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ABSTRACT: Rare earth elements (lanthanides) are critical
materials for many applications, particularly those involved in new
energy. Extracting these elements economically from low-concen-
tration sources may be challenging. This study investigates the
interaction of Ce and Gd with microalgae that have been triggered
to form phosphate-rich granules. Lanthanides usually occur in nature
as phosphates, and therefore, we hypothesized that phosphate
accumulation in microalgae may facilitate lanthanide sequestration.
Synchrotron-based scanning transmission X-ray microspectroscopy (STXM) was used to map the distribution of Gd, Ce, and P in
and around cells of Chlamydomonas reinhardtii. STXM provided X-ray absorption (XAS) spectra at the Gd M4,5-edge, the Ce M4,5-
edge, and the P K-edge, supported by bulk X-ray absorption spectroscopy at another beamline, and elemental maps from scanning
electron microscopy with energy-dispersive spectroscopy (SEM/EDS). Gd was associated with P in polyphosphate granules within
C. reinhardtii and with P outside the cells. Ce was associated with P outside the microalgal cells but not with the P granules inside the
cells. Gd and Ce were found to react with phosphate to form a distinct compound apparent in X-ray absorption near edge
spectroscopy (XANES) of bulk samples. However, this compound is not found in the P granules that are coincident with Gd inside
the alga. These differences in uptake by the microalga between Ce and Gd may suggest a selective extraction technique and could be
generalized to other rare earth elements that are otherwise hard to separate.
KEYWORDS: Lanthanide, cerium, gadolinium, phosphorus, XAS, XAFS, Gd M5-edge, Ce M5-edge, P K-edge

■ INTRODUCTION
Demand for lanthanides (rare earth elements) has increased,
driven by technological applications including energy applica-
tions, electronic devices, and lighting and displays (i.e.
batteries, magnets, and phosphors), and their continued use
as catalysts.1 There is a limited range of concentrated ore
deposits worldwide.2 Geopolitical considerations3 are driving
the need to find new deposits, which might include lower-
concentration sources, including byproduct streams from other
extraction processes.4 These lower-concentration streams
require new extraction methods for lanthanides, including
greener and more sustainable methods,5 as well as urban
mining6 and biomining.4

Lanthanides can be adsorbed or absorbed by algae.7 If the
adsorption or absorption are significantly different for different
lanthanides, these mechanisms may provide a possible way to
selectively extract and concentrate lanthanides. For example,
red algae have been investigated for removal of Y, Ce, Eu, and
Tb from solution,8 and from wastewater for La, Y, and Sm,9

and La, Y, Ce, Nd, and Eu.10 Dead cyanobacteria have also
been used for the removal of Ce by adsorption from
wastewater.11

The storage sites for lanthanides within plants have been
investigated in some studies. For example, La, Gd, Nd, and Ce
were found to accumulate in the green alga Desmodesmus
quadricauda, with La and Gd stored in the cytoplasm and Nd
and Ce concentrated in the chloroplasts.12 Similarly, in the
green alga Euglena gracilis, Nd concentrates in the
chloroplasts.13 With the red alga Galdieria sulphuraria, it has
been proposed that La, Y, and Sm are either physically
adsorbed onto the alga surface or absorbed by exchange with
Ca2+, although this is confounded by the presence of Ca-
alginate beads as supports for the alga.9

Lanthanides are most commonly found in nature with
phosphates (in the minerals monazite and xenotine).
Lanthanide phosphate can be precipitated from aqueous
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solution for all the lanthanides,14 with the affinity for
phosphate increasing along the lanthanide series from La to
Lu for the Ln3+ ions with phosphate receptor ligands.15

Therefore, it is reasonable to suppose that the presence of
phosphate may enhance the uptake of lanthanides by algae.
Unicellular algae can be stimulated to form polyphosphate
granules, including Chlamydomonas reinhardtii, Desmodesmus
armatus, Gonium pectorale, and Microcystis aeruginosa.16,17

