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Abstract

Removal of rare earth elements (REEs) from an acid solution by an algal flagEllgtena gracilis, was studied. Sixteen kinds of REEs
were spiked to the solution at a final concentration ofy@ ~* for each elemenE. gracilis cells grown in the solution under 12 h light—dark
cycles efficiently removed REEs during the 21-day experimental period. Significant removal was observed from days 14 to 21 of incubation.
On the last day, concentrations of REEs were less thap@l7* except for Sc. The concentration of Sc was2.8.4ug L2, suggesting
that Sc removal was relatively difficult compared to the other REEs. Among REESs, the same level of removal was observed for light REEs
(La—Eu) but not for heavy REEs (Ga—Lu). Heavy REEs removal tended to decrease with an increase in atomic number. The removal of REEs
by E. gracilis were affected by lighting conditions becaugeracilis cells grown in the dark had removed just a small amount of REEs, less
than 10% of total, through day 21 of incubation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction such as freshwater, brackish water, and seawater. In addi-

tion, E. gracilis can grow under a broad range of pH. Lin
Rare earth elements (REEs) are widely applied espe-et al.[3] showed thak. gracilis 277 had great potential for

cially in superconductors and specialized alloys utilized by transportation of N&" from a surrounding solution to the cell

high-tech industries. Wastewater treatment sludge from man-compartments. However, removal of other REEs by the alga

ufacturing plants can be contaminated with REBsMore- and suitable conditions for removal have not been clarified

over, release of REEs to the environment has been observeget. SinceEuglena exhibit both plant and animal characteris-

through land application of wastewater sludge. Although the tics, determination of light condition effects on REE removal

small quantities of rare earth elements beneficially increaseis necessary. In the present study, removal of sixteen REEs

the quantity and quality of crop yield8], too large quantities by E. gracilis and the importance of light on their removal

of REEs are toxic to plants, and they also could be toxic to are described.

animals and humans through food chain concentration. For

health safety of the public, it is necessary to eliminate excess

amounts of REEs from the environment. 2. Experimental
We studied removal of REEs from an acid solution by
algal flagellateEuglena gracilis Z. Generally, Euglenophyta E. gracilis Klebs, strain Z, an euglenoid flagellate, was

including E. gracilis live in various aquatic environments used throughout the experiment. The cells were pre-cultured
in a nutrient-rich medium (NRM: 1.0 g tryptone, 0.1 g yeast

* Corresponding author. Tel.: +81 43 206 3156; fax: +81 43 251 4853.  €xtract, 1.0g dextrose, Oply Vitamin B12 in 100 mL dis-
E-mail address: nobu@nirs.go.jp (N. Ishii). tilled water; pH, 3.5) for 7 days at 2%&. The cells were
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harvested by centrifugation, washed three times with NRM B Day 0 [ Day7 [ Day 14[1Day 21 |
and then inoculated into 30 mL of fresh NRM containing
sixteen REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy,
Ho, Er, Tm, Yb, and Lu). These REEs were provided from
a mixed standard solution for ICP-MS (XSTC-1, Spex Inc.,
New Jersey, USA). Each REE had a final concentration of
10pgL~L. The E. gracilis culture was incubated at 28
under 12 h light—dark cycles or in the dark (shield the light).

To determine the removal of REEs from the culture solu-
tion by E. gracilis cells, the soluble and insoluble fractions of
the culture were separated with a QL pore-size filter. The
REE content of the insoluble fraction was defined as REEs
removed by the cells. The concentration of REEs in the insol-
uble fraction was estimated by subtracting the concentrations
of REEs in the soluble fraction from their initial concentra-
tions. The REE content of the filtrate (soluble fraction) was
determined by ICP-MS (Agilent 7500a, Yokogawa Analyti-
cal Systems Inc. Tokyo, Japan) after dilution of the sample
with deionized water (>18 I€2).

Total number of cells and the pH of the culture solution
were measured on day 0, 7, 14, and 21 of incubation. Enu-
meration was done under a light microscope by counting at
least 100 cells. Values of pH were measured with a compact
pH meter B-212 (Horiba, Kyoto, Japan).

Element

Concentration (ug L")

Fig. 1. Concentrations of REEs in the culture solutio®ogracilis grown
under 12 h light—dark cycles. Initial concentrations of each REEs were
10pugL—t.

3. Results

3.1. Removal concentrations of REEs

ElDay 0 [l Day 7 [ Day 14 []Day 21 I

Concentrations of REEs in the solution of the gra-
cilis culture under the light—dark condition decreased time-
dependently Eig. 1). A significant decrease of REEs was
observed after 14 days of incubation. The REE concentra-
tions were less than Opfg L~ except for Sc at the end of the
experimental period. The concentration of Sc wagi& ~1
at day 21 of incubation, suggesting that removal of Sc was
more difficult for E. gracilis than the other REEs. During
the experimental period, REEs in a culture medium with-
OUtE. gracilis cells (positive control) remained soluble (data
not shown). ThusE. gracilis cells apparently removed REEs
from the acid culture solution under the light—dark condition.

Compared to the light—dark condition, only a small
removal of REEs was observed under the dark culture con-
dition (Fig. 2). The REEs concentrations remained at more
than 8.8ug L~! even after 21 days of incubation. Possibly,
the ability of E. gracilis for removing REEs was controlled
by lighting conditions.

