARAC [3]. If a
low temperature geochemical system is characterized by a CHARAC pattern, REE of
similar charge and radius should display a coherent behavior. This property, however, is
no longer observed when chemical processes are driven by an external electronic
configuration that produces a sub-partition (non-CHARAC processes). The CHARAC
attribute of REE should thus generate smooth, rather than irregular patterns (excepting
redox-related Ce and Eu anomalies) which may indicate non-CHARAC behavior. By
studying fractionation trends, it then becomes possible to quantify the underlying REE

fractionation processes in the natural environment [3, 4].

In aquatic geochemical systems, REE fractionation takes place through
complexation to reactive surface organic [5] and inorganic [6] ligands as well as surface
complexation to aquifer minerals [7]. REE have been suggested to be associated with
dissolved organic colloids, which play a major role in complexing REE and facilitate

their fractionation [8-10]. Reactive surface organic acids have been proposed to be potent



sorbents of REE. The effects of humic acids on REE fractionation have been previously
studied by monitoring the concentration of REE as a function of increasing organic
matter (e.g. humic acid) content [11, 12]. At low concentrations of dissolved organic
matter, two REE binding sites were found whereas at high levels of humic acids only one
site was observed. REE binding in the presence of humic acids was suggested to occur at
weak (e.g. carboxylic groups) and strong sites (e.g. phenolic moieties) within the

complex structure of dissolved organic matter [11, 13].

In recent years, however, there have been very few studies concerned with
identifying the patterns of REE association with the bacteria surface [14]. Indeed,
bacteria have been recognized as an important substrate regulating the partitioning and
mobility of metal ions in natural waters [15, 16]. In their study, Takahashi et al. [14]
observed a peak around the middle of the light REE (LREE) part of the distribution
pattern and an anomalous enrichment of heavy REE (HREE) on the bacteria surface,
especially for Tm, Yb, and Lu. In addition, similar characteristics were observed in the
REE pattern of‘a natural microbial mat and a bioflim, suggesting that the HREE
enrichment could be a signature of the influence of bacteria in REE immobilization in

natural systems [15, 17].

The effects of bacteria surface reactivity on REE fractionation were previously
studied by monitoring the concentration of REE as a function of various bacteria
concentrations under different physico-chemical conditions [14, 17, 18]. Useful

approximations to identifying the fractionation patterns on the cell surface can be best



monitored using adequate surface complexation models to quantify sorption constants
and the number of binding sites available for REE complexation. Recent studies have
assessed metal binding to bacteria surfaces through the use of chemical equilibrium
modeling programs such as the linear programming method (LPM) [19] and FITEQL
[20]. These mathematical schemes have been successfully applied to the processing of
high resolution metal and proton sorption data from organic ligands, humics, mineral
oxides and intact bacterial cells [21-24]. Bacteria metal complexation studies, for the
purpose of identifying direct metal cation complexation and biomineralization processes
at the atomic scale have also benefited from the use of state-of-the-art spectroscopic
techniques such as extended X-ray absorption fine structure (EXAFS) spectroscopy, X-
ray absorption near edge spectroscopy (XANES), as well as synchrotron FTIR and

STXM methods [25-29].

Despite the use of these sophisticated methods, the underlying complexity of the
Gram positive and Gram negative bacteria surfaces and the limitation of spectroscopic
measurements to high metal concentrations, continue to generate uncertainty in the
interpretation of spectroscopic results designed to assess to metal sorption modes on
reactive solid surfaces [30]. This suggests that the application of refined surface
complexation models to high quality aqueous chemical data, complemented by specific
spectroscopic measurements designed to identify the binding modes of metals (e.g.
monodentate or bidentate binding) on complicated organic surface, continue to be a more
practical first approach for the quantification of metal (e.g. REE) bacteria sorption

constants and surface binding site concentrations [31]. In this study, REE bacteria



sorption data were fitted using a multi-site Langmuir isotherm model and a linear
programming regression method (LPM), not requiring a priori assumptions of binding
constant and site concentration values, as described previously in detail [11, 19].
Although LPM was applied to the analysis of metal sorption to bacteria, bacteriogenic
iron oxides, and humic acids, this method has not yet been employed for the

quantification of REE bacteria surface complexation.

