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Fig. 1 Basic concept of Phytoremediation.
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Fig. 2 Arsenic hyperaccumulator (Pferis vittata L.) (left) and cad-
mium hyperaccumulator (Arabidopsis halleri ssp. gemmifer-
a) (right).
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Table 1 Analytical techniques for determining elemental distribution and chemical form in plant

Spatial Chemical

Place of

Analytical technique resolution Sensitivity speciation  experiment Remarks

synchrotron radiation ca.l ym O © specialized  Elemental distribution and information regarding

micro-XRF (SR-u-XRF facility chemical form are obtained from one sample at a

imaging, u-XAFS)3® spatial resolution of um.

X-ray fluorescence 10 um X X laboratory =~ White X-rays from the X-ray tube give high levels of

microscope (XRF) background for a wide energy range. This causes a
low S/N ratio for analysis.

Scanning electron several X X b) laboratory  Excitation efficiency for the K-line of heavy elements

microscopy-energy dozen nm® is generally low. Analysis is carried out in a vacuum.

dispersive spectrometry

(SEM-EDS)

micro-particle induced ca.l ym O X specialized ~ Measurements in the air deteriorate in spatial

X-ray emission analysis facility resolution due to diffusion of the particle beam (=~

(u-PIXE analysis)3? 10 um). Sample damage is sometimes serious.
Chemical state analysis is not possible.

positron emitting tracer ca.l mm YA X specialized  Element dynamics are obtained for the living

imaging system (PETIS)40 facility sample. Radioactive isotope with appropriate life-
time is necessary.

Chemiluminescence 0.1 yum® AY X laboratory  Element dynamics are obtained in a living state.

spectrometry*!) Chemical treatment is necessary with an appropriate
reagent to detect a target element.

HPLC/ICP-MS — © O laboratory  Liquid samples are generally necessary. Extraction
of target material should be required.

Nuclear magnetic resonance —) X O laboratory  Any sample condition is analyzable. Target elements

spectroscopy (NMR)

are limited because optimum nuclei are essential.

a) The resolution for elemental analysis is much larger than that for imaging due to penetration of the incident electron beam and

characteristic x-rays.

b) Transmission Electron Microscopy (TEM) together with Electron Energy-Loss spectrometry (EELS)can provide chemical state

infromation. Some studies of Ca, O, Si, etc. have been reported.4?

¢) With use of a laser microscope.
d) Easily affected by coexisting material.

e) This technique has no spatial resolution. A target sample can be separated individually before the analysis.

In-vaccum undulator
: XYslit (0.2 x 0.2 mm?)

1

4

-
e

Si(111) monochromator

XY slit (0.1 x 0.08 mm?)

Fig. 3 A system of micro X-ray fluorescence analysis with high-energy synchrotron radiation (SPring-8 BL37XU). K-B
mirror: fused quartz coated with platinum, fabricated by a bent-polishing method at Canon Co. Ltd. Length of
the mirror: 100 mm, focal length: 250 mm (15t mirror) and 100 mm (2"¢ mirror), average glancing angle: 0.8

mrad.

BKRPEL, WHRTHEEL TLE>DT, Mgl
WTHIEX A A= T a7 D01 h, R
BIEFHICEETH S,

ZTTHAZ, RETRANTS L1, W 2p0iE
FHBLE A A, BRI 7 SIS RS SR iR I 0
P —ATHR & E T A FETHBTRE AT > Tnb, &
DOFEE NS EEAKIRREDEYHR D HEA10~20 um
BEOYIR #ERT 5 Z L PARETH 5, YR OHiksIkAE
THEFET D700, MIEXBA A=Y 7 ORPEFITITK
IREFR T ADR EM T %HFT> T B,

3. ESEEREVMOHHRAREOFAR

T O « ML IV A ILHE DA 7 B 52§
% 7-O1Cid, WEHIC S0 ARSI X % Ak O I « 28
e/ ILREOBE) « Fill O VR A2 17 5 LB D
Do M, BAHEEE XS HTIE KR T CHIENRFT 2 %
72, RBROBRIZOWTEHBE S, AS/EFEzo
T, W SE0H L 2230 OA R, s
BE HEEREH &Rk 2 RO A W CHIE R T
EDRBETH D, L, MKXBRA AV VT TH,

Bt March 2010 Vol.23 No.2 @ /1]