Element

3.2. Removal patterns of REEs

As seen irFig. 1, there was a certain removal pattern for
REEs: removal amounts of light REEs (La—Eu) were sim-
ilar on days 14 and 21 of incubation, but those of heavy
REEs (Ga—-Lu) decreased with an increasing in atomic num- Fig. 2. Concentrations of REES in the culture solutioogracilis grown
ber. Similar removal patterns for both light and heavy REES in the dark. Initial concentrations of each REEs werg.g@. 2.

Concentration (ug L")



N. Ishii et al. / Journal of Alloys and Compounds 408—412 (2006) 417420 419

107 ¢ , , , , , - 5.0 (Fig. 1), respectively. Consequently, a difference in the abun-
i ] dance ofE. gracilis cells under different light conditions was
=~ 345 not an important factor influencing REE removal. Physiolog-
= 10 3 140 ical activities involving photosynthetic activity could play a
2 F 1" crucial role in REE removal. It was interesting to note that
< o5k 1ss © little removal Fig. 1) was observed during the exponential
§ E ] growth period (days 0—#Fig. 3 even under the light—dark
§ i J30 condition. Possibly, the removal of REEs Bygracilis cells
3 10k ] would be a passive reaction rather than an active uptake.
< F ] 2.5 The solubility of REEs depends on the pH. For instance,
107 I | | | N PO precipitation occurs at about pH 6.2 for lutetium and pH 8
5 0 5 10 15 20 25 for lanthanum during titration with soluble alkd#]. In the
Time (days) present study, REEs in the initial culture medium were highly

soluble because the pH was 3.6, and only small amounts of
Fig. 3. Abundance of. gracilis cells (circles) and pH in the solution of REEs were removed from the positive control for light—dark
theE. gracilis culture (squares). Blac_k_ened and open marks dgno_te results and dark conditions (data not shown). In addition, pH ranged
for ||ght—dark_ cycles and dark c'ond|t|ons, respectively. Bars indicate the from 3.3t 3.6 for both light conditions @ gracilis cultures
standard deviations of three replicates. o )
and the initial pH value was never exceeded during the exper-
imental period Fig. 3). Removal of REEs from the acidic
culture solution, therefore, was not caused by precipitation
associated with an increasing pH.
A certain pattern of REE removal b¥. garacilis was
3.3. Cell abundance and pH found (Figs. 1 and 2 removal amounts of heavy REEs
decreased progressively with atomic number. For REEs, the
E. gracilis cells grew exponentially for the first 7 days of  atomic radius decreases with increasing atomic number. The
incubation for both light conditionsHg. 3) after which the  atomic radius is responsible for elemental chemical prop-
abundances changed between them. The abundandes of erties such as ionic characteristics, covalent characteristics,
gracilis cells under the light—dark condition were about 1.5 and solubility[4]. The removal pattern of REESs W gara-
and 1.8 times higher than those in the dark conditions at dayscilis could depend on chemical and physical properties gov-
14 and 21, respectively. The abundance in the dark at day 21erned by the atomic radius. Differences in removal amounts
reached the same level as that under the light-dark conditionpetween light and heavy REEs may be caused by hydration in
at day 14. agueous solution because the inner sphere water coordination
During the experimental periods, changes in pH value is 9 for light and 8 for heavy REE iorf§—7]. However, more
were small for the culture solution under both light condi- detail studies of the REEs removal mechanisnkbyracilis
tions (Fig. 3. The values tended to decrease for both until are needed to establish any relationships between chemical
day 14, but they returned to the initial value by day 21. properties and removal amount of REEs.
In this study, removal of REEs . gracilis from acidic
solution was demonstrated. This ability Bf gracilis sug-
4. Discussion gests a potential use in wastewater remediation. In addition,
Euglena lives in various aquatic environments, and may
In this study,E. gracilis showed some ability to remove  be concerned with some aspects of REE behavior in these
REEs from acidic solutions. This ability appeared under the environments.
light—dark condition Fig. 1), but not under the dark condi-
tion (Fig. 2. From these results, it was concluded lighting
conditions would be an important factor in removal of REEs Acknowledgements
by E. gracilis. , )
Light conditions made a slight difference i gracilis The authors thank Mr. H. Koiso at Tokyo Nuclear Services

abundancerig. 3, but the low abundance of cells in the dark Co.,. Ltd. for his experimental support. This work has been
condition was not able to fully explain the small removal of Partially supported by the Agency for Natural Resources and

REEs in the darkRig. 2). On the last day of incubation, the ~Energy, the Ministry of Economy, Trade and Industry (METI)

number of cells grown in the dark reached the same level JaPan.
as grown in the light-dark culture at day 14 of incubation.
Removal amounts of REES, however, were significantly dif-
ferent between the two light conditions. Maximum amounts

of removal for the dark (day 21) and light-dark (day 14) [1) A. Kawasaki, R. Kimura, S. Arai, Soil Sci. Plant. Nutr. 44 (1998)
conditions were 1.figL~1 (Fig. 2) and 3.4ugL~! of Sm 433-441.

were also observed in the dark condition although only a
small amount of the REEs was remové&d( 2).
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