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Abstract

Increasing rare earth element (REE) supplies by recycling and expanded ore processing will result
in generation of new wastewaters. In some cases disposal to a sewage treatment plant may be
favored but plant performance must be maintained. To assess the potential effects of such
wastewaters on biological treatment, model nitrifying organisms Nitrosomonas europaea and
Nitrobacter winogradskyiwere exposed to simulated wastewaters containing varying levels of
yttrium or europium (10, 50 and 100 ppm), and the extractant tributyl phosphate (TBP, at 0.1 g/L).
Y and Eu additions at 50 and 100 ppm inhibited N. europaea, even when virtually all of the REE
was insoluble. Provision of TBP with Eu increased N. europaea inhibition, although TBP alone
did not substantially alter activity. For N. winogradskyi cultures Eu or Y additions at all tested
levels induced significant inhibition, and nitrification shut down completely with TBP addition.
REE solubility was calculated using the previously developed MSE (Mixed-Solvent Electrolyte)
thermodynamic model. The model calculations reveal a strong pH dependence of solubility,
typically controlled by the precipitation of REE hydroxides but also likely affected by the
formation of unknown phosphate phases, which determined aqueous concentrations experienced
by the microorganisms.

Graphical abstract
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SUPPORTING INFORMATION

A detailed description of the MSE thermodynamic model and associated modeling parameters are presented in the Supporting
Information, along with a figure showing the effects of the organic solvent. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Introduction

The increased global demand for rare earth elements (REE) and other elements critical for
many renewable energy and other advanced technologies (e.g., magnets for wind turbines,
electric vehicles, smart phones) has led to increased exploration for new sources and also
interest in new methods for ore processing and refining, as well as for recycling of materials
containing these strategic metals.! The expansion of REE production industries will be
accompanied by growing volumes and new compositions of wastewater, for which
companies will have to develop cost effective and sustainable disposal options. For some
industrial generators, sending wastewater to a Publicly Owned Treatment Works (POTW),
may be a desirable solution. However, wastewaters that jeopardize the performance of the
POTW, in particular the biological modules, will not be acceptable. Biological wastewater
treatment, mediated by highly efficient microbial communities adapted for this purpose, is a
critical component in modern POTWSs, enabling them to meet effluent discharge
requirements.

Currently there are scant data regarding the impact of REE on biotic systems in general, and
federal pretreatment standards for REE process wastewaters introduced into a POTW (40
CFR 421.275) do not include any REE-specific limits. Most of the reported studies
examining interactions of REE and microbes have focused on biosorption of REE,2~7 often
as analogues for trivalent actinides. ® However, some early studies have reported toxicity of
REE to both bacteria and fungi.10 In addition, high concentrations of cerium nitrate have
been shown to inhibit the growth of Gram negative bacteria and fungi in treatment of burn
wounds!! and negative effects on soil microbes have been reported following application of
REE containing fertilizers.12 More recently, researchers have used £. colito explore the
antimicrobial mechanisms of REEs and reported toxicity at high concentrations of Ce, La
and pr.13-16

Biological wastewater treatment typically comprises both aerobic and anaerobic biological
processes, and nitrification is a critical function of the aerobic module. It consists of the
oxidation of ammonia to nitrite (reaction 1), and the subsequent oxidation of nitrite to nitrate
(reaction 2) by a different set of bacteria.
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NH3+1.502 — NOo +H"+H,0 (1)

NOs™+0.509 — NO3™~ (2)

