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Simultaneous removal and recovery of cesium, strontium and toxic metals
using photosynthetic bacteria and practical removal of radioactivity
from polluted water, sediment mud and soil
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Removal of radionuclides (U, Sr, Co) and toxic metals (Hg, Pb, Cr, Cd, As) was carried out by using a
photosynthetic bacterium, Rhodobacter sphaeroides SSI strain immobilized on pieces of porous
ceramic, which were recovered by an electromagnet. Almost complete removal (100%) of U, removal of
82% of Sr, 58% of Co and almost complete removal (100%) of toxic metals, were observed after 2—4 days
of aerobic treatment in synthetic sewage wastewater. Using the immobilized SSI strain on porous ceramic
made from waste glass, simultaneous removal of Cs and Sr was carried out. Outdoor experiments,
performed in a vessel measuring 1 m?, resulted in almost complete (100%) removal of Cs, and 61%
removal of Sr after 2—3 days. Removal of radioactive Cs from a swimming pool of a school of Fukushima
City was carried out by using alginate immobilized SSI beads (about 2 cm in diameter). About 90% of
radioactive Cs in mud (sediment) accumulated at the bottom of the swimming pool was removed after 3
days of aerobic treatment. These beads were used consecutively in the experiments at least 3 times.
Beads experienced a reduction in both weight and mass by 99.3% and 97.3%, respectively, after low
temperature drying and incineration, at about 600°C, without ever releasing any radioactivity into the
atmosphere. Lactic acid fermentation and anaerobic digestion of soil, polluted by radioactive Cs from
Fukushima, was carried out, as a pre-treatment. Thereafter, SSI immobilized bead treatment was carried
out as an additional treatment. About 70% radioactive Cs was removed from polluted soil, after 19 days
of additional treatment. Thus, a practical and effective removal of radioactive Cs from polluted soil was
demonstrated by alginate immobilized SSI strain in combination with lactic acid fermentation and
anaerobic digestion.

[Key words: immobilized photosynthetic bacteria, cesium and strontium removal, radioactive cesium,

Fukushima radioactivity, reduction of mass of radioactive materiall
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Fig. 1. Recovery type of tri-pot porous ceramic carrier made
from SiO, (A) and waste glass (C). In the porous ceramic, one
part, shown as black moiety contains 5% iron for recovery by
electromagnet. Photosynthetic bacterium, Rhodobacter
sphaeroides strain SSI-immobilized ceramic was recovered
from water, soil and sediment mud (B) using an electromagnet
after Cs and Sr removal. This figure is reproduced from Ref. 17
with permission of Jpn. Soc. Wat. Treat. Boil.

LEMMUIRE o7, L L, 2AMYZIEEMZ:OT,
BICIRARD £ 912, FERII MR BERAT T A H &
EL72Fig. ICO L DOPEF L1319,

EREES I v VBELAERMEIC X 2HEHEERE
GEREHERGIA) DRRE & KEFLEEN

A BG R 1E 30 4E LA B i & D PR, KB AL,
A Mol SEREELICERILEShTEB Y, 2t
EbOTHEL, PTERA V FTIEFEAMS & LTHA S

NTW LS H 5. WERESER RELEHIH VT
WBEZAHHEWOB, T EREANTHLIT U
A A Q101F, HASETIXIGA BT 2> & 52 19 4 i 7%
EolztwbhTBY), /2, ZOI0ERIAEA
W) ASEHAL U C RS R 25 R AR AR, R A A
AFIE LT LTCWAS5-T3I /L7 Vg (ALA)
b, Fx ONE M HTBIE EEAN A S R S THEM
ILENZLDTHHX. ZDXHIZ, HEBME I
BRBRMAE TR L, TTICRIKENZ L DG TR UEAD
RN TH B