2 Modeling of REE sorption to bacteria surface

REE-bacteria complexation data, published previously by Takahashi et al. [14],
were re-evaluated and modeled in this study, using a multi-site Langmuir isotherm
approach along with LPM using simplex search method optimization, as described
previously by Martinez et al. [32], and Pourret and Martinez [11]. The total initial REE
concentration in the presence of Bacillus subtilis bacteria in Takahashi et al. [14] was 100
ug/L for all REE. This concentration was achieved from a stock standard solution from
Spex CertiPrep., Edison, New Jersey, with a concentration of 10 mg/L for all REE except
Pm. To propose a mechanism for the interaction of REE and protons, within the pH range
of 2.5 to 4.5, with the bacteria reactive surface, a REE*"/H* competition reaction was

assumed to take place in a 1:1 ratio, as follows:
REE™ +B H® « - REE-B* +H" (1)

where, B; represents a bacteria surface reactive site and Kggg; i1s the concentration

apparent equilibrium constant for the reaction in Eq. (1), conditional on ionic strength.



For a j™ deprotonated binding site at the ith step of the acid base titration, KRreg; 18

defined as:

[REE-B"], « [H']
KREE,j = [REE3+]

meas,i

[B,H],

(2

where 1 =1 to n titrant additions and j = 1 to m binding sites. In Eq. (2), Kggg;implicitly
includes electrostatic parameters and is a function of proton concentration, derived from

experimentally measured proton activity at 0.01 M NaCl, and determined REE

concentrations, ([H"] and [REE™] ) and of the amount of REE** bound to the jth

meas,i meas,i
bacteria surface site at the i™ step of an acid base titration, [REE—BJ-ZJ“]i. From mass
balance calculations, the total bound REE at the i titrant addition or pH value, [REE-

B¥]1;, and the total ligand concentration (e.g. total binding site density), [B]t can be

expressed as:

[REE - B*I,; = _[REE - B}, [REE" ], -[REE"],,., 3)

=1

and

m

[Bl, =, [B,]=[REE-B>],, + ), [BH"] )

=1 J=1

where [B,] refers to the individual site concentration for a particular bacteria surface
reactive group. The total amount of REE bound, [REE- B2+]T,i’ can be expressed as the

sum of complexed REE for each of the j"™ bacteria surface sites at the i pH value (e.g.

[REE - B*],, =Z([REE-B§+]I. ). However, experimental measurements of total,

Jj=1



[REE3+]T and free REE concentrations[REE™ ] only allow direct determination of

meas,i ?

[REE- BZJF]T,i , as shown in Eq. (3).

The fraction of the total jth ligand concentration, bound by the REE cation at the

ith step of the titration, O, » CaN be expressed as a function of the bound REE at the i

titrant addition, [REE - B? ], and the jth ligand concentration, [B;]as follows:

[REE -B;"], [REE -B:"],

) _ 5
aREEB,ij [BJ] [REE -BJ?"’]i +[BJHO]1 ( )

The protonated j™ ligand concentration at the i step of the titration, [B jHO]i can be then

expressed as a function of [REE- Bf*]i , by rearranging the expression for the
equilibrium constant Kggg;in Eq. (2). The calculated bound REE concentration at the i

titrant addition, [REE - B** It caci» €an be determined as a function of measured, ([H'] ,;

and [REE™] ) and adjustable ([B,]) parameters:

meas,i

meas i

OKREE,J' .[Bj] (6)

m m [REE **]
[REE-B* ;. . =Y, (g * [B])=
T calc, - REEB, Z K e +[H] ..

i j ~ [REE*']

1 j=1 meas ,i

The linear programming approach to solving chemical equilibrium problems for
multi-site REE sorption is based on solving a matrix equation b=A-X for X. Here A is

an n x m matrix of o, entries as defined in Egs. (5) and (6). b is an x 1 vector of

calculated bound REE concentrations for each titrant addition (pH value),



[REE-B*'] as defined in Eq. (6). The m x 1 vector X contains the adjustable

T,cale,i *

parameters, [B,], for each of the m binding sites.