Both ammonia and nitrite oxidizers are generally slow growing organisms that are sensitive
to a variety of factors including temperature, pH, dissolved oxygen and chemical toxins such
as heavy metals’~20 and organic compounds including phenols, hydrocarbons and
halogenated hydrocarbons.?1: 22 As a result, the nitrifying activity of activated sludge is
more vulnerable to inhibition than other microbial conversions and, due to the slow growth
rate of nitrifying bacteria, recovery of damaged sludge can be protracted and costly.
Consequently pure cultures of nitrifying bacteria are frequently used to assess the inhibitory
effects of industrial and pharmaceutical wastewaters on biological treatment systems. 23-26
Nitrification capacity is also an important measure of soil fertility; Xu and Wang (2001)
studied the effect of an REE mixture (a commercial preparation for agricultural use) and La
on ammonia oxidation in soil slurries.2” They reported no observed effect concentrations of
393 and 432 mg kg1 for the mixture and La, respectively, and concluded that REE fertilizer
additions did not significantly impact soil health. However, REE speciation and
concentrations were not examined.

In this report, we present results from pure culture studies using two nitrifying bacterial
species, Nitrosomonas europaea and Nitrobacter winogradskyi, exposed to REE. N.
eurgpaea is an ammonia oxidizer, and N. winogradskyiis a nitrite oxidizer. The bacterial
cultures were challenged with synthetic wastewaters containing yttrium or europium.
Residuals of these REE would be expected to remain in wastewater generated during
recycling of fluorescent light phosphor powders. Phosphor recycling has significant potential
for near-term commercial recovery of REEs, due to the high content of Y, Eu and Tbh in
fluorescent lamp phosphors, the large volume of lamps already in use, and the existing end-
of-life recycling infrastructure.! Hence, if phosphor recycling is implemented at industrial
scale, POTWs may well receive increasing loads of wastewaters from phosphor REE
recyclers.

The bacterial cultures were exposed to varying levels of either Y or Eu and effects on
nitrification activity were measured over time. In addition, experiments were conducted in
the presence or absence of tributyl phosphate (TBP), a common solvent used for the
extraction of REE from aqueous solutions. Because of TBP’s high viscosity (3.399 mPa.s at
25°C,28 compared to 0.890 mPa.s for water29), it is typically used in a mixture with an
alkane; for our experiments we utilized a mixture of TBP and the isoparaffin solvent
Isopar™ L.

In order to understand the effects of experimental conditions (e.g., pH, total REE
concentration and the presence of TBP) on the nitrification processes, it is important to
predict the aqueous solubility of the REE as a function of those experimental conditions.
Such predictions can be obtained from a thermodynamic model that is accurately
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parameterized to reflect solution speciation including acid-base equilibria, complexation and
precipitation of solid phases. Although various kinetically-controlled phenomena (e.g., slow
precipitation of solid phases or adsorption) can influence the availability of REEs,
equilibrium solubility provides a foundation for understanding the behavior of REEs. A
suitable framework for our experimental system was provided by the previously developed
Mixed-Solvent Electrolyte (MSE) model.30: 31 This model combines an equation of state for
standard-state properties of individual species, an excess Gibbs energy model, and an
algorithm for solving phase and chemical equilibria in multiphase systems. Although there is
a scarcity of well-documented thermodynamic solubility data in the open literature for Eu
and Y in acidic and TBP-containing solutions, the MSE framework30: 31 enabled us to
leverage available data and generate reasonable predictions.

Materials and Methods

Chemicals

Unless specified otherwise, all chemicals used were ACS reagent grade. Yttrium oxide
(99.99%) was purchased from Research Chemicals (Phoenix, AZ) and europium chloride
(99.99%) from Strem Chemicals, Inc. (Newburyport, MA). Tributyl phosphate was provided
within a commercial isoparaffin matrix (Isopar™ L, from ExxonMobil), as a 30:70 (v/v)
mixture.

Bacterial cultures

Nitrosomonas europaea (ATCC 19718) and Nitrobacter winogradskyi (ATCC 25391)
cultures were obtained from the American Type Culture Collection. The N. europaea strain
was routinely cultivated in a defined mineral medium described by Sato et al.32 The .
winogradskyi strain was routinely cultivated in medium (SW) described by Soriano and
Walker.33 Both cultures were grown at 30°C in the dark with rotary shaking (100 rpm).

