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Material Processing Using Microorganisms
(2nd Report, Investigation on Biorecycling of Iron Red Rust)

Masahito MATSUT*®, Yasushi KUROSAKI, Toshio KIMURA,
Kenichi MURALI, Yasuhiko HONDA and Kanako SUZUKI

** Department of Physics Engineering, Mie University,
1515 Kamihama-cho, Tsu-shi, Mie, 514-8507 Japan

Based on an indication in the previous research that there is an ocean bacterium which can
reduce iron red rust to magnetite extracellularly, it is attempted to develop a new recycling process
employing such kind of bacteria. Two methods for producing very fine magnetite powder from red
rust are presented by making up an artificial environment and shown to be successful. Bacteria
participating in magnetite production are examined in detail, and are found to be microaerobic
ammonia-oxidizing bacteria (coccus and bacillus), regarded as new types different from the GS-15
bacterium reported earlier. Their role is clarified and a mechanism of magnetite formation is

presented.
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Table 1 Characteristics of tested natural seawater Table 3 Chemical composition and mechanical properties
fkilled steel
Temperature C 16.19 o Rifled stee
Salinity %o 27.16 Composition % Tensile Total
th longati
DO ppm 8.61 Mn] s | Fe | P | “ho clongation
pH 8.51 0.19 | 0.006 | 99.68 | 0.012 294* 48*
COD ppm 1.40 * In-plane mean value
NH,—N pug—at/L 2.20
DIN ug—at/L 17.0
PO,—P pg—at/L 0.19
Turb pug—at/L 5.5

Less than 2 m deep; yearly mean values, presented by
Fisheries Research Division, Mie Prefectural Science and
Technology Promotion Center.

Table 2 Concentration of ions and molecules in tested
natural seawater

Ion or molecule Concentration g/kg of seawater
Na* 8.356
K* 0.310
Mg** 1.001
Ca* 0.320
Sr** 0.0062
Cl~ 15.016
Br- 0.052
F~ 0.0010
HCO;~ 0.109
S04~ 2.104
B(OH), 0.020

F70, HEBEDND Dexter DROZAVTEE LA
FUMEE R 2ITRT.

{EH U RHE AR D 4 REER  (AFRRE
0.8mm) T, FTO{LFERD I LUHIRHEE LR 31T
Y. BEEOR S NIMEAKEANTZT T AF v 7 KKE
RIZF L REIIR %398 - BRI ETHERLE. 20
%, REQCLBRKEAFTENDERBE UT, BELL
KETH) TRAFHEL-REOWBKELERL, <7
FEA MERBRBRICAWE. 2B, BboNREWIC
L OWTHE, HEUD XBRETT L VIEEERSER
25 Fe(OH); BERDTHDIZ L 2#HR L. £,
#d o RISEAENZ I, U FSEERD5 10X 10mm O
EFFERERERLTERLE.

2:2 HMEAE  HEDODREUEBRETAE
2, RSOV, RSBHIR L OEEERITA— LY
U—7 (120°C, 223X10°Pa, 18&/]) 12T, /4
5 ARBRIIEBGES (200, 28FR) ckh, %
NEFNBELEE2To%. UT T, BELAEZ LR
WEDKREVBEIKERW-BAHERBREHFTS.

23 TTREA FOERRB  HRODKED
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Fig. 1 Binary image of black components produced
(a=26.7%)
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T 5 DWKEANZRY = F LU AKERIZED .
¥, VT X —RAROEHERD D, HTAHEN
CRABEOBEAEY, ~ 7R84 VRERTHIEE
LT, AL RBITNBDOA Y Y 2 —FHR
(& 13.7mL) T, @BEIIFTERE ORI VEIK
12.7mL & BUSBIAl (4 R8A) 2082 AL, Fv
 FREEDTHT & W LT, ERERTI, F—%
& 3ROV TINVEERFL, Zhbes ) —r
RUF (77X 10) ATEELEZREBIZES, RE
305CE L, 1 B 1EIOEIFAZIToT.
REUDLL= I REIA b ~OELRE % HEICIEE
TAHHFEELT, ERAEAREALE. Thbb, &
RpETAI =T LREICTERETES I LEY
YINVEERL, ZOSRBRBEMBILREICK L THEE
WEMEE (256 M) TRAVT 2EILEITY, £9E
BEEOERE» OEROBAEELRVWTERIDOED D
EE AR, ROTERHOBIZH LT 2ELE
T, BaE GREW) LBER (v X¥A4 8 %
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Fig. 2 Relationship between test days and black
component ratio  (killed steel vessel,
5=0.06%)
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Fig. 3 Effect of red rust concentration £ on @
(killed steel vessel)

Black component ratio @ %
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a=A,/4,X100 (%) (1
T, A~ R4 FOEDIEETHD. a®
MEFZR 1T, HROKER{EER FeO(OH) & < 2
REA P ERAWVTHRIEOEEZRNIER, 1%EBE
DEENEEND Z LB o7,