B OV 2 — 2 =IO AT —VICHE T2 kTl
FHL CTXRF 57— 2 %G 5720, —EOWE IS
MEES L8505 0, WEHOE « [WEOEEIIIER
ICREL, CHEBT 5200 TRKNLEL 25,
FAWETHO P LW ILESARBRE LNV TH S
2, MR L LD DTHLHPIC & - T, #Ynse
MO MREETXRF A A=V T %I LTk 5, L0D
o, MIfE L OV OZER G REE DL EET 1 um L)L X AR
XA —=LEH T 0T L L THEXBA A=V VT
HATOBEICE, REFICS T AT —F 4 75 7 &b
HEF D 7= OICRRIFAELICER SN L VL b < 78 b,
Txld, CNETICHELVO~ 7 O tizs O
E DAL~V 2 7 B ilE A &R A D T <
T, BEae U~ OUICIE U 2R ELE I O W TRET 2 1T
5> T&EZ, DIFIZ, ZOREZLDITOWTHEANT 5o

3.1 H/ELRNILOBHE (E#EE)

% R rEELVNIVCET A TES OGN 1T
DBRICIE, EEIoE EOMWE Rz, BRSO < 1248
BT, BREAERICAS -, BIENg s
LR T 7 VIOV X —IcF—7TlEEL,
7o E FORE T~ 7 O R o mllE 17 - 72 (Fig. 4),
OB, EETRIEWE TH S0, FEPICEY
B LsBNAECKE, AEr 2R TICEET S
O, FIRER T L DB ISR AR A BLE T A N
B, BROBERELAFIREING LW TREEGLH -
7oo F/CHRIDEHE L CHIEm AFHIC 7 > T\ &,
XKL TERTELEWORES LD - 72,

M DOIERLED L D et BT ORBEMIEOREICIE
OVEORZELI7 F 7 @B 0, HWEIEZERICH 2 5
& &7 TWAHY, 22T, MWEE: S REA 2 Y)
DL, Y10 00 bOREELRE <7280, ZREKTEG /-
MAEBEIRLD, BRICEL—TF Y=V LGS FEOH
ISRk E S B/ MRR 2 I AL 72D, EapiE
DOWMEELT D HELEMAL 7

Fig. 4 A photo of in vivo XRF analysis of A. halleri (SPring-8
BL37XU).
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Fig. 5 SEM image for a root section of P. vittata prepared by
freeze-drying (a) and its enlarged view (b).
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@ Prepare dry ice with
smooth-surface  fabricated with
sandpapers.

@ Fix a sample section prepared
by a vertical slicer on an acrylic
holder with double-faced tape.

@ Immediately set the sample on
a holder to face the dry ice and tobe
cooled.

@ Dip the cooled holder into liquid
nitrogen to keep it frozen and to
prevent frost from covering the
holder.

Fig. 6 Preparation procedure for plant section in a frozen state.
(Acrylic holders can hardly be seen in the photos, so white
lines traced the holders for clarity)
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Fig. 7 Digital microscope image for the root section of A. halleri
prepared by a cryomicrotome. (The root diameter was ap-
proximately 0.2 mm)
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Fig. 8 Elemental distribution in leaves of arsenic accumulator, P. vittata, obtained by micro-XRF imaging. (a) mature
leaf, (b) sterile leaf. Energy of incident X-ray: 16.5 keV, beam size: 200 X 200 um?, scan step: 200 um, measure-
ment time: 3 s/point, measurement point: 115(H) x36(V) (a), 125(H) x45(V) (b). Scale bar: 5 mm.
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Fig. 9 Results of micro-XRF imaging for marginal area of a leaf for P. vittata. (a) diagram for leaves of the fern, (b)
SEM image of spore assemblage, (¢) optical microscope image of sample and measurement area, (d)—(f) elemen-
tal map of As, K, and Ca. Energy of incident X-ray: 14.2 keV, beam size: 5.5 (H) % 3.5(V) um?, scan step: 5.5 um
(H), 3.5 um(V), measurement time: 1 s/point, measurement point: 180 (H) x 125(V). Scale bar: 100 um.

Fig. 10 Change in arsenic and potassium distributions for spore as-
semblage of P. vittata with the passage of time after arsenic
addition. (a) 1h, (b) 12 h. Energy of incident X-ray: 12.8
keV, beam size: 3 X 3 um?, scan step: 3 um, measurement
time: 0.3 s/point, measurement point: 201 (H) x201(V)
(a), 208(H) x151(V) (b). Scale bar: 150 um.
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Fig. 1 A photo of in vivo XAFS measurement of P. vittata (PF,
BL-12C).