FRAE Y 7 3 v 7 [ @A A Al W Rhodobacter
sphaeroides SSI# (F521LSSI) "% wT, AT TFK
HiZEEN5U, Sr, CoZz KOG E 1%
FfAR) ORI DOWT, He B E TR, BEFR
TG E T 5 &M CRET L7z, 525 A0EK
SfEcoB, EFDRELES, B TOPKRLE R B
BT, BEBEITTA I EIZT A PICEIES D W
DT, HL oK AIE, K, BIFATHIEHTE S0
BRI 2 B LT B B9 SSTHRIZHERMLER 1252
LS T2 SHEY O HRE R T, RREICH
EWE (EPS) %ML, MWEELEEZALTWSO.

e b SSI & F T, BT EAZAE  (FE BRI IR AL f4)

434

~ 20 a
?an 15
< 10
~ 5
0

CODyy, (mg/l)

< 30 c
oly]
E 2F
o 10
o
0

Time(d)

Fig. 2. Profiles of U, COD and PO,* in the synthetic sewage
wastewater containing U using strain SSI immobilized ceramic
under aerobic dark condition. O: Control (aeration only); A :
porous ceramic 4 pieces; []: strain SSI immobilized ceramic 1
piece; A : strain SSI immobilized ceramic 4 pieces; @: strain
SSI immobilized ceramic 8 pieces. This figure is reproduced
from Ref. 17 with permission of Jpn. Soc. Wat. Treat. Boil.
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Fig. 3. Profiles of Sr, COD and PO,* in the synthetic sewage
wastewater containing Sr using strain SSI immobilized ceramic
under aerobic dark condition. Symbols are the same as those in
Fig. 2. This figure is reproduced from Ref. 17 with permission
of Jpn. Soc. Wat. Treat. Boil.

BEHERAAR) DB TR L, KREELRED L PEE
Fo Z EAHHICHERR SNz, Fig. 413R3L£912, Co
DY EE R R SSIKRICHEAH 5 £ 9 TH Y, Co, COD,
) VA Y ORBRFRIRRENZMWCH o7 AT
58% DEFETH 7. CoDMrFxMAEw TIZEL <,
Mahan 5 b HEH T CoRENAESH TRV L2 HWE L
TWwh, T LT, @ bSSHds i Gk
BFHERIGAR) OFRFHEN D TH L, HRE, 8% Y
YOUAL: ERBEEALICHIEHTE 5 2 LWL I
ootz HEEWTE Y S N AR % & Do LEE K R
T 7= VEEKRGEDBLICDHEHATE AL EbNS.

BEE(LSSICL D, ERE BFEERDOKRE

ZUEY T 3 v 2 ISR L7 A I (SkR) 28
Cd% X W, BETHZEIFTTICHLMNILTVS
RO ZooBb hESE, AESEOREICONT
LME L7z, Fig. S5 L2AR L), AEEERT
»bHrun (Cr), K (Hg) 4M/LOFEEISSIIC
X VDSHTIZIZI00% DBRENTHETH - 72, 2 DR,
COD &Y VA4 v d, Fig 20UDRLFE U X9 12k

20134 558

Co(mg/l)

3000
2500
2000
1500 |
1000 |
500 |

CODym(mg/D)

PO43'(mg/l)

Time(d)