3. R TR 84 P RBFOEREE

31 FLFREBICEIER  RIVBRES
=0.06%DFEIZDONT, BLE o L RBRHBEOBGRE
FARTFERERE 2 R T. 2fX 10 BRIELOAML
25 B TIZIE 100%ICZEL TR Y, #RLEFEICED
v FREA NOERBFRTH D Z EN ol £
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PMEEENDZ b 0hot. M3t el RITTEE
BOEBEERRLIZLDOTHHN, AMWENTHIEE o
ETLTWS, H2BLUR3OBRIZESHNTE
LRI FDERE (EB) M% M=o XHRIVDEERE/
100 ICTEE LEBREEZR 41RTH, —EDERY
oY & TIEREREIZE— 2 NEbh, £EEDS
TR ACEEENTFET D ERONS. B, —ED
G (4=03%, 0.6%) TMEERLUESR, FEO

Fig. 4 Mass of black product calculated from Fig. 3

(a) SEM micrograph

(b) TEM micrograph

Fig. 5 SEM and TEM micrographs of produced black

powder
RECERLY D 10%REEMT 22 LR35 o70,
FEAHBEEICIZZOSIIEER TR,

HRR L7 BEFRIT O SEMB LU TEM EEOH| %
R Sy AT D3, FOFRITHLR THA X (KifR)
159 30~200 nm OHFDODHEFFOZ LB ThoTz.
BRLTF O XREIFHEREZX 6 17T, EHFAB LIV
B — 2 OMEL FeFe,0, Db D L IFIE—FT 5 Z &
b, BRITFII~I R ¥ A bTHHZLEHEER L. £
T, MK FOMKRE—A Y NORERELZM 7
TRTA, fAFIRI(LIZ 914 emu/g THY, ZOHITIEH
92 emwg t23E<, ELBEHMRT —7HICAVWLR
TS y -Fe,0; DIEHEME 73.5emu/g L D b/ kK&
W2 ERghoT.

32 HSRAMBRICTLDIEBR ~7/x%14 &
BDIeDDI YT I F—"A A=V LTt RE
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Diffraction angle 2 & degree
Fig. 6 X-ray diffraction pattern of black powder
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Fig. 7 Magnetic moment of produced magnetite
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TR ENRyoT. RISBHICOWTIE, £ 0tk
BEVIEE o BN L7228, AEREMTIL 20872
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Fig. 8 Variation of o with test days

(glass phial, £#=0.1%, no stirring)
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Fig. 9 Effect of temperature on magnetite production
(glass phial, #=0.1%, stirring once a day)
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Fig. 10 Coccus and bacillus observed through enrichment
culture
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U EDFRERIE, ThoOMEB~ I XF 4 MRS
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Nt 7R (B3 9 109mL) 2 EEEAT
VI0IZHRL, Zhea 352 1/10&HKR L. DT,
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LTHRLONI OBEOFRK L EERE L TRV,
LT, EFTROBALFUERT, RELELE
L7205 ZAMEWCHE L REONEIR 11.7TmL (4=
0.1%) BLUBUSBIAI 20 % A, ZHIZFTEDHE
B ImL ZEA LY A& ER L. 1BIC1E
WEHDEBZITY, BBREMIZ13A L L, RBREIC
SEMIZTHDOBEZITo7=. ZORKE, FRLET
FEEEEEOL, 107ETOHRRY iz bd 2
RSN OHENED SN, 10°DHFRTIE 2%
BoORtRolz., ZLT, 10°DFRTIIEILLTF
FELRWF U TIARERERD, FRICKEL LI
BEOFEEIRDLNE. LoT, 2o 2@E0H%
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Days
Fig. 11 Relationship between & and number of bacteria
(glass phial, #=0.1%, no stirring)
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H T ABEBER, RRMK, RICRES
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A FUBERBIZRIVEETT AL, THRIORE
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KRR PTIRINODRAEN I RF A MERIZ

— 349 —

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

704 BAEYE R M B AEE GE2H)

8
6t
4t
2}
0

0 5 10

15 20 2§)
Days
Fig. 12 Dissolved oxygen and pH measured during
magnetite production (glass phial, £=0.1%,
no stirring)
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Table 4 Chemical composition of artificial seawater
(5 times enrichment)

Constituent Mass g
NaCl 150
KCl 3.5

MgCl,—7H,0 54

CaCl,—7H,0 27

Na,MoO,—2H,0 5x1073

FeSO,—7H,0 5%107°

MnSO,—4H,0 5%107°
Deionized water 1000 mL

Table 5 Chemical composition of culture medium
for ammonia-oxidizing bacteria

Constituent Mass g
(NH,),S0O, 0.5
K,HPO, 1.0
MgSO4'—7H20 0.3
FeSO,—7H,0 0.03
CaCOs 7.5
Deionized water 800 mL
Artificial sea-water
(5 times_enriched) 200 mL
pH=7.5
_ 10
o 10
& N(C )
oCCus
Elw- ~
2
3
‘g 10
O
o N(Bacillus)
7
5 107+
Ka)
g
106 1
~ 0 30 60 90