Scanning transmission X-ray microspectroscopy (STXM)
can map the distribution of elements, including P, Gd, and Ce,
at a sub-μm scale.18 STXM generates a map of X-ray
absorption spectra (XAS) for one element per energy range
selected. These XAS spectra can be interpreted to selectively
plot the distribution of chemical species of an element of
interest. STXM can therefore map elemental distribution, or
chemical distribution, within the constraints of XAS.19 SEM/
EDS can also be used to map concentrations of the elements
(although in our system at lower spatial resolution and with
lower sensitivity than STXM), however, EDS does not provide
chemical information.
We hypothesized that high levels of P in algae, as can be

achieved through the formation of polyphosphate granules,
could assist in the intracellular accumulation of lanthanides. In
our study, we stimulated a microalga to produce P-rich
granules and we inoculated that microalga with Gd or Ce. We
then measured the fate of Gd or Ce, in particular whether they
were associated with the phosphate granules found in the
unicellular green algae C. reinhardtii.
Chlamydomonas reinhardtii was selected because it is a

model organism capable of synthesizing polyphosphate when
transitioning from P deplete and P replete conditions.20 A light
lanthanide, Ce, and a heavier lanthanide, Gd, were selected to
compare the compartmentalization of lanthanides in an alga
using STXM, XAS, and scanning electron microscopy with
energy-dispersive spectroscopy (SEM/EDS).

■ MATERIALS AND METHODS
Cultures. Chlamydomonas reinhardtii (CC-1690) culture main-

tenance and cultivation were performed as described previously.20

Briefly, the microalga was sequentially cultivated on low-phosphorus
(1 mg P·L−1) minimal media (triplicates with final volume of 600
mL). The day of the experiment, 25 mL of culture was used to analyze
the initial dry weight, optical density, total phosphorus, and dissolved
phosphate, and for microscopic observations.20 Algal cultures were
then supplemented with a P dose equivalent to a final concentration
of 10 mg P·L−1, using a 1 M stock solution of potassium phosphate
(46 g·L−1 KH2PO4 and 115 g·L−1 K2HPO4) and either GdCl3 or
CeCl3 at a final concentration of 10 mg·L−1 and 6 mg·L−1 (38 μM and
24 μM respectively). After incubation for 5 h, 25 mL of culture was
used for the same analysis as above. The P content in the biomass (g-
P·g-dry weight −1, expressed as%) was calculated as the difference
between the total P concentration in the culture (g P·L−1) and the
dissolved phosphate concentration in solution (g P·L−1) divided by
the cell dry weight concentration (g-dry cells·L−1).
At the end of the incubation period, the remaining cultures were

harvested by centrifugation at 10,000 g for 3.5 min (Sigma 6-16
centrifuge) in several batches. The pellets were rinsed with distilled
water and centrifuged again, before being mixed to make a composite
sample and frozen at -80 °C. The algae pellets were finally freeze-
dried in a Buchi Lyovapor L-300 for 36 h at 0.2 mbar, with a
temperature profile starting at -30 °C and finishing at 20 °C.

STXM. STXM images were recorded at the SoftiMAX beamline of
MAX IV synchrotron, Lund, Sweden,18 which has an elliptically
polarizing undulator (APPLE-II type) with a 48 mm period. Here, the
third harmonic was used for the P K-edge energy range, and for the
Gd and Ce M4,5-edge energy ranges, with Rh-coated mirrors. A 50 nm

outer-zone width, high-energy Fresnel zone plate (Au) was used as
the final focal element (B. Rösner, PSI, Switzerland). Signal
acquisition was by photomultiplier tube detector consisting of a
Hamamatsu H3164-10 with a P43 scintillator. The beamline provides
an energy resolution of ≥5000 E/ΔE at energies above 2 keV. The
flux at the sample was better around 1 × 109 ph/s. Images were
recorded with a step size of 30−100 nm.
Each STXM dataset consists of a stack of images, each taken at a

