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Abstract

The use of steelmaking slag as a material is being advanced as a means of improving the marine environment in coastal waters. Recently,
mixing steelmaking slag with dredged material has been developed for restoring tidal flat estuaries. In this study, the control of microalgae
outgrowth from dredged material by steelmaking slag was examined in a batch experiment and mesocosm experiment. The dredged
material in artificial seawater showed both the release of nutrients (PO,-P, D-Inorganic N, D-Si) and the outgrowth of planktonic
microalgae. Also, it was found that the predominant species of planktonic microalgae in the artificial seawater was Haptophyta,
Coccolithophorids. On the other hand, when steelmaking slag was added to the dredged material, the hardness of the resulting mixture
increased, and the outgrowth of microalgae from the dredged material was inhibited. The mechanism for this is follows. The application of
steelmaking slag to the dredged material improved the hardness of the dredged material by forming calcium-silicate-hydrooxide (CSH),
which strongly affected the microalgae outgrowth from the dredged material.
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FSHIE DT WHEIS T, TRRHEK . & RIS ER
Wb DG S5 2 &, R (Bl o B BagH)
HEEBLL TS ([T, 1997). Kok ->T, %=
DB E NS S, 215 DSHIEIZ BV CTofiE
END T & THRT OEFEER AT S, BRI
WEAET L. Tz ERPIZIE, 8RO R EORE
WAOSERL, FIOKRD EATA2EFICE, R bL
BN DEET 5 8T, EEDPEIEICK T 2 KO
BRI & 2 5. ZTUCxt L, HARTIX 1980 FLEHD
T T KRR H DEEHR, ) VICED DK E
BUGRIL S, BSEMEIEEA~ D%, V) v O ABM
HIEMECHEL L TE TS (LHES, 2011). LA L
HEARHAN & 2RO RERIREO T > Fu— Vg,
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1994 ; (LA S, 2011). PLEo X512, HREowEELIC
LT, HEHEANORAATTZT TR LA 2 & IdiR
DTHETH L Z L EHSD»TH 5.

ZHUTH L, HEHTREERO—DL LT, MEDHE
&P ICAFEAE 2 B IR S O R IRIIM L, > & -
DEFPHTEND . FEMEEEOPFIZIE, EMx
IR E % CEFRENEL L 25E, BOEREO
kA T L, RIRIAHIAD (resting cell) & 72 V), HEEIC
TERE LT, BT AN 2 B R A YR Tl 9 b s

BENTVD, WEFEREICEL T, B L AR
B9 7 BREEEAL 2 i 2 BB 72O AT v BT ) —
A & (temporary cyst) &I T 513202, W7 L D7z
DIARIR Y A b (resting cyst) % RS HAEANH S LT
W5 (F1,2008). N6 DIEHED, ROV — A2 -
TWALZEAUREENTEY (Anderson - Morel, 1979),
HAZH T A~ D5 & RAERREIZOWTIAS
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Fx—H—¢ L THEHENTWDS (Dale et al., 1999 ;
Matsuoka, 1999 ; ¥, 2011)
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we L CEBHBEN 2 S KAWL TS €56

2, EAE, BERIIMEORELH Y, BHAT e
DUFEENDO DL CHETEN TV S (RS, 2011 ;
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HHENTWAE, BETDICHIA T 72 HAT A&,
AT IPSE AN T LA F UBERL, EEHT D
) A LIRS ASHEAT L T, Ca0-Si0,-H,0 D KAL
B ENDL Z EICE T, FULAHETS 5 & E 2
LENTWA, RFEIZIIUE, EEORESFHE L)) Th
<, Mz E EH 0 ikt - 1) > o]
R LMEFETESL (ZAK5, 2011 Mikietal, 2013). %
7, BURA T 7 OWEEWIT 2 7 eI own T LR
PO HENTEY, BEHAKIZE LN 37 vt A 3k
Tt pH EHEHHI SN TV B LT TIREEIIR O 1
Wi EOHEEAINH L (ZARKE, 2010).