Bz OV X FEbida, AE/oEEHEL 2, BTk
T 7% Fig. MiZRd, E—AY A X3 1mm BEETH
D, TOZEMS R TETMOFRES N HFTO 2 &M
T& 5, AEGEIT X BOBSIELY RSV —F —KA
VA =T o TGN« PR L 7o, EBIHCHV 2 R/
PetHED PIEICHEL 72, BHERICIE19E T D Ge FE (i
H2R2520 2 v, AR HR4ET % As Kafi w4 %
HOYETECUIE L 72,

v %O XANES filEssE 84 Fig. 21274, T~V
ZOIERFRHEN B\ VT 3 & 5O EAMAFL T
WEDOIHL, #E CHAF) THIZEALDOLHEITIMT

HET March 2010 Vol.23 No.2 @ 75



AL TEY, Filih HIEOIIIC T T ROMEBOE
IERBEIN, COXDICHENLLY XD A ENT
CRE 55 3MISELINT, FHEICEREL TV
LERTF RSN, BEOME TKEBITETLINTWASD
», TNELDLHFEOMMTRILIN TN SO0, il
SRR G HROBETH %, Vin EBRITBVTLERES
T3 MNEILINAH DT Tl <, EFTLEILlE
HAPENTN S Z ERREIN, EIHATHITEAES
TH3liTH A EnE, Hilthh LRI TRILIE
FADBEN T B AR AVREE S N, VXKD A E N
LEDNRIFFEICEBSNL D, TOLEDET
PERE & C FREEBROBEICHRS b 7o b, %7 Fig. 12
DTHRONALXDIC, HWHE (i lLoTwie)
T, BRI SMTHAEL Tz, FHRADBEL D AR
BREPFEZ T 5L, LRI IMM2L5MNEBLINS

(h) apex of pinna

I \/iddle midrib
) petiole

11880

Normalized intensity (a.u.)

11850

11860
Energy /eV

11870

Fig. 12 Arsenic K-XANES spectra for P. viftata and reference
materials. (a) As,03, (b) H;AsO,, (c) arsenic contaminat-
ed soil, (d) petiole, (¢) middle midrib, (f) upper midrib,
(g) base of pinna, (h) apex of pinna, (i) edge of pinna with
spore, (j) old pinna
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Fig. 13 Miro-XRF imaging of a leaf of A. halleri. (a) Photograph of the leaf showing the measured imaging area, scale
bar: 5 mm. The two-dimensional distributions of (b) Cd, (¢) Zn, (d) Ca, and (¢) Mn. Imaging area: 6.5 mm
(H) x3 mm(V), X-ray energy: 37 keV; beam size: 50 um x 50 um, scan step: 50 um X 50 um; measurement
point: 131(H) x 61(V); measurement time: 0.5 s/point.
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Fig. 4 Micro-XRF imaging of trichome. (a) photograph of the
measured samples showing the imaging area, (b) Cd, (c)
Zn, (d) Ca, and (e) Mn. Imaging area: 204 um (H) X 81
um (V) , beam size: 3.8 um (H) x 1.3 um (V), step size: 3 um
(H) X1 um(V), measurement time: 0.3 s/point. (i)—(iii)
points measured by u-XANES of Cd. The scale bar is 50
um.
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Fig. 15 Correlation between XRF intensities of (a) Cd vs. Zn and (b) Cd vs. Mn in the leaf of A. halleri, and (c) Cd vs.
Zn, and (d) Cd vs. Mn in the trichome. The XRF data shown in Figs. 13 and 14 were used in the plots.
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Fig. 16 Cadmium K-edge 4-XANES spectra for the trichome of A4.
halleri and the reference compounds. (a) Point (i), (b)
point (ii), (c¢) point (iii) of the trichome sample shown in
Fig. 14(b). (d) PC-Cd, (¢) MT-Cd, (f) CdS, (g) CdO,
(h) Cd(NOs), aq, (i) AcCd, (j) (Im)sCd(NO;),. Beam
size: 3.8 um (H) x 1.3 um (V), energy step: 1 eV, and meas-
urement time: 1-4 s/point.
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Study on accumulation mechanism for heavy metal
in hyper-accumulating plants by synchrotron
radiation X-ray analysis
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Sustainable Chemistry, 2—2 Kanda-Nishikicho, Chiyoda-ku,
Tokyo 101-8457, Japan
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Chemistry, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

Abstract Some plants accumulate heavy metal elements such as As, Cd, and Pb, etc., and these plants
have been focused on from the perspective of their application to phytoremediation. In order to understand the
accumulation mechanism, the distribution and the chemical form of heavy metal should be revealed at cellular
level. Here, we have introduced the recent works regarding arsenic hyperaccumulating fern (Pteris vittata L.)
and cadmium hyperaccumulating plant (Arabidopsis halleri ssp. gemmifera). A combination of 4-XRF and u-
XANES techniques excited by high-energy X-ray microbeam with 1 um resolution has proved to be an in-
dispensable tool for the study of Cd accumulation in biological samples on a cellular scale. The sample-prepa-
ration techniques were also summarized.
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