Synthetic wastewater compaosition

The synthetic wastewater consisted of Y203 or EuCls3 dissolved in 0.1 M HCI, in amounts
that would result in 0, 10, 50, or 100 ppm of the respective metal in the exposure
experiments. In some of the experiments, TBP in Isopar™ L was included at final
concentration of 100 ppm as TBP (approximate solubility of TBP in water at 25°C is 400
ppm).34 No liquid phase separation was observed in the experiments.

REE and TBP exposure experiments

The experiments were conducted in 250 ml baffled Erlenmeyer flasks with closures allowing
air exchange. To each flask, 15 ml of the synthetic wastewater were added. Then, because in
an activated sludge system with nitrification the optimum pH is generally between 7 and 8,3°
the pH was adjusted to pH 7.5-8.0 with NaOH. Next, 60 ml of either Sato medium (for .
europaed) or SW medium (for N. winogradskyi) were added to each flask. For the biotic
experiments, the medium was pre-inoculated (5% v/v) with 48 h cultures of the bacteria
(initial cell densities in flasks estimated at ~8.0 x 10° cells/mL for A. europaea; ~6.0 x 10°
cells/mL for N. winogradskyi). The effects of TBP (100 ppm) were also tested on each
culture, along with the Isopar™ L alone. For the N. europaea, TBP was also tested together
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with Eu. For the N. winogradskyi, TBP was provided together with Y. Biotic treatment
flasks were set up in triplicate, with one abiotic (no cell) control for each experimental
condition. The flasks were incubated at 30°C in the dark, with shaking (100 rpm). At 0, 24,
48 and 72 h, samples (2 ml) were taken for pH and nitrite measurements. At 72 hours,
samples (10 ml) were collected and filtered (0.22 micron) for REE measurement.

Analytical methods

Nitrite was measured using American Public Health Association Standard Method 4500-
NO,-B.36 REE concentrations were measured using inductively coupled plasma mass
spectrometry (ICP-MS). The instrument (iCAP Q, Thermo Scientific) was standardized and
operated in accordance with manufacturer instructions. Ultrapure concentrated nitric acid
was used to acidify (1%) the filtered samples as well as the commercial standard stock
solutions prior to ICP-MS analysis.

Thermodynamic speciation calculations

The solubilities of Y and Eu in the synthetic aqueous solutions were predicted using the
MSE thermodynamic model.30: 31 This model is described in the Supporting Information.
The parameters of the MSE model3?: 31 were determined by analyzing and regressing
available thermodynamic data. Table 1 shows the sources of the experimental data, data
types, temperature, pressure and ranges of REE distribution coefficient data.

An important constraint in the data regression was the fact that available data for the Y/Eu +
TBP + acid + H»O solutions were limited to a few sets of distribution coefficients for the
REE between the aqueous phase and the organic (TBP-rich) phase. Therefore, first it was
necessary to determine the model parameters representing the liquid-liquid equilibrium
(LLE) data for the TBP + acid + H,O systems. For this purpose, experimental LLE data for
the TBP + HNO3/HCI/HCIO,4 aqueous solutions were regressed to obtain the interaction
parameters.

The second step was to represent the solubility data for various inorganic REE species
including hydroxides, chlorides, and phosphates. Since the REE hydroxides are likely to
precipitate rapidly (compared to measurement time) in the experimental media, the accuracy
of parameters for Y(OH)3 and Eu(OH)3 is particularly important. To the best of our
knowledge, the only relevant data in the open literature for Y(OH)3 are the solubility
products (Kgp) for the freshly precipitated and aged hydroxides in various aqueous solutions.
To obtain reproducible and predictive thermodynamic parameters, Kg, values for aged

Y (OH)3 and aqueous solubility data for aged Eu(OH)3 were chosen and regressed.