As stated previously by Brassard et al. [19] and Martinez et al. [21, 32], numerical
difficulties appear when fitting the model in Eq. (6) because REE binding constants and
site concentrations are correlated parameters. In order to solve the correlation problem, a
fixed interval grid of log Kgrgg;j values was used when writing the problem in matrix
form, as described by Brassard et al. [19]. In addition, more than one error minimum can
be found from the optimization for X as a solution to the equation b=A-X , unless

further assumptions are made about the nature of the solution, as mentioned previously

[19].

Linear programming regression along with a simplex search method minimize the

number of REE binding sites and the absolute error,

e =|[REE-B*], 4, [REE-B*],,|, rather than the least squares [19]. This procedure

finds one global minimum for the error function, which emphasizes zero as a possible
solution and avoids convergence problems as mentioned previously [19, 21]. LPM uses a
grid of fixed log Kggg; values and optimizes the total binding site concentrations (TSC).
Each site density, [B;], is assigned a positive value where zero is a possible result. This
mathematical routine generates a log Kggg; spectrum where discrete metal binding sites
are determined by the number of log Kggg; values, which have a corresponding nonzero

REE binding site density. When [B;] values are added, their sum should approximate the

10



total available ligand concentration on the bacteria reactive surface, [B]r, for a maximum

experimental pH value (e.g. pH = 4.5 in this study) [19].

3. Results and discussion

Tables 1 and 2, and Figs. 1, 2 and 3, summarize LPM optimization results of log
Kree;j and [B]r as defined by Equations 2 and 4 respectively for measured [REE™]
sorption at three different Bacillus subtilis concentrations of 0.39,0.67 and 1.3 g/L, in the
pH range of 2.5 to 4.5. Tables 1 and 2 show the log Kggg; and [B]r values for all REE
elements at the full range of bacteria concentrations. As observed by the results in Tables
1 and 2, optimization of REE-bacteria sorption data using a multi-site Langmuir isotherm
and the LPM approach generated a unique binding site density corresponding to a single
log Kregj value for each REE on an initially set log Kgrgg; grid where, prior to
optimization, a value of zero binding site concentration, (i.e. [B;]) was assigned to each
log Kgregj. However, double peaks resulted for a number of sites j (data not shown),
because the true log Kgrgg; generated from the fit of a particular data set fell at an
intermediate position between two adjacent log Kggg; on the grid [32]. Each doublet was
converted to a single peak by averaging the two log Kgrgg; values (Table 1) and
computing the weighted average of [Bj]. These averaged values, along with existing
single peaks, in replicate spectra were used to calculate overall log Kggg; and total REE

binding site concentrations (Table 2).
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Figure 1

The average log Kggg;j and binding site densities obtained for the three Bacillus

subtilis concentrations are reported in Tables 1 and 2, for the 14 analyzed REE

12



respectively. An example of the LPM fit resulting from the optimization of experimental
REE-bacteria sorption data, as a function of increasing pH, are depicted in Figure 1 for

La*, Eu’* and Lu®. Sample log Kggg; values for La’" are 0.85 +0.02, 1.03 +0.04 and
1.08 10.04 for bacteria concentrations of 0.39 g/L, 0.67 g/L and 1.3 g/L respectively. For
the same biomass concentrations, Eu** and Lu®* show log Kreg; of 1.22 #0.03,.1.36 £0.03
and 1.40 £0.03; and 1.77 £0.16, 2.16 £0.02 and 2.18 £0.14 respectively (Figure 1). With