LA L, WHSIRE IS H W 2 &E T OB LOFLEE & i
MO FEDO BRI OV TR SN HITIZE AL
Ronw, 22T, AWETIE, RETDICREGZ
TN L TR EUE R IS & LT E %
HME L, EULOMEITOREE & BiEE O S E O R E
L7z BARMICIE, £ T ERENTOMI R E— 5 —
AR & o TEYLOREEE & il o BNk zh £ 12>
WO RERE L 72, kIS, KRB A v 3 R L RAE I
B THRETRD KT (R 7 7 RIRB & O
DR 2 R50) & LT L, ALpk & — 5 ] i
Bl B Z & T, I8 L 22 o o B Gt B R0 Fl g
B2 Z 7 WS & 2 BFESIHIRI A D W TRGE L 7z,
IS DRERIZONT, DTFICHET S
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Table 1 [ZMER AR TR BB RE LD 15¢ GRE) B
LUBGHZ Z 7% —mEmine L, BT 7 EHED0,
10, 25, 50, 75 Ew % O sHEEOEAE L (LT, A7
FRAET) 2L FATVRAT R EELEEED
N LA i (ASP,-NTA, Provasoli, 1963) 200 ml %
ANTZRY AF L VO 250 mL HEIZE L, 20°C 127k
B L7 NTRG RN (16 e IR -8 MG, S

Table 1

16 umol/m¥s) 12T 17 HMEHER T L7z, 1Mo N LA
Ji K5 L 0 NO3-N 1E 73 mg/L, PO,-P i1Z 7.9 mg/L, pH
3% 8 TH oz, NLAMEEMIIE, MllEHEO > A b
EEEN TRV, RIBRIC X 0 395 L 7-fls
X, B RELDRREEZ D22 ENTED,

FEERFIG 5 10 HEIIFEAR* 572 THE L TWwWizos,
BREREADN S D CO, DUARRAEL ZE L, D
A T Xy v a 2 TR & DR A & i
WRRIHGR & LCRE L7, oSSR 2 B
THERR L, 17 HEIZHEMRMNIZZEAE LT O 4 O
WA O 7 0T 7 4V a & SRR
(bbe %4, Algae Online Analyser (AOA)) (2 & - THllsE
L7z, ARFEBRICAEH L7 LR OtERHE, 478
OB M F (470 nm, 525nm, 570 nm, 610nm) % iR
BHIHRGT L, ShflEEs Il L TE 57 un 7 4 )b
a LEBFIEET LT w7 HaRIIL o TELLHIBANR
7 MVOBBICE > TUTO L) IS EZ#M T 5. &
52, TNFNOFENEEICL>Truu 74 vamd
LCHIET A EMNTESL (Beutler et al., 2002).
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ORETERM BEEMR L), N7 My,
EAEM : Brown & FoR

@2z 7 MEWM (71) 7 M) - Mixed & FR

B, FLEAEYWM (RED & F/R) (203 S5
BHOMEHEILI T M TH 5 0ORETOSE TR S
nTns.

F72, LREOY TN EIIRNCEI A T S ERHEDS0,
25, 50, ISHEEBE%OSHEBEOAT FRATEMERL,
R EEEERNC L), v 2 ) — NREORETH
WHNL 28 HED AT ZIRE O llE L7,
2.2 AV IOARLKIEEER

REBE, REEREID E2IEA T 7RET 2 &S

Chemical composition of the dredged material from Tokyo Bay and the steelmaking slag in the laboscale test and the mesocosm test.

Dredged material

Steelmaking slag

Laboscale test

Mesocosm test

Laboscale test Mesocosm test

Density [kg/L] 1.3 1.3
Water content [%] 57.6 59.3
COD [mg/g dry] 12.0 27.0
Phosphorus [mg/g dry] 0.5 1.3
Nitrogen [mg/g dry] 35 1.5
Silicate [mg/g dry] 236.0 221.0
Iron [mg/g dry] 37.0 48.5
Calcium [mg/g dry] 13.0 14.0
Carbon [mg/g dry] 18.0 12.0