specific X-ray energy so that XAS spectra are collected for each point
in the image. Energy steps between the images in a stack varied to
provide a pre-edge wide-spaced region, a tight energy spacing over the
edge, and a wider energy spacing after the edge. Typically, 160 energy
points were recorded for a STXM stack. The three-dimensional
dataset is versatile: either individual images can be displayed, or for
example, an image extracted from a combination of images taken at
different energies can be displayed. XAS spectra can be obtained from
this data, either for a point in space on the image stack or a region in
space on the image stack. Because of small sample/beam drift
between images, image stack alignment was performed prior to
extracting XAS spectra or mapping spectral regions. Spectra were
normalized through dividing by a measurement over empty regions
using the same energy/dwell-time parameters.
The P K-edge energy was calibrated against tetraphenylphospho-

nium bromide (PPh4Br) (SigmaAldrich).
21 This work was the first

use of P K-edge STXM at this beamline and formed part of the
commissioning.
Samples were mounted on 200 nm-thick windows of Si3N4 (Silson,

UK) by dispersing in water, dropping onto the window, and leaving to
air-dry. Standards for XAS spectra were also recorded (with minimal
image sizes) with the compounds adenosine 5′-triphosphate disodium
salt hydrate (SigmaAldrich), sodium phosphate glass (SigmaAldrich),
phytic acid sodium salt (SigmaAldrich), and azolectin from soybean.
Matched images of P and Ce and of P and Gd were taken on the

same sample regions. Three energy ranges were used. For the Gd M5-
edge, an energy range of approximately 1175−1236 eV was used; for
the Ce M4,5-edge, an energy range of approximately 872−923.5 eV
was used, and for the P K-edge, an energy range of 2148−2200 eV
was used. In the case of the P K-edge, this was not optimized and gave
barely enough pre-edge for normalization. The P K-edge energy was
calibrated against PPh4Br.

21 However, this was done as part of a larger
suite of diverse samples with large energy range changes, and
calibration was not performed immediately preceding the measure-
ments, with the estimated precision of calibration being ±1 eV for the
P K-edge. No calibration was run for the Gd M5-edge or Ce M5-edge;
these were adjusted in the displayed plots for the edges to be +1.5 eV
compared with accepted values for the elements, as an approximation,
supposing that these might be present as phosphates.
Data processing of the STXM used aXis2000 software.22 This

involved removing “bad lines” or “bad points” from individual images,
aligning the image stack, selecting background and regions of interest
for XAS spectra extraction from the image stack, and plotting
chemical maps from spectrum fits. Athena23 software was
subsequently used for further XAS spectra processing taken from
the STXM data with the aXis2000 software.

XAS/XANES. XAS (specifically XANES or NEXAFS) at the P K-
edge was recorded on the MEX2 beamline at the Australian
Synchrotron. This beamline uses medium- to low-energy mono-
chromatic X-rays from an Si(111) double crystal monochromator
(dE/E ≈ 1.4 × 10−4) at a fixed offset and with a beam size of 3 × 5
mm2 and photon flux around 5 × 1010 ph−1 s−1. Spectra were
recorded at room temperature in a vacuum (≤1 × 10−5 Pa). Samples
of microalgae or standard compounds were mounted on conductive
carbon tape on a stainless-steel ruler and analyzed in fluorescence
mode. The P K-edge energy was calibrated against the first pre-edge
feature of PPh4Br (2146.96 eV).21 This was a commissioning
experiment for P K-edge energy at the beamline.
XAS at the Gd M5-edge and Ce M5-edge were recorded on the

MEX1 beamline at the Australian Synchrotron. Standard compounds
were diluted with cellulose, samples were not diluted, and both were
pressed into pellets for analysis, and were measured in transmission
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mode. The beamline produces X-rays from a bending magnet, with an
Si(111) double crystal monochromator providing an energy
resolution (ΔE/E) of 1.4 × 10−4. The beam size on the sample was
0.5 × 3 mm, with a photon flux 3 × 1010 ph−1 s−1. Co or Cr metal foil
placed before the last ion chamber was used as an energy reference
with each sample for Gd and Ce, respectively. Samples that were low
in Gd and Ce were also run in fluorescent mode using a four-element
silicon solid-state detector.
Athena23 software was used to process XAS spectra collected on

both the XAS beamline and extracted from the STXM stacks, and to
compare spectra from both sources. Athena was used for background
removal, with E0 unconstrained, and for spectra normalization and
comparisons.