It is well established in the literature that TBP forms neutral complexes with REE with the
general formula REEA,TBP,, where A is an anion, and values for m and n depend on the
chemical solvation mechanism for REE extraction in a specific system.3"-39 Such complexes
play a key role in extraction-based separation processes. One of the dominant anions in the
media studied here that also could potentially take part in a complex with TBP is chloride.
However, only one data point was found in the literature pertaining to the distribution of Eu
between an HCI-containing aqueous phase and a TBP organic phase*? whereas data sets for
the Y/Eu + HNO3/HCIO,4 aqueous solutions with TBP are more abundant. Therefore, data
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for various systems were combined to obtain the best estimates of complexation parameters.
The methodology adopted to determine the required model parameters is described in the
Supporting Information. The thermodynamic model parameters that were derived and or
used in this study are also presented therein, in Tables S1-S4.

Results and Discussion

Effects of REEs on ammonia oxidation by N. europaea

N. europaea activity was monitored by measuring nitrite production over time; other
researchers have reported that nitrite production correlates well with growth for A.
europaea, 32 *1 and this was confirmed in preliminary experiments conducted in our
laboratory (data not shown). Nitrite production was not detected in any of the abiotic
controls, and therefore such data are not shown in the figures or discussed further.

Nitrite production during the experiments exposing N. europaeato 10, 50, and 100 ppm Eu
is shown in Figure 1a. The results indicated that Eu at 10 ppm had little or no impact on A.
europaea metabolism, but higher Eu loadings were inhibitory; by 72 h the average ammonia
oxidation activities relative to the no Eu control were 83.8+3.0% and 79.8+4.0%,
respectively, for 50 and 100 ppm Eu. Effects on metabolism were also reflected in the
measured pH values for the cultures. Ammonia oxidation by molecular oxygen is an acid
producing reaction, as shown in equation 1, and in the cultures with active ammonia
oxidation the pH dropped from the initial values (> 7.5) to 6.0-6.5 by 48 h. By 72 h the
average pH of the 0 and 10 ppm Eu cultures was 6.1. At this pH, nitrification is expected to
be suboptimal, but can still occur.23 Acidification also occurred in the 50 and 100 ppm
cultures but more slowly. By 72 h, the 50 and 100 ppm Eu cultures had an average pH of
~6.5.

The effect of yttrium at 10 ppm was similar to that of Eu (i.e., negligible impact), but at 50
and 100 ppm the inhibitory effect of Y was comparatively much greater than Eu (Figure 1b).
With the addition of 50 and 100 ppm Y, final nitrite production values were 34.1+4.1% and
21.4+0.8%, respectively, compared to the no Y control. The different observed effects for
the two REE may reflect the greater molar amounts of Y exposed to the organisms compared
to Eu; the lower atomic mass of Y results in equivalent masses of the elements
corresponding to 70% greater Y than Eu in terms of moles. Again, the inhibition was
manifested in the pH of the cultures; initial pH values of =7.5 dropped to ~6.1 by 72 h in the
0 and 10 ppm Y cultures, but the pH remained unchanged in the 50 and 100 ppm cultures.

Effects of REEs on nitrite oxidation by N. winogradskyi

Activity of the N. winogradskyi cultures was monitored by measuring nitrite disappearance
over time. Analogous to the case for N. eurgpaea, no nitrifying activity was detected in the
abiotic controls, and therefore those data are not discussed further.

Compared to N. eurgpaea, N. winogradskyi appeared to be more sensitive to Eu (Figure 1c).
Nitrite consumption was inhibited even at 10 ppm Eu; by 72 hours, the relative nitrite
consumption compared to the no Eu control was 34.5+2.2%. The corresponding values for
the 50 and 100 ppm Eu cultures were 29.3 £8.1% and 17.2 +1.4%, respectively.
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Yttrium also had a deleterious effect (Figure 1d), and 10 ppm Y inhibited the cultures to a
similar extent as the 10 ppm Eu; the relative nitrite consumption compared to the no Y
control was 36.2+4.9%. As was observed for the N. europaea, the N. winogradskyr
treatments receiving the 50 and 100 ppm amendments of Y were more inhibited than the
corresponding treatments receiving Eu; relative nitrite consumption values were 4.3+0.9%
and 2.8+1.2% for 50 ppm Y and 100 ppm Y, respectively.