the exception of the lowest biomass condition (i.e., 0.39 g/L), the log Kggg; values
remain constant within uncertainty at higher Bacillus subtilis concentrations of 0.67 g/L
and 1.3 g/L. Moreover, at biomass concentrations of 0.67 g/L, log Krgg; values increase
from La (1.03) to Eu (1.36), then decrease from Eu (1.36) to Ho (1.28) and further
increase to 2.16 for Lu. This feature is further marked for a higher Bacillus subtilis
concentration (i.e., 1.3 g/L) where log Kgrgg; values increase from La (1.08) to Eu (1.40),
remain constant from Gd to Ho (1.36), and increase from Ho (1.36) to Lu (2.18). These
results of REE bacteria surface binding constants may suggest a pattern showing a middle
REE (i.e., Eu to Ho) downward concavity (Fig. 2) as observed previously for interactions
of rare earth elements with humic acids [11]. As already proposed by Pourret et al. [12],
literature compilation of REE-organic ligand constants [6, 33] as plotted against Gd/Yb
ratio (Fig. 4) evidenced that calculated log Kgrgg; values in this study are in the range of
natural carboxylic acids. However, associated Gd/YDb ratios evidence HREE enrichment
not observed for these natural carboxylic acids. Furthermore, as determined previously by
Martinez et al. [34], and references therein, the identity of deprotonating functional
groups on the Bacillus subtilis surface should correspond, for the most part, to carboxylic

groups within the pH range in this study. Variations in REE-bacteria surface sorption
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patterns may arise due to differences in binding modes of REE-COO complexation [6].
The higher log Krggj values for Tm to Lu at 0.67 g/L and 1.3 g/L of bacteria provide

robust evidence for a potential enrichment of these elements on the bacteria surface.

221 [ Bacillus subtilis mass (g/L)
i —=—039
20 - —eo— 067
—a—130

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Y Er Tm Yb Lu

Figure 2

As shown in Table 1, one log Kgrgg; value was found by LPM for each bacteria
concentrations of 0.39 g/L, 0.67 g/L and 1.3 g/L. This feature reflects the heterogeneity
of the bacteria surface and is in agreement with the presence of a single deprotonating
carboxylic functional group, at the highest pH of 4.5 in this study [34]. This latter
characteristic and the range of log Krggj values in Table 1 for all bacteria concentrations,
further suggest the presence of different modes of surface complexation by each of the
REE. The observed difference in log Kregj may be indicative of MREE (e.g. Eu) and
HREE (e.g. Lu) enrichment on the bacteria surface, as log Krggj values increase by 130
and 160 % respectively with respect to, for example, La and Gd with observed log Kggk

of 1.08 = 0.04 and 1.36 + 0.03 at highest bacteria concentrations of 1.3 g/L. Increasing
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log Kgeg; are indicative of stronger binding of REE to the bacteria surface and of the
presence of more than one metal-ligand complexation process, such as monodentate or

bidentate complexation, as suggested previously for other metal cations [32].

Recent studies calculated REE sorption constants, K;,,, for REE complexation by
bacteria surface functional groups, defined as K, = [REE—B2+]/[REE3+][B] at fixed pH
values using FITEQL® [18, 24, 33]. Fein et al. [35] calculated a log K, of 5.1 for
monodentate Nd adsorption to carboxyl sites on Bacillus subtilis cells at a fixed pH of 5.3
+ 0.3, close to that of 5.06 in Ngwenya et al. [24]. Conversely, Markai et al. [18]
determined a log K, value of 7.13 or 5.97 for Eu-carboxyl complexing on Bacillus
subtilis cells, whereas a log K, of 4.83 was proposed by Ngwenya et al. [24]. Moreover,
Markai et al. [18] and Ngwenya et al. [24] also suggested sorption constants for Eu
binding to phosphate reactive sites of 8.14 and 7.97 respectively. Modeling of REE
binding constants at higher pH (e.g. 6 to 6.5) as proposed by Markai et al. [18] and
Ngwenya et al. [24] should take into account REE speciation, since at more alkaline pH
values (e.g. pH > 5), REE can be strongly complexed by dissolved anions including: F,
SO4* and PO4”. This would affect the proportion of dissolved REE able to interact with
cell surface deprotonated reactive groups and in turn the calculation of the respective

binding constants.