Fig. 4. Profiles of Co, COD and PO,* in the synthetic sewage
wastewater containing Co using strain SSI immobilized
ceramic under aerobic dark condition. Symbols are the same as
those in Fig. 2. This figure is reproduced from Ref. 17 with
permission of Jpn. Soc. Wat. Treat. Boil.
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Fig. 5. Cu, Hg, Cr, and As removal with strain SSI
immobilized ceramic in the synthetic sewage wastewater under
aerobic dark condition. 2 : porous ceramic 1 piece; []: strain
SSI immobilized ceramic 1 piece; O: strain SSI immobilized
ceramic 2 pieces; 4 : strain SSI immobilized ceramic 4 pieces.
This figure is reproduced from Ref. 17 with permission of Jpn.
Soc. Wat. Treat. Boil.
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Fig. 6. Cs and Sr removal by SSI (R. sphaeroides SSI)
immobilized ceramic in synthetic wastewater of glucose (4 g/L)
as a substrate. 4-8 pieces of SSI-immobilized ceramic were put
in synthetic wastewater (K=1.75 mg/L) in 1 L vessel and
aeration (0.2-0.5 vvm) was conducted at 30°C: O, control; 4
pieces of ceramic (not SSI-immobilized); @, 4 pieces of SSI-
immobilized ceramic; 4, 8 pieces of SSI-immobilized
ceramic. This figure is reproduced from Ref. 19 with
permission of Scientific Research Publishing.
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Fig. 7. Effect of K concentration on removal of Cs and Sr by
SSI (R. sphaeroides SSI) immobilized ceramic in the synthetic
wastewater of glucose (4 g/L) as a substrate. 4 pieces of SSI-
immobilized ceramic were put in 1 L synthetic sewage
wastewater. Then aeration (0.2-0.5 vvm) was conducted at
30°C. Initial Cs and Sr were 5.0 mg/L. O, K 0 mg/L; @, K
1.75 mg/L; A K 3.35 mg/L; M, K 6.70 mg/L. This figure is
reproduced from Ref. 19 with permission of Scientific Research
Publishing.
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Fig. 8. Outdoor experiments of Cs and Sr removal by SSI (R.
sphaeroides SSI) immobilized ceramic in synthetic wastewater
of lactic acid (4 g/L) as a substrate. 1,200 pieces of SSI-
immobilized ceramic were put in 500 L sewage wastewater
(K=1.75 mg/L, contained in 1 m? vessel). Aeration of 0.2-0.5
vvm was conducted. pH of the water was maintained manually
at 6.0-7.5. The outdoor temperature was 21-25°C: O, Cs
concentration in wastewater; @, Sr concentration in
wastewater. This figure is reproduced from Ref. 19 with
permission of Scientific Research Publishing.
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Fig. 9. Outdoor experiment of Cs and Sr removal by SSI (R. sphaeroides SSI) immobilized ceramic in synthetic wastewater of
glucose (4 g/L) as a substrate. 1,200 pieces (a, b) and 1,700 pieces (c, d) of SSI-immobilized ceramic were put in 500 L of synthetic
wastewater (K=1.75 mg/L, contained in 1 m? vessel). Symbols and treatment conditions were the same as those presented in Fig. 8.
This figure is reproduced from Ref. 19 with permission of Scientific Research Publishing.
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Fig. 10. Mesh bag containing SSI immobilized glass ceramic
(A). Outdoor practical removal of Cs and Sr using a 1 m?
vessel.
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Fig. 11. Removal of radioactive Cs from sediment mud obtained from a school swimming pool solubilized by acid (HNO;) by
repeated batch treatment with the same immobilized R. sphaeroides SSI. After first and second batch treatments, fresh sediment mud
solubilized by acid was placed in a 55-L container with glucose and pepton, and then aeration was continued. Under the figure,
temperatures of the vessel at 10 am each day are shown. @, radioactivity in broth; 2, radioactivity of sediment residue after
filtration; O, radioactivity in filtrated water. This figure is reproduced from Ref. 31 with permission of Jpn. Soc. Biosci. Biotechnol.
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Fig. 12. Profiles of the radioactivity of Cs during HNO,
solubilization of concentrated sediment mud. pH 6.00 indicates
no HNO; addition, while pH 2.00 and 1.60 indicate conc.
HNO; addition in concentrated sediment mud. No immobilized
cells were added. @, radioactivity of concentrated sediment
mud broth; &, radioactivity in sediment residue after filtration;
O, radioactivity in filtrated water. This figure is reproduced
from Ref. 31 with permission of Jpn. Soc. Biosci. Biotechnol.
Agrochem.
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Fig. 13. Removal of radioactive Cs from concentrated
sediment mud directly (without HNO; treatment) (A) and
removal of radioactive Cs from sediment mud solubilized by
acid (with HNO; treatment at pH of 2.00 for 1 d) using half
amount of immobilized cells (B). Under the figure, the
temperatures of the vessel at 10 am each day are shown.
Symbols are iden tical to those used in Fig. 1. This figure is
reproduced from Ref. 31 with permission of Jpn. Soc. Biosci.
Biotechnol. Agrochem.
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Fig. 14. Removal of radioactivity by Rhodobacter sphaeroides
SSI immobilized beads from polluted soil suspended broth in
Fukushima. 1-3 bags containing beads (about 210 pieces per
bag) were put in soil suspended broth (5 kg soil and 10 L tap
water). Nutrients (glucose, peptone and vitamins) were added
and aeration 0.2-0.3 vvm continued. Temperature and pH were
maintained 30 £ 1.0 and 6.0-7.5: A, first treatment; B, second
treatment after fresh SSI immobilized beads bags added. Solid
arrows and open arrows respectively indicate nutrient addition
and SSI immobilized mesh bags replaced: O, control (no mesh
bag of SSI immobilized beads); M, one mesh bag; [], 2 mesh
bags; @, 3 mesh bags. This figure is reproduced from Ref. 34
with permission of Jpn. Soc. Biosci. Biotechnol. Agrochem.