Effects of TBP on nitrification activity

When provided to . europaea, TBP and Isopar ™ L alone appeared to slightly inhibit nitrite
production initially, but by 72 h the cultures seemed to have almost completely “recovered”
(Figure S2 in Supporting Information). However, when TBP was added together with Eu,
there appeared to be a synergistic effect--the inhibition by the metal was even greater (Figure
2a). In these cultures, nitrification inhibition was also exhibited in the pH; at 72 h the
average pH of the 10 ppm Eu + TBP cultures was ~6.5, and in the 50 and 100 ppm Eu
cultures with TBP the final pH values remained at or above pH 7.5.

In contrast to V. europaea, N. winogradsky appeared to be extremely sensitive to TBP. In
fact no nitrite consumption was observed in any of the cultures provided with 0.1 g/L TBP
(Figure 2b). The effect appeared to be specific to TBP; when Isopar™ L alone was provided
to NV. winogradsky;, the cultures showed no inhibition compared to the controls with no
added Y or organics (Figure S2).

The mechanism(s) of toxicity for TBP on N. europaea and N. winogradskyi are unknown.
For the N. europaea, where the TBP enhanced inhibition by REE, the effect may have been
related to increased aqueous solubility of the REE, as predicted by the model simulations
(discussed below). In addition, perhaps TBP facilitated transfer of the metals into or through
the cell membrane, consistent with TBP’s role in solvent extraction of REE and actinides
from aqueous solutions. With respect to the observed toxicity of TBP to N. winogradskys,
although researchers have shown that TBP can be tolerated and degraded by both pure and
mixed microbial cultures, 42-46 concentrations above 0.1 g/L were reportedly toxic to
Pseudomonas putida*” Kulkarni et al. found that TBP induced oxidative stress and DNA
damage in a K/ebsiella strain, although the organism could also grow on 1 g/L TBP if other
nutrients were provided.48

Prediction and measurement of REE solubility in aqueous solution

As mentioned earlier, REE hydroxide precipitation plays a key role in determining soluble
REE levels. While the actual REE concentration in a given system may be lower than the
solubility of REE hydroxides due to the precipitation of other phases or adsorption
phenomena, it is not likely to exceed it. Thus, REE hydroxide solubility provides a useful
upper bound for the available REE concentration. Prior to applying the model to the
experimental systems, we verified the accuracy of model predictions for the solubility of Eu
and Y hydroxides. Verification details are in the Supporting Information.

Upon confirmation that the model was acceptable for predicting Eu and Y solubility in
simple aqueous solutions, we applied it to interpretation of the experimental data. In the .
europaea experiments (Sato medium), pH changes were expected to result in significant
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changes to aqueous Eu and Y concentrations. At the initial pH conditions (pH 7.5-8.0), with
either Eu or Y, >98% of the REE added to any of the experimental treatments was expected
to be insoluble (see Figures 3 and 4, solid lines). At pH 7.5, the expected soluble Eu
concentration was approximately 67 ppb for all 3 treatment levels (solid line, Figure 3).
However, under the final pH conditions for the Eu-amended cultures (pH ranging from 6.1
to 6.5), significantly more of the Eu was expected to be soluble. Some soluble Eu was
measured in the 50 and 100 ppm treatments with pH < 7, but only 1-3 ppb, less than 1% of
expected. In the corresponding 50 and 100 ppm treatments with TBP where the pH remained
higher (>7.3), Eu remained below detection (1 ppb) despite the higher predicted solubility
due to TBP (dashed lines in Figure 3). Figure 3 shows two Eu data clusters in the Sato
medium. One cluster in the pH range of 8.5-9.0 is consistent with the solubility of Eu(OH)s,
whereas the second cluster at lower pH values could be attributable to precipitation of a
different mineral with lower solubility, namely a phosphate phase (EuPQ,). The Sato
medium contains 5 mM phosphate. The solubility of the phosphate phase (dash-dotted lines
in Figure 3) is predicted to be substantially lower than that of the Eu(OH)3. The fact that the
second data cluster lies between the Eu(OH)3 and EuPO4 solubility curves suggests that the
observed concentrations reflect slow, incomplete formation of a phosphate phase. The
freshly precipitated mineral may or may not have the same stoichiometry as the stable
EuPQy, phase. Identification of such a phase would require further experimental studies.