SEM/EDS. SEM images and EDS maps were recorded using a JSM
6500F SEM (JEOL Engineering Co. Ltd, Japan) equipped with a
JEOL Dry SD Extra EDS Detector for elemental analysis operated at
15 kV. Samples of algae were mounted on aluminum stubs on
conductive adhesive tape. An elemental distribution map was
recorded for the Gd-containing C. reinhardtii sample but not for the
Ce-containing sample. Data were processed using the JED Series
Mapping Program (JEOL Engineering Co. Ltd, Japan) that is supplied
with the instrument.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
The samples were prepared using the following method. The sample
(1.0 mg) was added to a 15 mL centrifuge tube and 1.5 mL 69%
HNO3 Tracepur (Merck, Germany) and 0.5 mL 37% HCl Tracepur
(Merck, Germany) were added. The vessels were sealed and placed in
100 °C water bath for 30 min. The digest was diluted with 13 mL
Type-1 water to 15 mL final volume. The solutions were
quantitatively analyzed for desired elements on an Agilent 7700
ICP-MS in He mode to reduce polyatomic interferences. Calibration
standards were prepared in a matrix-matched solution from 1000 ppm
single-element standards (CPI International, USA). A 20 ppb solution
of yttrium was used to monitor drift and matrix effects. All results are
in μg/g and have been back-calculated to the original sample.

■ RESULTS
P, Gd, and Ce Accumulation in Chlamydomonas

reinhardtii Samples. The transition from P deplete to P
replete conditions in the absence of added rare earths triggered
P accumulation in C. reinhardtii up to 2.50 ± 0.42%P (as g-P·
g−1). Similar concentrations were measured for the cultures
supplemented with P and the rare earths (2.60 ± 0.01%P and
2.40 ± 0.31%P for the samples supplemented with Gd and Ce,
respectively). ICP-MS analysis of dried C. reinhardtii samples
showed that the microalga supplemented by both P and either
Ce or Gd accumulated Ce (0.57 ± 0.54%Ce as g-Ce·g−1) and
Gd (1.5 ± 0.9%Gd as g-Gd·g−1). This absorption amounts to
17% of the Ce and 27% of the Gd available from solution. The
addition of Gd and Ce did not diminish the optical density of
the algal suspensions, indicating that the level of these
elements was not toxic to the cells (Table 1).

STXM. Images of C. reinhardtii were obtained from STXM
at each of the elemental X-ray absorption edges investigated,
with well-matched images of the same physical region recorded

at the different energy ranges (Figure 1a for the P K-edge,
Figure 1b for the Gd M4,5-edge).

By selecting an energy window around the main white line
for each of the elements (Gd and P for one sample, and Ce and
P for the other sample), the locations of these elements in the
sample becomes apparent.
For C. reinhardtii treated with Gd, polyphosphate granules

were visible in the cells. These showed up distinctly in the
STXM P K-edge maps and had a range of diameters up to 1
μm (Figure 2a). Phosphorous was not visible outside the cells.

The Gd also shows up clearly in the STXM maps (Figure 2b),
with most of the Gd observed outside the cells, being either
closely associated with the cell walls (perhaps adsorbed) or
free from the cells on the sampling SiN mounting window. The
process of dispersing the algae in water, then drying them on
the SiN window, may have caused some of the surface material
of the cells to dislodge and become attached to the sampling
mounting window. Of more significance is the co-location of
some Gd with P granules; this is observed in the composite

Table 1. Initial and Final Optical Densities (at 683 nm) of
Chlamydomonas reinhardtii Cultures Supplied 10 mg-P·L−1

and Either Gadolinium (10 mg·L−1) or Cerium (6 mg·L−1)a

0 h 5 h

Control (+P) 0.43 ± 0.01 0.47 ± 0.02
Gd (+P) 0.44 ± 0.01 0.48 ± 0.01
Ce (+P) 0.44 ± 0.01 0.48 ± 0.01

aData represent the average and standard deviation from 6
measurements.