BRLEDS S OB REDRRS

ARTPL OB HECSBERITEII L 20T, I
L A 5, R RO IE (FHE
HEATHIX) OB T- 72, B S kglZ/K10L
(FHIET KB, 0.4 pSV/hLLT) 2 8% L X <L T,
ANFBBREER U KERZ RN LEEILSSIE— 2 %
ANz XAy v any 7 I38RELCHRREIT- 72,
ZOKRE Fig. 141R8F. HIEBEE ORI T
WCRLTHhEYVRESIN o7 ok bk sns
3EANTZFEETYH, 726 uSv/hTHh - 72 HEA9 H
T5.63 pSVhIZIET L, 22% DR ThH 72, ~
FaD#Ko0% kI RERBENVWTH 7. EHITAY
T aNy ZIZH L SSIER 2 WilBrge & fkE L7248, 15
H#125.02 uSv/h & ek 31% DERFEHRTH - 7239,

BECs 122 W, BIPREECs i v b, K
FEIEERIEELTVE I L2 HE LTS, 72,
AR, BEHECSIIBRERICO VTR 7V REER 7
IVEILEABAELTWAZ EERELTWS., AN
WKL T, HETIRINS L Cs L DAL )

441



T, TOYVAT ATIEBGECs BT
Yk LWVIRETH - 72, F 2 CTHIEHE 2 v 5 i
WZDOWTHREF L 7.

FLEEEIC &L 2 Eh O DR Cs D5k

13 R CAERW LOLE M &2 VWA BB O
T OEALDIEE T TED. ZohT, H 53R
RIIAN FaRTEO HEOHEY % 40f# LT, COD %X
TERELL) ZZEEWHLNIL TS, BTN
W R FLEE R T & 50 LR L 72 FER, 7
VB L UOAME, LEBHE CHREILT 5 Y AT A
THDHN., 22T, TOFZH & RGHEHY IO Y
WISH L7z, eSS kg &k OKiEK) 10LZ2MZ 72
TR, R L7-AUEE (Lactobacillus casei) %
WML 723560, 13D 5 OGHECs DIER~OHE I %
Mt L7z, C OZURRH IIBRERMLA], 2 0 AL 5 Hij
L2 DTHBY. 200 AL, FREETIZM &AL,
ANFBERE M LROECIZIA S ERMICHWSLRT
BY, BEIFER I N T BEEEFLHITH 5 0.