For the yttrium experiments with V. europaea, at pH 7.5 the soluble Y concentration was
expected to be 147 ppb in all three Y-amended treatments. Based on the measured pH,
significant soluble Y concentrations after 72 hours were expected in the 10 ppm Y cultures.
However, a quantifiable level (>0.5 ppb) of soluble Y was observed in only one of the three
replicates; the measured value was 9.7 ppb for a sample at pH 6.1. At that pH, all of the
added Y was expected to be soluble (see solid curve in Figure 4). Again, it appears likely
that slow precipitation of a phosphate mineral is the cause of the low aqueous Y
concentrations.

In the N. winogradskyi experiments (SW medium), nitrite oxidation was not expected to
alter the pH (equation 2). At 72 hours the pH of the cultures with Eu remained relatively
unchanged from the initial pH range 7.5-8.0. Aqueous Eu concentrations were expected to
be <45 ppb under all three Eu amendment conditions (Figure 5). For the 100 ppm Eu
treatments, biotic and abiotic, the measured aqueous Eu values ranged between 21 and 43
ppb, and for the treatments with 10 and 50 ppm Eu additions, the measured Eu was <10 ppb.
These values were slightly lower than expected from Eu(OH)3 solubility, suggesting that in
this system too a phosphate mineral phase occurs. However, the SW medium contains much
less phosphate (0.6 mM) than the Sato medium (5 mM). This is reflected in the smaller
discrepancy between measured Eu and Eu predicted based solely on Eu(OH)3 solubility
(solid lines in Figure 5); in other words EuPO,4 precipitation plays a smaller role than in the
Sato medium, for given REE amounts. The formation of the different phases is controlled by
the amount of the phosphate available relative to the REE. If the total available REE exceeds
the phosphate, the phosphate will be predicted to precipitate almost completely and the
remaining REE may form a hydroxide phase. Then, the aqueous REE concentration will be
controlled by the REE hydroxide solubility. This is evident in Figure 5 for the case where
the total Eu is 100 ppm (0.66 mM), exceeding the total phosphate (0.6 mM) in the medium.
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The impact of phosphate mineral formation was also observed in the N. winogradskyr
experiments with Y. Here too measured Y concentrations appeared to be controlled largely
by Y (OH)3 solubility (Figure 6, solid lines). The predicted increased REE solubility in the
presence of TBP (dashed lines) was supported by the limited data available; for example, in
50 ppm Y treatments at pH 7.7, the measured aqueous Y concentrations in the presence and
absence of TBP were 156 and 83 ppb, respectively. Nevertheless, phosphate mineral
precipitation had a greater impact on Y solubility than TBP. In Figure 6, the effect of
phosphate precipitation was most obvious (larger deviation downward from the solid line) in
the samples with the least added Y (10 ppm). Additional putative evidence for the kinetically
delayed precipitation of a Y phosphate phase was an observed drop in pH to <7.3 for some
of the 50 and 100 ppm treatments over the first 24 hours. A pH drop would not be as evident
for the 10 ppm Y case, where a smaller amount of Y phosphate could precipitate.