Days
Fig. 13 Number variation of bacteria cultured in medium
for ammonia-oxidizing bacteria

AFEOEIIMEE TRV L HIBT L7,

iz, TrE=TECHEE LR KEBELT
MEOER LR, FRALET e T BCHER
BEREOLFERS 25 S IORT ., HERRBRHRICHD
EEOEER 1312728, 90 BED#E CREN
Lit7-pl by, BERmME L. £k, %&b
ThHTHY, FEEPIREE LD, HL< 90 RO
TR A ERICEET DA A AR,
NH-N i 5.84mg-at/L, NO,N iX 1.75pg-atL, NOz-N
I3 2.0pg-at/L Th oz, FEEYIHTIL NH,-NIZ
7.58mg-at/L ThHy, o2 22 uaThoDT, Z
DRI, NHDBEAO L, b TiEdH 51 N0, B
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Fig. 14 SEM micrograph of cocci obtained in enrichment
culture using artificial secawater and medium for
ammonia-oxidizing bacteria
(lower : magnified picture of upper)

LNO; " BAELTZZ EERLTHS. —fiRiZ, 7
=T EBACMBEIIRO L 512, NH #B{k L T NO,~
BIUNO, " 2ERTHEREFH>Z B3 moh Ty
3®,

NH," +3/2 0, >NO,™ +2H" +H,0 +272.1 [K]] (1)
NO,™ +1/2 0; = NO;~ + 73.5 [KJ] )
EROLIIZ, AERTER LZHMERT 278
LI RIS CHBEL, 7o =T 4 4 DBELIC
LTI RADORIGEERT DT, 7o' TBLHME
D—fELEZLND.

52 XTREA PDEREE ATHRICTHE

LMD~ I X5 A MERISREIC ST b IR~

RABARKTROERBERBECHE LT, ATHEKDR
SRR 10.7mL (£=0.1%) , 7 & =7 Bt M
FERR 1.0mL 3 X OBUSBIA 20 4% A& 13.7mL O A
7 ABICAN (WTHHBELE) |, Zhic 90 i
RELSUBER 1oL #HE L, v/ R &4 MERE
BafTol. 7, MELLRVWBEIEIELITIE< £
CRRWZEBThoTe. —F, MELZBEICITER
1B (REREE 25 B) Ta=5.6%LbT N THBEN
BALAEITL, EF4EE LR TIX 10 BRZE T 90%
BEL DakR), RERBKDBEEES I FEA b
ERDBAREL R oTe. ZNOORRIY, HBERLEE

Eq(3) NO,~ N,

Eq.(4)
Fe2* a
+ 2e” e~ Reacti
eaction agent
Fe(OH), l l o e
Eq.(5)
Fe,O, 2H* H,

Fig. 15 Schematic explanation of magnetite formation
mechanism

=24 MEBRBEEZFOZ LRSS, BiE
IS UCIE RIS T 2 L 51X 5 L 2 ORI
ZIBNDEEXD. TOEREERY VTVERBRICE
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EEZLND. KEDO SEMEE®M 141277

53 YITREAL PERAHDXLOBHE  5-15
DFERLY, MESERT S NO,” BLUNO; A=
TXEA MERICBEET D THREMEDSE X SN, =
ZTHENO;TIZDWTHRE L=, #ikoRbhic
KNO; R A A & U727 S ORI 12mL (£=0.1%)
BILORKIGEA 208 (Wb BEELE) 258
13.7mL DA T A AL, (LFERIEDIRIZ LB~
RFA MERER GRERHIE 10H) 21To72. Zo
R, RBEOKNOEERETHNIE I/ ¥4 MR
DEEETHY, BE 0.438mol/L D & & 2l 78.9%& 72
v, RARWAKEET LR BLEBBONE. Z0H
BRRELIH AEST UIER, EHSIEN,:
47.5%, H,:45.7%, 0,:1.5% T o>7=. NaNO, Z &
W LEHBAEICOFERD e B ELN, SOIATHEHKIC
L DFERTKNO; ZIFEMT B L~/ R4 A MERIME
EINDZZ b Dhotc, ZTROHDOFERLY, NO,”
AX BT REA MERICES T2 LR TE 5.
NO,” {IZ2oWTlL, ERTRHER FFbhEindi
WOTZZ T, REOHRLBBTE3.
EFROLIEERIEDORIZE Y~ 7R F A4 FEMRIT
HEETH DD, EREOEKELET DD T ok
AVRFICRECRD. —F, mEwERVL, 1k
FEmME—UMED LEXI R, BIREBRERSICLY
BENTNADT, TVE=X NTREELNY
YA 7 NVBARETHD.