Figure 1. Gadolinium with Chlamydomonas reinhardtii 1690, STXM
optical density image of total X-ray absorption over: (a) the P
combined K-edge region; and (b) the Gd combined M4,5-edge region.
Scale bar 2 μm.

Figure 2. Distribution of phosphorus and gadolinium in Chlamydo-
monas reinhardtii 1690. STXM maps: (a) the P K-edge region (red);
(b) the Gd M5-edge region (blue); (c) composite image of P and Gd,
where purple represents regions where both Gd and P are present
(some of these are indicated with arrows). Scale bar 4 μm.
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image with both P and Gd, where the combination gives a
purple hue (Figure 2c).
For C. reinhardtii treated with Ce, polyphosphate granules

were visible in the cells. These showed up distinctly in the
STXM P K-edge maps and had a range of diameters up to 0.6
μm (Figure 3a). In contrast to the cells treated with Gd,

phosphorus was visible outside the cells, with some of this
being closely associated with the outer cell walls (Figure 3b).
In contrast to the cells treated with Gd, Ce was not found in
the cells and was not associated with the P granules. Ce is
found outside the cells and was closely associated with
extracellular P. Therefore, there appear to be Ce phosphate
deposits outside the cells, some of which appear to have
become dislodged onto the sampling SiN mounting window.

XAS from STXM. The XAS spectra extracted from the
STXM data are presented in Figure 4. The Ce energy scan
covers both the M4-edge and the M5-edge (Figure 4a). The
spectrum, which is very similar to that published for CeCl63−,

24

where Ce is in the CeIII formal oxidation state, provides
evidence that the Ce in the microalgal samples is in the

expected Ce3+ state. The XAS represents “a transition from
single 3d104f1 initial state to the multiplet states associated with
a 3d94f 2 final state configuration”.24 The Ce chemistry does
not appear to vary between sites in the samples, with similar
XAS spectra close to the cells or on a separate region. We
expect that the Ce is in the form of a chloride or phosphate in
the samples presented here, although this warrants a deeper
investigation.
The Gd energy scan covering both the M4-edge and the M5-

edge was collected with a limited number of energy steps to
reduce the collection time (Figure 4b). The Gd M5-edge
consists of the promotion of a 3d104f 7 initial state to a 3d94f 8
final state configuration. The energy features in the Gd XANES
region are similar in the P granules, the Gd-rich region
between the cells, and the area away from the cells, meaning
that the P−Gd complex found in the different areas has a
similar chemical structure. A detailed study of the XAS of
Gd3Ga5O12 provides a superficially similar XANES spectrum to
that observed here,25 although we expect that the Gd is in the
form of a salt of either chloride or phosphate in the algae
samples. As for Ce, this warrants a deeper investigation. A low-
resolution Gd M5-edge XAS spectrum for GdTiGe26 also
appears superficially similar, while an XAS of Gd M4,5 for
Ce1−xGdxO2

27 has a lower resolution. Consequently, it is
difficult to make a comparison between the chemistry of those
compounds and the samples measured here from those
spectra. The published data on Gd M5-edge XANES suggest
that there are not large changes in the XAS spectrum with
changes in chemistry, and therefore that it is not a sensitive
indicator for subtle chemistry changes, although it should be
noted that these data are very limited.
The P K-edge spectra for the P in the Gd- and Ce-

supplemented microalgae samples were recorded with barely
sufficient pre-edge region (Figure 4c,d). Other more detailed

Figure 3. Distribution of phosphorus and cerium in Chlamydomonas
reinhardtii 1690. STXM maps for: (a) the P K-edge region (yellow);
(b) the Ce M5-edge region (red). Scale bar 2 μm.