The role of phosphate is important in considering the inhibition results for the two cultures:
in the lower phosphate SW medium, the N. winogradskyiwere exposed to higher soluble Eu
and Y concentrations. This was particularly evident in the 100 ppm REE experiments, where
the predicted initial (pH 7.5) aqueous concentrations were 4.7E-10 ppb in Sato and 44 ppb in
Soriano for Eu, and 8.8E-2 ppb in Sato and 92 ppb in Soriano medium for Y. In the 10 and
50 ppm experiments, the difference between the predicted soluble concentrations was much
smaller, and absolute concentrations were also far smaller: Eu concentrations ranged
between a low of 4.4E-10 ppb in the 10 ppm Sato medium and 9.3E-9 ppb in the 50 ppm
SW medium. Similarly, Y concentrations ranged between 8.0E-10 ppb and 5E-7 ppb.

In addition to the precipitation of phosphate minerals, another possible reason for the lower
than expected (based on hydroxide mineral solubility) aqueous concentrations of both Eu
and Y is that the REE were adsorbed onto bacterial cell surfaces. Sorption of REE on
bacterial cells, even at low pH (i.e., pH < 3), is well known. 4%-52 However, when cell-free
samples of the Sato medium amended with 10 ppm Eu were acidified to pH 6, Eu remained
non-detectable in solution (< 0.1 ppb), indicating that it was not available for biosorption
under these conditions.

Implications

Our experimental results indicate that Eu and Y at >10 ppm can inhibit ammonia oxidizing
activity by N. eurgpaea, even when most of the REE are removed from solution by
precipitation. The nitrite oxidizer N. winogradskyiis more sensitive; 10 ppm Eu or Y caused
more than 50% inhibition compared to the no REE controls. How the REE exert toxicity on
these nitrifiers is unknown. Hu et al. reported that for Ni, Zn and Cd, nitrifier inhibition was
correlated with intracellular concentrations, while Cu2* appeared to exert toxicity by
disrupting cell membranes.>3 Genes associated with oxidative stress were observed to be
upregulated in . europaea exposed to Zn and Cd.20 Peng and coworkers reported that for £,
coli, La3* (400 ppm) disrupted the outer membrane, perhaps by displacing Ca?* and Mg?2*
ions from surface lipopolysaccharides.1® The same research group also reported that Pr3* (at
1 mM) increased £. coli permeability to Cu2* ions.1® Increased membrane permeability was
also cited by others as a cause for £. co/i mortality when exposed to cerium nitrate at
concentrations =0.25 mM (equivalent to 35 ppm Ce).13. 14
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One of our most interesting observations was that the addition of greater amounts of Eu or Y
led to greater inhibition, even when the changes in the REE aqueous concentrations were
predicted to be negligible. This suggests that the organisms are exquisitely sensitive to REE
(sensing, for example, an increase from 4.4E-10 to 4.5E-10 ppb Eu, in going from the 10
ppm to 50 ppm treatments in the Sato medium), or insoluble species may contribute toxicity.
The mechanism(s) by which insoluble Eu or Y could exert a toxic effect on the bacterial
species is(are) unknown; an intriguing possibility is the formation of intracellular Eu or Y
nanoparticles that could promote detrimental reactions on their surfaces.>* Effects could also
be exerted extracellularly; Yuan et al. recently posited that adsorbed lead contributed to
inhibition of activated sludge microorganisms, and that total Pb was a better predictor of
toxicity than soluble Pb. °°

Our findings also indicated that REE themselves may not be the only components of concern
in a REE beneficiation or recycling wastewater with respect to biological wastewater
treatment. Organic compounds used for selective extraction of REE from aqueous process
streams may also jeopardize biological treatment performance. The organic complexant TBP
at 0.1 g/L, which is below its solubility limit in water (at which concentration it would be
expected to be present in a wastewater from a solvent extraction process) appeared to
increase inhibition of N. eurgpaea by Eu, possibly by enhancing transport of the REE into
the cells. On the other hand, with N. winogradskyi, no nitrifying activity at all was detected
in the presence of TBP, whether the REE tested (YY) was present or not.