In this study, equilibrium constants for REE sorption to the Bacillus subtilis
surface were determined as per Eqs. (1) and (2) implying a competition of REE’* and H*

for bacteria surface binding sites. Krgg;j can be expressed, therefore, as Krggj = K x Ky

15



or log Kgegj = log Ky, + log K,, where Ky, is the equilibrium constant for REE binding to
the bacteria surface independent of pH as defined above, and K, is the acid dissociation
constant for the deprotonation of a bacteria surface functional groups defined as
described previously by Eq. (2) in Martinez et al. [32]. Log K, values were calculated in
this study as log Ky, = log Kgrggj — log K, where log K, was established at 3.59'+ 0.38 as
determined earlier by LPM optimization in Martinez et al. [32]. An example of the results
for the log K, calculations for each REE are shown in Table 1 for the highest bacteria
biomass of 1.3 g/L. These values range from 4.67 + 0.38 to 5.77 £ 0.41 and are in good
agreement with those calculated by previous researchers [18, 24, 33]. This is rather robust
evidence to confirm the validity of the LPM method for the calculation of REE sorption
constants on the Gram+ bacteria surface without the need of a priori assumptions on the

number and concentration of reactive sites [11, 19, 21, 23, 31, 32].

Even if the modelling approach in this study only considered monodentate sites,
an interesting feature would be evidenced for the three Bacillus subtilis bacteria
concentrations used: As shown in Table 2, the total binding site concentrations (TSC)
arising for the single REE sorption sites in Table 1, are in close agreement for each
bacteria mass, allowing the calculation of average TSC for each REE (Table 2). This
result confirms the independent character of site concentration on bacterial biomass in
g/L, and validates the LPM approach, as the TSC is not correlated to increasing biomass.
In addition and with the exception of Y, the observed decrease in TSC from the LREE
(6.73 = 0.06 moles/g for La) to the HREE (4.54 + 0.03 moles/g for Lu) suggests different

REE-bacteria surface binding modes and a multi-dentate binding of REE to the surface

16



functional groups. In other words, REE complexation to two monodentate binding sites
would result in lower total site densities available to complex the REE, as compared to a
single binding site. The decrease in total site concentration (TSC) as shown in Table 2
and Fig. 3, strongly supports this argument and further implies a mechanism of HREE
enrichment (i.e. stronger binding of Tm, Yb and Lu) on the Gram+ Bacillus subtilis
surface via a non monodentate binding. Albeit not considered in this study, multidentate
binding may also become important with increasing pH, however the speciation of the

LREE and HREE at higher pH values should then be taken into consideration [24].

104

Total site concentration

La Ce Pr Nd Pm Sm BEu Gd Tb Dy Ho Y Er Tm Yb Lu

Figure 3

As evidenced by Table 2 and Fig. 3, the total site density decreases from a
maximum value of 6.73 + 0.06 moles/g for La (LREE) to 4.54 = 0.03 moles/g for Lu
(HREE). The gradual decrease in TSC through the REE series, with the exception of Y,
may thus reflect the competition in between REE, which could be responsible for the