3.1 3.2

9.5 5.9

24 0.4

6.2 11.1

No data No data
71.0 68.3
284.0 151.5
236.0 308.6
0.6 3.8




WA E LT, MR IS 2 E 2 EE LT, 2011
FETHI2HES8H 29 H 48 HMENE L 72, Fig. 1
WART A Y 3 AL EBKME 300mm X 5000 mm
X 500 mm : Z/KE 650L (9 H 125 LIZTEERE)) 2%
FIZ, Table 1 (2K 2 /R BGUB i L0 b X OV S
AT 7% PR 50 Bm %R A L 7z ab (DL
T, AZ7RET) xEnEN 0L T 7T (336 mm
X 194mm X 156 mm) 3 %6, 30L& 7WEL, &K
T2 FRHNOIEFI K 2> 5 150 mm O & & A (ZFEE L 72,
Table 2 12 MR % 7R3 ALK (Lyman-Fleming) % 3G
DK DWEHIER A3 H & % 5 X 9§k 150 ml/min T
FRERGK L, KT & A U SICHKIO 2789 5 2 & T,
s s L FESHRENE KHIC Lz B, %
BRokiEL, HMEER X OBRIRAYES T AROBBENICHE
ENTBY, BEAZIFIFRBBISELL T2,
ARG, L 2B W B LA S ZFRALOWEC
DWTUE, 1A/ AOHEE TR L7z i S L o
T3IHTOMEL, FHEx RO

T 7o, EBRMEPOKEDOZLZITET 572012, 2
/8, #2585 (RELR, A7 7RAETR) Ok
EFRIL, FHEE1Ium DAL T35 554 (7 RNy
Ty 7 A TS| A AT o 72T L 7 (pH,
WFE )T, T, AT L), BRI (D
T, D-IN) &, A= sT7F I = (77 _X— )8
4 — M7 9 F 4 % — TRAACS2000) T NH,-N, NO,-N,
NO:-NZ#HIE L, TSROz, HEHEREY VERRE
1) > (LUF, PO,P) 1%, JISKOL02 ICHEJLL £ 757 &~
BR7 = AOBEEEECE L7z AEaE S ) 1 (DL
T, D-Si) 1%, ICP % AT £ (5 B i 4k 3
ICPE-9000) % FHWHlSE L 72,
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Fig. 1 Diagram of mesocosm for microalgae outgrowth control
experiment.
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AAEWNZ TG L 7 e o i > wTid, 2~3
[l /EOMEE-Craa 7 4 )Vvatd LTCHIR L7240 E
B E SOGERHC X o C AN L7, /2, E
BRBAIGA S 16 HBICIE, &K GrRELDR 277
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MO W TR, AR S L ORI
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Fig. 2 \ZFEBRBAIG L 1 17 H HOR 24 Ll o J7z
HSEE O R E A S OBERN RS, AT 7R (0
HE%) ORELHOLE, NIk Biicsg oL 72
DS, BESBELDOIAE, ML TWAEZ L
MR E N — T, AT VRAETORELDA~D
BIRMA T 7 OREFEEZWMAS L1200, NTHlKkOE
EOREENTE D, RIETDH S OEEOZAEHIIH
NTWBZ e TRENT. KR, BIA T 7 ORASE
50 EEB L LETIE, ATHEKIZIZZEEDT ETH
DEBEEHORAEIZIITEEICI SN L E R SN

Fig. 312 17 HEO K AT ZRETIZBIT 5 HEHEH O
7007 AV amikRd. BEELE S FEA L ol
iz, 0, 10, 25 HE%I2B VT Brown (ANEETHIM
RNT MEWM) b % <, RIZ Mixed (71) 7 Ml
W) THhiHZEDNbholz. — T, Green (Frfifi
W), Blue (F ¥#) ZIFEA MBI NG D o7z,
FEITIZ BV OURRT OMBTEEED > A RPHEHEO
RIREIMRC & 2 Rl oF50Bash s, s
ZBWTH YA MNDOFEDFERINTVL I END

Table 2 Composition of the artificial seawater by Lyman & Fleming.