Fig. ISAZFLER % 0 L 72 v IR % B A%
B (35°C) L7272 0¥AETH LA, 14 HERIZTLMEH
O FEW 5312340 pSv/h & 72 0, 54% (7.25 uSv/h
53.40) OWMEEERD TH o 72, KL OBGiEDIE
W R L Cwe, L L, FUERRIES IS & s
L7-%6 (Fig. 15B), FLERFSEZ & MRSIH L DS IREHEST
L7275, BEREWZ &2, LEEm 451314 H#%122.50
uSv/h & 66% DA HHER S L, —T7, TEEWEI 5125
OB SNz, 2oz kg, FLBREEE R B
HILIZE T, CsEABELZFORMIEOE ST
DAEREW D3R S I, ARG T ORLFZ 7 o TS 55
WAEAE, FHELTWwA -0 LHEE 3nb. Fig 15AD
BRI D & & Fig. 14B O &ML & LB REBEO W
NOYETY, TS5 % w008 L7z Bigd, ki
WRgtRE IR IZ E A ERIBE N d o7z, FEBL-FEHE
T OZERHE120.3-0.5 uSV/h TH > 72DT, KOHIZ
FCs " E LTOREECSIZEF R wEvoTIw, K
OHIIEE O EECEE S EBRIANTE Y, Cs2id b
LR, Cs' L2z ond, Lad, BEFFcik
T 50, ZRRIBETRERRE DL TSI, MEFTOBTATE A
SHRVBRALTHEL Ny 77570 F). MBEHOANFR
O, MY CREECSHEHZ T o o RER L
T (Fig. 12), Cs"I3AKRDHICIHIZEA LTI AnE %
ZTCTEwnikEbhi.

DX, FLERFEEE TR L O BESE Cs ARLAEED
INS AR L & HITEPICEL, BEL WL E
FInF THESNR L, IO TH LY. oI

442

8.0

X

7.0

kS
é

6.0

5.0

4.0

3.0

Radioactivity ( pSv/h )

2.0

1.0

0.0

1
0 2 4 6 8 10 12 14
Time (d)

8.0

X

7.0

&
e

6.0

50

4.0

3.0 |

Radioactivity ( ySv/h )

20 |+

1.0 |

0.0 |-

0 2 4 6 8 10 12 14
Time (d)

Fig. 15. Radioactivity distribution in soil and suspended broth
fraction during anaerobic digestion (A) and anaerobic digestion
and lactic acid fermentation (B) of radioactive Cs polluted soil
in Fukushima. Soil suspended broth (5 kg soil and 10 L tap
water) were incubated at 35°C + 1.0 after nutrient addition
(solid arrows). pH was maintained as 6.0-7.5: A, anaerobic
digestion; B, 1 L of lactic acid bacterial culture broth was
added; O, suspended broth fraction after 20 s static condition;
@, soil fraction after 20 s static condition; &, clear water after
centrifugation (10,000 X g 20 min); X, original soil (7.32
uSv/h) used here. This figure is reproduced from Ref. 34 with
permission of Jpn. Soc. Biosci. Biotechnol. Agrochem.
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Fig. 16. Removal of radioactivity of soil suspended broth in Fukushima by combination with anaerobic digestion and lactic acid
fermentation and Rhodobacter sphaeroides SSI immobilized bead treatment from polluted soil suspended broth. As the pre-
treatment, anaerobic digestion and lactic acid fermentation were conducted for 3 d (A) at 35°C = 1.0 after lactic acid bacterial broth
and nutrient (glucose, peptone, and vitamins) addition to the soil suspended broth (5 kg soil and 10 L tap water). Subsequently 2—3
mesh bags were soaked and aeration of 0.2-0.3 vvm was continued under the same conditions as those described for Fig. 14.
Temperature and pH were maintained respectively at 30°C = 1.0 and 6.0-7.5 (B, C): A, pre-treatment, anaerobic digestion and lactic
acid fermentation; B, first treatment after SSI immobilized bead addition; C, second treatment after fresh SSI immobilized beads
bags soaked. Solid arrows and open arrows indicate nutrient addition and SSI immobilized mesh bag addition: O, control (no mesh
bas of SSI) addition; [ ], 2 mesh bags added; @, 3 mesh bags added. This figure is reproduced from Ref. 34 with permission of Jpn.
Soc. Biosci. Biotechnol. Agrochem.
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Fig. 17. Radioactivity distribution in soil, suspended broth, and clear water fraction during combined treatment with anaerobic
digestion and lactic acid fermentation and SSI immobilized beads. The same experiment depicted in Fig. 3. 4, control, soil fraction
after 40 s static condition; <>, control, suspended solid fraction after 40 s static condition; 4, control, clear water fraction after
centrifugation (10,000 X g, 20 min); ¥, soil fraction after 40 s static condition with 3 mesh bags of SSI immobilized beads loading;
V, suspended broth fraction after 40 s static condition with 3 mesh bags of SSI immobilized beads loading; £, clear water fraction
after centrifugation (10,000 X g, 20 min); X, original soil (10.56 uSv/h) used here. This figure is reproduced from Ref. 34 with

