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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

Ken Sasaki, Takashi Kishibe!, Kenji Takeno!, Ayaka Mikami?2, Toshiro Harada?, Masahiro Ohta?
(Department of Food and Agricultural Bio-recycling, Faculty of Engineering, Hiroshima
Kokusai Gakuin University; 6-20-1, Nakano, Akiku, Hiroshima, Japan, 739-0321%; Ohta
Koukan Co. Ltd.,; 6-2-30, Syoukou-Center, Nishiku, Hiroshima, Japan, 733-08332) Seibutsu-
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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 m3, 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.
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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.
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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. & : porous ceramic 1 piece; [1: strain
SSI immobilized ceramic 1 piece; O: strain SSI immobilized
ceramic 2 pieces; A : 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; A, 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 (0.2-0.5vvm) 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; H, 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 m3 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 m3 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 m3
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; A, 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.

Agrochem.
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RERR 2% 2510.6% L HHTE 5. 7T BHEKITIE
B Cs R it P Cs il T & 2w T3, Zhid
SSIBEDS G ECS Z W D AAZD D EEbNE. 2D
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KT L7z, RIBEEETRIMNREDS R R T L SSIHRO I
PR D 723, CsHHIC X B itz LR L7228,
SHIZH AN EZ ANKZT, LWHEZ#ET 5L,
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PR1% 25-35°C TG AR W IF v &, 10-20°C T
T RE R R 2 R 2 EAVRE N, T ORI T
DY X LA TRE & v FFEE, BWHILTIRER W
ICHEETHA.
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IO CS IR S e o 72, FEERAIIZERT
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ZXCHE % L7z, Fig. 13AICRT X H1S, NF U ZH

BRCHIALEE L 2 < TH T Cs ARk T 5 2 &
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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; A, 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.

Nahrol. EHIZ, HE00°CTHRHMLL-EZA, B
EMRE A ELTIVE VBE - XK GORERY, &
HT99.3%DMANTREE o723, oz kid, i
Se % & e I BEHEY) O R4S O N8 & R Z [ b e B
— OO EF o T,

BB DOBEFELT S AZH W2 H T AMHEEILSSITCs %
BN 55T, €53y 2 » 5T M) v AKE
e BT, HREHECs % & SSIHAkz 5] &1
WUBHT 5 BIENDLEED, TIUVF UV BRE— X% Hw
AR INDPEETE, KO X AR ToOME
TRAEDTREE 22 5. KitREATA ML AWETIES
D X9 e KIBREIATEER O T, BEfLSSIE—X%
72 E X VA EBbh s,
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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); I, one mesh bag; [, 2 mesh
bags; @, 3 mesh bags. This figure is reproduced from Ref. 34
with permission of Jpn. Soc. Biosci. Biotechnol. Agrochem.
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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; 2, 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;
V7, suspended broth fraction after 40 s static condition with 3 mesh bags of SSI immobilized beads loading; 2, 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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SN, R CREI N SSIHRIC X 5 CslrE 1,
EPSO~ A FAF v =TI X BWHEIEHIY TR, AV
7 AR YT X BHY ABKERED BG- L Twb Z s
I N

6) BHL b 7 2wz BRTH 3H TIE
13100% D CskrZ, 51% D SrErRasEm s, FHME
ARE S .

(7) B TORSREMECSICHER I NIZKIKT— VD
KOBGEA T2 2 A, BFHRIZIZEALKOAN T
IR DWTHIEEL Tz, AR 2 F Mo ThREL

20134 #58%

B LT, 7IVFEERREEALSSI ¥ — X TRV T
M L7262 A, 3HT, 1435 uSv/hd A~ F o
DG CsA32.06 pSV/h IZAEIR L, #90% D B gehsiE
EN7z, ZOREEIESSIE— X137 &b 3HDi
DR LA EETH - 7.

(8) Z DRIEALSSI ¥ — X ZEINE, #kE #600°C
T BEHARIT-7-L 2 A, FmI3097.3%, W
99.3% DWA VI RETH ), HIBEFEWRE OREIZD
FILTE BT DR SN,

9) MUYAT AT, f&EMHEORS G158
DG ITo72. BILOREL 2 ETLR - 115 kg
ERIOLIZHEE L CHEIEILSSIE — X % v CTALRE L
722 A, 15HMT31% DRGTEERRZ: LAavER SN
o7z,

(11) L2 L, wijEes U<, 3LEEH (Lactobacillus
casei) OFFERZRML TAH M, BRI & FLERSE
24T o7-DObMEELSSIE— A TUH L2225, 24
H 7 12 SR8 W0 O ST A 1265 %, TRk o 133 o fe bt
AEIZIC 0 145 (10.45 uSv/h) D 67 % R4S BT d - 72
FLERTAC X B S 3E 1 0 4 B8W 50 1% L AR5 T-1b25, SSIk
WX B CsDBERBIUIZEYG LTS g s sz, N
A F FEHEAM I X 2 T RE DK 70% 0 B2 138 A
RTHhHot.

E

Je& AMIE, Rhodobacter sphaeroides SSI %,
ATHEITRERZ UL T 3 v ZICBEEb LT, Bk
BETHHU, SIBLXUCotEEBIZRIAESERD
Hg, Pb, Cr, CdB X UASOBREERZIT-72. 131F
100% U, 82% ®Sr, 58% »Co &, (Z1X100% @ &
SR EIHEESEN, 2-4HM, AT T KB TLFRML
B ik i sns, BEFIATHERLLS
fLEX T I v Z7IZSSIBkZREEft L7z 2 A, Cs&Sr
DOEBEREIER I N L7 v 7 2 HWENE
FEFEERTIE, 1212100% D Cs &, 62% D Sras, 2-3H
DB RIRE ST W,

TVFVBEEHCTH2cmO Y — ZRICHEEL L 72
SSI¥kZE HWWT, fRET DR DIKIK T — v OIEHE
CskrZzfro72. 3 HDUAMILTKIK T — IV DJEDE
B o(ANFo) HIcERE S 2R Cs o 90% 23k g4
SNz, TOE—=XEA7% L L b 3T & LA
WEETHo7z. ML=, Kl (8% 600°C) T
WL AL 2479 L, HEmLFERSENEN, 99.3% L
97.3% 12, BUHBEZ RAHFICEEMOT LR WAET
&7z 26T, MEORMEBHER SN HIEIIOVT,
FLRR SRS & BRSUHIL Z AT LB & LT, 5l & ke &
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ESSIE— X TiBMLE 2175728 25, #5119 HDSSI
PRIE AL PR C IS AR T S 138 O T T BE D %9 70 % 723 Fi e

.

DX HIZ, FUMRFERE & B AL & AL SSI

WA ZFRICHAGDE L Z EIZX Y, THICHT 5%
IO RY R 2 B Cs DERGBA A% S 7z,

AL BT THICH2Y, Hx THIvZv k&

A —, BHEATHE, Mt ke, 1l

URA
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