Figure 4. XAS from STXM of algae. (a) Ce M5,4-edge normalized to M5. (b) Gd M5-edge, granule. (c) P K-edge for Gd-containing algae, granule.
(d) P K-edge for Ce-containing algae, granule.
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work on similar samples with STXM and dedicated XAS bulk
analysis has shown the P-containing granules to be a phosphate
compound, likely a polyphosphate of a complex nature similar
to phytic acid,17 and the spectra extracted here from STXM are
consistent with this prior work. The P K-edge XAS of the P-
containing granules is similar in both the Gd- and Ce-
containing algae.
We again caution that the energy for the Ce and Gd M-

edges presented here were not subjected to precise energy
calibration.
To observe chemical changes with the association of P with

Gd or Ce, a comparison was made between XANES spectra
extracted from STXM for different regions, including the P
granules and regions outside the P granules (Figure 5). For the
Gd M4,5-edge, no observable differences were recorded when
comparing a P granule with co-located Gd and Gd outside the
cells where P is not obviously present (Figure 5a). However, it
is important to note that the lanthanide M-edge is not a very
sensitive indicator for phosphate compounds.28

For the P K-edge, a P granule with co-located Gd, a P
granule in the Ce sample with no co-located Ce, and a region
containing P and Ce outside the cells (between two microalgal
cells) were compared (Figure 5b). P granules, both with and
without co-located rare earth, give the same XANES spectrum,
while the P and Ce region outside the cells provided a P
spectrum (after a five-point averaging) that is too noisy to draw
any inferences.

XAS (Bulk, P K-Edge). STXM was unable to distinguish
differences in the chemistry of cell areas when lanthanides and
phosphate are co-located. Therefore, a spatially unresolved, but
more chemically sensitive, technique of bulk P K-edge XANES
was performed on algae samples on a dedicated XAS beamline
(MEX2). C. reinhardtii samples with or without Gd or Ce were
analyzed. These are plotted in Figure 6, along with a XANES
spectrum extracted from STXM for C. reinhardtii with no rare
earths added. The STXM-derived XANES and the XAS
beamline XANES match very well for the microalga without
rare earths. There are, however, clear differences between P in
XANES when either Gd or Ce is present, with a different shape
(a less steep transition from the white line to higher energy)
and an extra peak at 2162 eV. These are a strong indication
that a different P-compound is present in microalgae
containing Gd or Ce than in those without these elements.
When Gd and Ce are not present, the P is likely in the form of
inorganic polyphosphates or organic polyphosphate such as
phytic acid.17 An obvious candidate when either Gd or Ce are

present might be a Gd or Ce phytate or simple phosphate
complex, but we did not have any material available as
reference standards to confirm this and were not able to find
XANES of these compounds in the literature. In addition,
while Gd and Ce react with phosphate to form a distinct
compound apparent in XANES of bulk samples, this
compound is not found in the P granules that coincide with
Gd inside the algae.

SEM/EDS. EDS maps recorded for C. reinhardtii treated
with Gd support the STXM maps, with P granules present
(Figure 7) and likely inside the cell, but this cannot be
confirmed from the EDS images. However, the sensitivity to
Gd is not high, and an association of Gd with the P granules is
not visible. These maps do show a region where Gd and P are
closely associated, and this appears to be outside the algal cells
on the sample holder. It is noteworthy that we did not observe
this with these samples in STXM, although it was possible to
record only a limited number of STXM images.

■ DISCUSSION
The microalga C. reinhardtii has previously been shown to
accumulate P as polyphosphates when transitioning from P
deplete to P replete conditions.17 In this study we investigated
the ability of microalgae to absorb lanthanides in relation to
polyphosphate accumulation. Using algae to either recover
lanthanides from dilute streams, or to separate different
lanthanides, is often difficult, requiring knowledge of the
behavior of different lanthanides with microalgae.29 With the

Figure 5. (a) Gd M5,4-edge comparison. P granule−black line, deposit between cells−blue line, deposit outside and away from cells−red line. (b) P
K-edge for P granule with co-located Gd and P − black line; P granule in Ce sample−dashed pink line; P-containing area between cells with co-
located Ce and P − blue line (a five-point average).

Figure 6. P K-edge XANES of bulk samples for Chlamydomonas
reinhardtii, with no added rare earth element (green line), with Ce
added (red line) and with Gd added (blue line), compared with the
XANES taken from microscopic STXM at just the location of a P
granule (black line).
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model alga C. reinhardtii chosen here, it is apparent that this
behavior is different for Ce and Gd.
Lanthanides are known to affect the growth of microalgae.