permission of Jpn. Soc. Biosci. Biotechnol. Agrochem.
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a2 fTo 72O b EE{LSSIE — AT L2225, 24
H 12 (080 0 O O 13 65 %, TR BB o> 133 o i
BEIXIC O 13 (10.45 uSv/h) D 67 % B A5 e Td - 72.
FLRRTN I X 23 L OB 53 & AR5F1L A%, SSTHE
LD CsOBRERIUIRILTwD EfEE I N
A & FEREMIC & 2 BB RE DK 70% O B2 138
HThHo7e.

FEA WA, Rhodobacter sphaeroides SS17%, TEf:
ATHPTRERZILE L T 3 v 7 ICE@E b LT, Bk
BHETHHU, SIBIUPCotEELRBTZIEAESRD
Hg Pb, Cr, CdB &P AsOBREEBRE -7 (121
100% ® U, 82% D Sr, 58% ®Co &, 31X100% ® &
SR F LA ESEN, 240, ANLTFARBCHEL
HMI LI LK YVBESN, BEFIATER LS
LAY T Iy 7 ICSSIMkZ e L72& 2 A, CskSr
DRI ER SN 1 M5 v 7 B ENE
RAESERETIX, 1212100% DCsk, 62% D Sr#s, 2-3H
DB BRI T,

TVFYERE VT2 cmd € — XIRIZHEEL L 72
SSI#kZ T, fETHOFR DK T — Vv DR
CskrEzfro72. 3 H OB TRIK T — IV DIEDJE
B o(ANFO) JICHERE SN BUEECs D90 % H3kik g
SNz, TOE—RXEA % ED3IMNIHE Y K UEH A
WHETH -7z, HL72E— X3, ik (¥ 600°C) T
VIR L IAL AT &, EREFRERVENEN, 993% L
97.3%12, WMHBEERATICEEHSTILLWAET
&7z 51, MEBOBIRHRI N HIRIZOWT,
FLERZETE & B L 2 ATLEE L LTV, 5 & e &
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LSSI ¥ — ATl 2175724 2 A, %19 HDSSI
R 28 AL PR C I 5 BB T G 358 0 I BE D8 70 % 23 Bk Gk
SNz, ToXHIT, FLMRIERE L BEAIEAL & e b SSI
LB 2 F B AGbESLZ LX), HEICHT 25
FARI DD F0G 72 B Cs D BRYFAMHBRSE S 7.

O

KR FITTHI2H70, fir TH V720w -hAa
oA —, BWMEITHE, MBI R, U K,
AR, BEETR RS VA 2 RENBTE,
BILUOHNEARICEH LTS
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