BB TIIAERIIBIT A~V XE A MRA D=
ALDFEELFAIIRETH B0, RO R LY
NO; A AL D AN =X A RKRDO L D e b
DEEZLND. TOEKXKEZR 15IZ7T. 7,
RIGBHAE] (BkF) ORETIIRO X I RRISHET S

—351—

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

706 MAEMER VM BELEE E2H

(77— KRR .

Fe—Fe?*+2e™ ' 3)
BOSBIENI NO,” #EE (LT B 1ER & FD. £ DB
BHTHED, BRERAICIKROL I ZRRIGIZEI N,
ERETD (BRERW) .

6Fe+2NO; ™ +9H,0+(3/2)0,—6Fe(OH);+N, 142~ (4)
—~%, BREVM LI RxZ A MBET 51BFRIT Loviey
SN X > TROFISRIZE > THASATWS (R
SOBRRIE) .

Fe**+2Fe(OH);—Fe;0+2H,0+2H" )
I THAL B 2HERET AWML 1OEMANRTFET
E, KE)DRIGHETT D Z LTk d. AFROE
ATRROBLIV@ICE D AEUTZET % 2H B%E
LTH, L LTHET S0 Y — RRIEBENREST
%. —%, Lovley b RH U7 GS-15EDOHEITIL,
HEMPBFHEEICRY, FOBLICEVEULLE
FRREVCBRARGEED L ST Z T
RLEERETVICENE, w7 R2F%A4 NOEREE
PDEEE Db 10%EEEMT 52 &, ERFHTATH
BN BLUOH,NRETHZ L, BEBRENBI TS
&, NOyAF U BT REA NMERERET D Z
&, WEEHETHLY I REA POERIITHETHZZ
L (BFHEOLEAR L LTRE)RHEATIZ NO,~ A
FUPBEETIIEE) , BHATE S, RE)BT
3B HE T RAX—ED AGr=—90k]® & HaxHE /N

L, - TRIGICHEYDOKMEETILEXDND.

2B, EEFNLTIE O, N ADRERTHTE R,
N, & H, DBAEEESIZHO>WTIE, Tk, R@)EG)PK
JSEEWVICIRSIICEE Z 0, BT OREHRIKFLT
BlTBLEEZILNDOT, BEHMIZ(LZEROITIIR
FonEBbnd. BB, ARRICBNTRELE
T U= T BILHBEOREIIEFHERL 25 NO,~
HULSIHENO,™ 2ERTEZETHY, TRHAIEIK
MRS B TRIGICIME U R, Mlas Tt X
HA NEREIRET S LFERTED. IEL, 7%
=TEBHE TR DI EDL )R bOTHY /X
FA4 PEAERTED ERE ALV, MHIEFOFEN
Bbo T BN THD. £, KT REA4 MK
BCIERIEBA (8kF) BARARTHD, ZiiFe,
DOEFEIRIC D L FFICBFEERFEORE bHE-T
WaHEEZXD.

6. ¥

AR TH LN ERBERIZROBEY TH 5.
(1) XV RE8EB L O 7 ARO B RN THED R

il

THANIREEWBL, REVPOVTRIA b
WRIFEEETHZ LICRIILE, ERENEH
KT DORFITIB L% 30~200nm TH Y, fafiikib
12914 emu/g THYBRT—7THICAVLORLTY
By -Fe,O; DIZEHE[FE L D 072 D REWZ L3750
o7z,

QH T ABRBORE, BHEFGTTHY I/ R4
FRARTEDN, EOBMAREREIRETSH
BEfHDb, RERTILI0~100%RERMTE .

QB)ye IR E A4 FOERIBRERIZEWT, EER 0.5um
DOIRE L ERA lum OREZ R L. FmEOR
DEBRRBLZF4: 1 Thotr. Fi-, £REERD
FUOSEERMEEITo 2 BEND, ZHUODREHE
Be X FA4 VERIZEST D EERLE.

BHREENI-HEICOWTHEA R LERER, &R
IR 7 e TR LE L T E S h,
INETRHRESN TS GS-ISEHERRD ¥4
IOV REA MERE EE X BN,

G)VABIRIF DT REA MERA I = ALDET
NEIEGR LT, BEFATIL, 7o T7BLHE
IXEFHERE 25 NO,” b LI NO,™ 24K
Z2ERERDL, ZhoPRIRMICRI RIS
WZHNE U7 R, MRS T~ 7R & A MERE(R
ET 5 LA INE.

AIFRO—EIL, FHZEREEXE L ¥ —FER

12 FE ST AR R RERRTEEES L UFR 13
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