17



fractionation within the REE series. Log Krggj values are a maximum for Sm** and Eu**
(MREE) and Tm®, Yb® and Lu’* in the HREE. A similar, but opposite pattern is
observed for binding site densities (Table 2 and Fig. 3). This may be the result of a
change in the REE coordination number of REE complexes in solution, which ranges
from 9 to 8, usually becoming apparent in the Eu’* to Gd** range. The number of water
molecules about the inner REE sphere is 9 from La** to Nd**, and 8 from Tb** to Lu’*
[36]. From a thermodynamic stand point, the free energy of REE coordination changes in
the Eu™ to Gd* range as a result of a the sudden change in the mode of REE surface
coordination. Indeed, Choppin and Peterman [37] pointed out that Eu-acetate complexes
by an inner sphere mechanism and as acetate represents a model molecule for simple
carboxylic sites on complex organic matter such as humic substances or bacteria, such a
coordination number change must be expected in the Eu’* to Gd** range when assessing
the binding of REE to the bacteria surface. Differences in coordination numbers and
modes of REE-surface complexation are induced by variations of inter electronic
repulsive potentials, caused by the progressive filling of the 4f orbital during structural
changes that especially involve the inner coordination sphere of each REE. These
structural changes are the result of equilibrium ligand exchange reactions (e.g., organic
phase-aqueous phase equilibrium). Indeed, when processes involve REE adsorption (or
surface complexation) with an inner sphere mechanism, a non-CHARAC effect may take
place. The complexation behaviour of REE does not thus exclusively depend on its ionic
charge and radius, but is additionally controlled by its electron configuration and by the
type of complexing ligand, since both of these properties determine the character of the

chemical bonding. Hence, aqueous systems are characterized by non-CHARAC trace
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element behavior [3], and electron structure must be considered as an additional

parameter. However, such behavior needs to be further explored and refined.

As proposed by Ngwenya et al. [24], fulvic acid may provides reasonable
estimates of the stability constants for carboxyl complexation on bacterial surfaces.
Moreover, as discussed by Pourret et al. [12] and Marsac et al. [13] observed differences
between experiments presented by Takahashi et al. [38], Yamamoto et al. [39, 40], Sonke
and Salters [41], strongly suggest the heterogeneity of the complexing sites in HS: high
concentration of weak carboxylic sites and low concentrations of strong phenolic sites
[42]. However, in the presence of the Gram+ bacteria surface, the weak carboxylic sites
determined the behavior of REE complexation and enrichment. Indeed, the pH range in
this study spans from 2.5 to 4.5, for the bacteria surface, whereas in Yamamoto et al. [39,
40] experimental pH varies between 4 and 5.5 and, in Sonke and Salters [41] and Stern et
al. [43] it varies between 6 and 10 in the presence, however, of humic substances.
Nevertheless, the present study sheds more light on the processes dealing with REE
enrichment by Gram+ bacteria surface groups and this needs to be extended to further
existing data on REE-bacteria complexation with LPM to generalize this feature. In
addition, the results in this study, suggest that the multi functionality of the bacteria
surface should be taken into account in speciation studies and calculation codes at

extended pH ranges, to quantify the full capabilities of bacteria surface to complex REE.

Stability constants, Ky, calculated for adsorption of REE on the bacterial surface

are in the range of natural carboxylate sites (Fig. 4). Thus, carboxylic functional groups
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on the bacteria surface are likely to exert important controls on the REE mobility,
cycling, and fractionation in the environment. Indeed, LPM modeling would be of
interest as a tool for the better quantification of REE mobility if integrated in a wider
models coupled with inorganic speciation [4], surface complexation with organic matter

[11] and iron and manganese oxyhydroxide [7].
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4. Concluding remarks

Linear programming modelling was able to quantify differences in REE bacteria
surface sorption as a function of increasing Bacillus subtilis concentration. Within the pH
range in this study, REE binding to a single site on the bacteria surface, as determined by
LPM, was assumed to take place at carboxylic groups. Moreover, this study has been able

to quantify REE-bacteria surface interactions, including the enrichment of HREE on the
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cell surface, the decrease in total REE binding site density from the LREE to the HREE
congruent with the proposition of multi-dentate binding to the bacteria surface. In
addition, the LPM approach served to the determination of metal binding constants and
site concentrations without the need for initial knowledge of these parameters, indicating
the usefulness of this approach to solving surface REE complexation in the presence of

complex organic surfaces, such as bacteria cells [19, 32].
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Figure Captions

Figure 1. Binding of (a) La, (b) Eu, and (c) Lu to Bacillus subtilis bacteria concentrations
(i.e. 0.39, 0.67 and 1.3 g/L) as a function of pH. Points correspond to experimental data
[14], and solid lines correspond to the LPM fits.