This is an important consideration if this technique is to be
used as for lanthanide accumulation or separation. Ce has been
found to decrease photosynthetic yield in C. reinhardtii in
concentrations from 1 μM and to 200 μM,30 and increasing
Ce3+ concentrations trigger oxidative stress response.31,30 In
contrast, another study found Ce3+ at low concentrations (up
to 7 μM) to slightly boost production of Chlorella green
microalgae.32 In our work, the concentration of Ce3+ was 24
μM Ce3+ (and of Gd3+ 38 μM), so while growth inhibition
could have occurred, we did not observe any significant
changes in optical density over the course of the experiment
(Table 1).
There are significant differences in the chemistry of Ce and

Gd, which could be expected to result in differences in uptake
of these elements by microalgae. The Ce3+ and Gd3+ states are
normally the thermodynamically favored states in biological
environments. Ce, one of the first elements in the lanthanide
series, is relatively abundant in nature and has known uses in
biological processes. Gd, which is about the middle of the
lanthanide series, is less involved in known biological
processes.33 Size differs between the two ions, with Ce(III)
having an ionic radii of 1.01 Å and Gd(III) of 0.938 Å for 6-
coordinate sites.34 This value further decreases along the
lanthanide series, which alters the stability of compounds
formed with these rare earth ions.
We observed that while some Gd appears to enter the cells

of C. reinhardtii, Ce did not, so there may be a selective barrier
to the entry of these ions. The potential involvement of the cell
wall as a barrier to Ce entry has been investigated in this
microalga, involving a wild type and a cell wall−free mutant,
but this was found not to significantly control the toxicity of
Ce.30 In the red alga Galdieria sulphuraria, the accumulation of
La, Nd, and Dy worked better with live cells than with dead
cells, suggesting active transport.35

The storage sites for metals within algae (and in other plants
or in cyanobacteria) vary depending on the metal and the

organism. Some elements have been observed to concentrate
in chloroplasts, such as Nd and Ce in the green alga
Desmodesmus quadricauda,12 Nd in the green alga Euglena
gracilis,13 and Au as a non-physiological metal in the land plant
Brassica juncea.36 Other metals are stored in the cytoplasm, for
example, La and Gd in Desmodesmus quadricauda,12 and Au in
Chlorella vulgaris.37 Metals may be stored by surface adsorption
too, as for example La, Y, and Sm physically adsorbed onto the
surface of the red alga Galdieria sulphuraria.9

Bacteria have been shown to use lanthanides,33,38 and may
also store these elements. In the bacterium Methylorubrum
extorquens, the hyperaccumulation of Gd has been observed
intracellularly in a body coined the “lanthasome” in analogy to
the acidocalcisome.39 In ciliates, Gd-rich particles have been
observed intracellularly in bodies containing C, O, P, Na, Mg,
K, and Gd.40

When intracellular bodies containing polyphosphate are
present in the cells of algae (and in other organisms), they
provide a storage site for phosphate and, potentially, other
compounds such as cations. The hypothesis of this study was
that P-rich intracellular bodies could also accumulate
lanthanides by precipitation or co-precipitation.. The poly-
phosphate-containing bodies are often considered identical to
acidocalcisomes41 and have been shown to store compounds
such as Ca2+ or Mn2+.42 It has previously been found that
polyphosphate accumulation plays a role in conferring uranium
tolerance in the cyanobacterium Anabaena torulosa,43 and that
Ce3+ does not inhibit C. reinhardtii growth when the Ce is
stabilized by phosphate, probably because it precipitates from
solution.30

In the work presented here, Ce is not co-precipitated with
phosphate as distinct intracellular bodies but does form rich Ce
phosphate regions outside C. reinhardtii cells. In contrast, Gd is
co-precipitated with phosphate as intracellular bodies. The
level of Gd elsewhere in the cells is much lower, although Gd
appears to be abundantly adsorbed outside C. reinhardtii cells.
Importantly, we found that Gd and Ce react with phosphate

to form a distinct compound apparent in XANES of bulk
samples. However, this compound is not found in the P
granules that coincide with Gd inside the alga. It could be that
Gd-polyphosphates (e.g. phytate) is formed within the granule,
while outside there is a simple Gd or Ce phosphate compound.
Other more detailed work on similar samples with STXM and
dedicated XAS bulk analysis has shown the P-containing
granules to be a phosphate compound, likely a polyphosphate
of a complex nature similar to phytic acid,17 and the spectra
extracted here from STXM are consistent with this. The P K-
edge XAS of the P-containing granules is similar in both the
Gd- and Ce-containing algae.
During this study, the microalga C. reinhardtii accumulated