Future research by our group will also include the examination of the impacts of Eu and Y
and organic complexants (TBP and or other ligands) on microbial consortia from an
operating wastewater treatment plant. It is possible that such consortia will be more resilient
than the single species tested here, with respect to toxic effects of REE beneficiation or
recycling wastewaters. Research in this area contributes to broader understanding of the
behavior of REE in ecosystems outside of wastewater treatment plants. With the rapid
proliferation of REE -dependent products in the electronics and clean energy fields,
unintended direct releases of REE to the environment from industrial or mining operations
as well as releases following disposal of REE-containing consumer products (e.g., landfill
leachates) are almost certain to increase. Improved understanding of their behavior in the
environment and effects on biotic systems are necessary to assess risk and to support the
development of remediation methods if necessary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Nitrification activity for Nitrosomonas europaea and Nitrobacter winogradskyiin the
presence of europium and yttrium. (a) Nitrite production by N. europaea in presence of Eu.
(b) Nitrite production by N. europaea in presence of Y. (c) Nitrite consumption by .
winogradskyiin presence of Eu. (d) Nitrite consumption by N. winogradskyiin presence of

Y. Error bars represent one standard deviation.
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Effect of organic extractants on nitrification activity by Nitrosomonas europaea and

Page 15

Nitrobacter winogradskyi. (a) Relative activity compared to no Eu, no TBP control for V.
europaea. (b) Relative activity compared to no Y, no TBP control for N. winogradskyi, red
bars on X-axis denote absence of detectable activity in presence of TBP, regardless of level

of Y addition. Note: because neither bacterium appeared to be affected by the solvent
Isopar TM | it was not tested in combination with the REE. Error bars represent one

standard deviation.
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Predicted solubility of europium in the Sato 32 medium in the presence or absence of TBP
compared to the measured concentrations as a function of pH. Symbols and curves represent
experimental and predicted solubility values, respectively. Downward arrows on the symbols
indicate that the values plotted are actually the detection limits; actual values for the samples
were at or below these levels. The solid curves show the solubility when only Eu(OH)3
precipitates. The dash-dotted curves (which all coincide) represent the solubility when both
Eu(OH)3 and crystalline EuPO4 can precipitate.
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Figure 4.

Predicted solubility of yttrium in the Sato 32 medium compared to the measured data as a
function of pH. Symbols and curves represent experimental and predicted solubility values,
respectively. Downward arrows on the symbols indicate that the values plotted are actually
the detection limits; actual values for the samples were at or below these levels. The dash-
dotted curves (which all coincide) represent the solubility when both Y(OH)3 and crystalline

YPO, can precipitate.
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Comparison of the predicted solubility of europium in the SW33 medium with the measured
concentrations as a function of pH. Symbols and curves represent experimental and
predicted solubility values, respectively. Downward arrows on the symbols indicate that the
values plotted are actually the detection limits; actual values for the samples were at or
below these levels. The solid curves show the solubility when only Eu(OH)3 precipitates.
The dash-dotted curves represent the solubility when both Eu(OH)3 and crystalline EuPO4
can precipitate (note that at 100 ppm Eu the solubility is controlled by Eu(OH)3 because
Eu(OH)3 precipitation follows a practically complete precipitation of phosphates in the form

of EUPOy).
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Figure 6.

Predicted solubility of yttrium in the SW33 medium in the presence or absence of TBP
compared to the measured data as a function of pH. Symbols and curves represent
experimental and predicted solubility values, respectively. Downward arrows on the symbols
indicate that the values plotted are actually the detection limits; actual values for the samples
were at or below these levels. The dash-dotted curves represent the solubility when both

Y (OH)3 and crystalline YPO,4 can precipitate (note that at 100 ppm Y the solubility is
controlled by Y (OH)3 because Y(OH)3 precipitation follows a practically complete

precipitation of phosphates in the form of YPO,).
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