Figure 2. Log Kggg; patterns for the 14 rare earth elements.

Figure 3. Site concentration distribution (in mol of REE3+/g of Bacillus subtilis bacteria)
for the 14 REE (data are from Table 2).

Figure 4. Literature compilation of REE-organic ligand constants (recalculated at / = 0.1
mol/LL when necessary; [6, 33]). black triangles: amino-carboxylic acids; white squares:
iminoacetic acids; black circles: phenolic acids; grey circles: carboxylic acids; white
circles: natural carboxylic acids: dark grey circles: Bacillus subtilis.
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Table 1

Log Kgrgg; values for REE as a function of Bacillus subtilis biomass*

Bacillus subtilis mass (g/L.)

REE
0.39 0.67 1.3 1.3%* (log K)

La 0.85+0.02 1.03 £0.04 1.08 £ 0.04 4.67 £0.38
Ce 1.01 £0.02 1.15+0.02 1.20 £ 0.02 4.79 = 0.38
Pr 1.08 =0.03 1.20 £ 0.03 1.25+0.02 4.84 +0.38
Nd 1.03 £0.02 1.19 £ 0.02 1.25+0.02 4.84 +0.38
Sm 1.19+0.02 1.36 £ 0.03 1.40 =0.03 4.99 +0.38
Eu 1.22 +£0.03 1.36 £ 0.03 1.40 + 0.03 4.99 +0.38
Gd 1.16 = 0.03 1.32 £0.02 1.36 = 0.03 4.95+0.38
Tb 1.15 £ 0.02 1.32 £0.02 1.36 = 0.03 4.95+0.38
Dy 1.10+0.02 1.30 £0.03 1.36 =0.03 4.95+0.38
Ho 1.07 £0.02 1.28 £ 0.02 1.36 =0.03 4.95+0.38
Y 1.26 =0.03 1.39 £ 0.02 1.46 £0.02 5.05+£0.38
Er 1.13+£0.02 1.34+0.03 1.47 +£0.04 5.06 £0.38
Tm 1.32+0.03 1.58 £0.03 1.77 £ 0.04 5.36 £0.38
Yb 1.71 £0.07 1.99 +0.09 2.18+£0.14 5.77+0.41
Lu 1.77 £0.16 2.16 £0.02 2.18+0.14 5.77 +0.41

*Single binding REE binding site found between pH values of 2.5 to 4.5, as shown in

text.

**log K REE carboxyl group binding constant results, as explained in text.
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Table 2
Total site density (in mol of REE**/mg of bacteria)

Bacillus subtilis surface total binding site density
REE (TSD) as a function of biomass (moles/g) x 107
0.39 0.67 1.3 Average TSD**

La 6.80 6.70 6.69 6.73 +0.06
Ce 6.43 6.35 6.35 6.38 £0.04
Pr 6.28 6.26 6.26 6.27 + 0.01
Nd 6.26 6.11 6.10 6.16 + 0.08
Sm 5.85 5.73 5.69 5.76 +0.08
Eu 5.74 5.65 5.62 5.67 +0.06
Gd 5.61 5.50 5.48 5.53+0.07
Tb 5.56 5.43 5.47 5.49 +0.07
Dy 5.50 5.34 5.48 5.44 +0.08
Ho 5.33 5.27 5.20 5.27+0.06
Y 9.54 9.56 9.50 9.53+0.03
Er 5.29 5.10 5.05 5.11 +£0.07
Tm 4.95 4.88 4.80 4.88 +0.07
Yb 4.65 4.60 4.53 4.59 +0.06
Lu 4.56 4.50 4.56 4.54 £ 0.03

**Average total site density on Bacillus subtilis surface.
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Highlights:
e A single binding site was found for REE on Bacillus subtilis at low pH

e Modeling of sorption data by LPM shows REE enrichement on bacteria
e HREE (Tm, Yb, Lu) show strong enrichment pattern on B. subtilis.

LPM modeling suggests carboxylic groups for REE binding on bacteria.
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