17% of the Ce and 27% of the Gd available (i.e. 2.7 mg·L−1).
This is at the low end of the range of concentrations of rare
earths typically found in mining waste44 therefore the method
could be suitable for such waste. However, the system
presented here was not optimized for rare earth accumulation.
With optimization and a longer contact time, or more than one
contact between the microalga and the solution, a significant
recovery of lanthanide from solution could probably be
achieved. Further research is needed.
Mixtures of lanthanides, which is normally how rare earth

elements are found, can be difficult to separate because of their
similar physical and chemical properties.45 The clear differ-
ences found in this study between the behavior of Ce and Gd,

Figure 7. Coincident distribution EDS maps of three elements in
Chlamydomonas reinhardtii with added Gd: (a) composite elemental
map containing C, Gd, and P, using the colors from photos (b), (c),
and (d); (b) map of C (K) in red; (c) map of Gd (L) in blue; (c)
map of P (K) in green. Scale bar 2.5 μm. In the composite image, P +
Gd appears as cyan and Gd + P + C appears as yellow.
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two lanthanide series elements that accumulate in microalgae,
may point to a potential biological separation process that
could be used with lanthanide ores. Microalgae containing P
granules could therefore potentially be used either to collect
lanthanides from dilute solutions or to separate solutions of
lanthanides into individual rare earth elements. Further studies
are critically needed to evaluate the feasibility of using
microalgae to extract specific rare earth elements from complex
solutions that contain other rare earths and, in most cases,
other metals.
The STXM technique enables mapping of chemistry

(chemical structure, not just elemental composition) to be
investigated for a combination of light and heavy elements at
high spatial resolution, with appropriate choice of X-ray
absorption edges for the elements of interest. The new
SoftiMax beamline at MAX IV (Lund, Sweden) has been
shown to be a powerful and capable instrument for such
studies. This study illustrates the capabilities of the beamline to
image at high spatial resolution and high energy resolution in
this X-ray energy region, and is the first to use the low-energy
range for the STXM beamline on SoftiMax at the MAX IV
synchrotron. The images here represent only part of the spatial
resolution possible, with the potential for higher spatial
resolution. Changing from the 2145 eV P K-edge to the Ce
883 eV M5-edge and the Gd 1189 eV M5-edge was simple and
enabled multiple images to be taken on the same sample area
without problems with registration. It also showed the
capability of the beamline to image lanthanides at a low-
energy X-ray absorption edge so that these elements can be
mapped on the same sample regions as light elements such as
P, Si, S, or Cl.

■ CONCLUSIONS
We stimulated the microalga Chlamydomonas reinhardtii to
synthesize intracellular polyphosphate granules and exposed
the cultures to the lanthanides Ce and Gd. The distribution of
Gd, Ce, and P was mapped using STXM at the Gd M4,5-edge,
the Ce M4,5-edge, and the P K-edge, and SEM/EDS. Mapping
these elements by STXM using these low-energy absorption
edges was possible, enabling the simultaneous collection of the
distribution and chemistry of these heavier elements with P (a
light element). Gd was associated with polyphosphate granules
intracellularly and with phosphate outside of the cells. In
contrast, Ce was associated with phosphate only outside the
cells. Gd and Ce formed a distinct compound with P, apparent
in XANES of bulk samples. However, this compound was not
found in the P granules that are coincident with Gd inside the
alga. Overall, our results suggest the selective accumulation of
Gd by C. reinhardtii could enable the selective recovery of this
valuable element from dilute solutions. With more research, it
is possible that such microalgae-based selective techniques can
be generalized to a larger array of rare earth elements.
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