Concentration

pH [-] 8.0-8.1
NaCl [mg/L] 23477
Mg Cl, [mg/L] 4891
Na,SO, [mg/L] 3912
CaCl, [mg/L] 1120
KCI [mg/L] 660
NaHCO; [mg/L] 192

oy

50wt% | 75wt%

Fig. 2 Effect of the outgrowth control from the dredged material by the slag mixed materials.
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Fig. 3 Chlorophyll a concentrations (left) and the algal outgrowth control rate (right) by the slag mixed materials.
Table 3 Hardness and the properties of the slag mixed materials after 28 days.
0 wt% 10 wt% 25 wt% 50 wt% 75 wt%
Hardness [kPa] 0 0 50 3000< 3000<
Properties of the slag Mudd Hard mudd al Sufficiently solidified  Sufficiently solidified
mixed materials uddy ard muddy ayey ufficiently so e ufficiently so e
(Anderson, 1979 ; Matsuoka, 1999, 2001), ARWfZEIZB W 1200 -
THEA L7t e L iz o 2 b - IRIRIAING 1000 -

BEFIZEETFN T DRSNS, T2, #HEO
FilEEEETIOEARRFEE LT OO Tt ba, cfa
BT HHCOERE LT ONETHYIPE ST 2
ZEHZnZErbd (Gl 2006), RFEFKIZBWT
Brown MEL L7 DEEZH5N5.

BRI A~ORIA T 7 ORAIZ L DIREH S OBEH
FEA O % i3 5 & (Fig. 3), 0 E &% & K L ¢,
AT TIRAHEN 10 EiE % TH 47%, 25 E 1% T 94%,
50, 75 EHm% T 9% L LETH -7

I/, CZOBOEAT FRATOBLORE % KT
% & (Table3), 0EE%TiE, 28 H: b IR TRHELIX
ELRBOONLE o, —F, A7 VRALOWMEL,
10 ER%BFEMTIE, 0EE®ERERENIIRONA
Mofzb 00, MO HRE SN 25 BE% R
T, KAk & 2o o 7228, TR IE A B REORE TH -
7o, REEDS0E %Y ETIE, fREVAL VR
N | A PRV AR

17 HAOEFEHR O pH X, RO 0 EE % T 8.1,
10BLXU25EHE%T86, 50 ~75H&E%T9.0~09.1
Thotz. 10EERIZBWCHMBEENEEL-Z L
MH, RIKERKIDOETEDTH S pHB.6 1L, HEH
OWIHIZHEZ RITL TV W LR END.

ARG T L 72 ALK ASP,,-NTA (21%, PO,-P
AHRI36mg/L EEBREIZERLTWAIEND, 17TH
TV R 2 D EEESRO TRV &, F 72, B

(o]
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o
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Fig.4 The time course changes of hardness of the dredged
material (A) and the slag mixed material (@).

DO O N B CREILSETE S, pH 9.5 IC k
ALZBEIIBWTY, BEOFAERIENTZS D0,
WIAHERR S N 2 L s, SN O E KA AL
DIEAEIZH B L IRIESND .
32 AV IORLKIEEER
321 ZAZYURELOEAL

BUHA 7 2 RETICREAET 22 L1CL D, Ffbys
BHHIZED X ) IZHEITL TV e A Y 3 A L FEK
MorELWDREAT ZRELREZH W CHRE L
(Fig. 4). BELHRTIZ, HWFERRE IS, FEERY
MAz@EL T, BWEICELEIRSNT, EBRETE 48
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Fig. 5 The time course changes of PO,-P concentration in the
experimental tank (A: dredged material, @: slag mixed
material).

HH) dRROFFTH-72. —F, A97RELART
&, 7HEH2SZHICEIL L, H&KAT 981 kPa lZE L 7.
Z ORI, # 700 kPa THERE L7z, ZNFEER & L C,
W DORBUI RN E Do 7278, /DA S R W IZ
EEML L7, SR s ofEr s, ik a SmfsEKkd 5 X
A BEMTIZBWTOEH AT 7 ORI & - THEAbIX
BHHATT L ENHS N E o7z,
322 KENDZE{L

=AL (2011) ko THEBESNIAT FRELDT
RAT — VTOEREBROB RN S, AV T A LKEHE
BRICBWCHEMLZT TR, wETHIrOY VA L
DOHBIEOER LR SN D Z EAFHEEN. A5
T, FRIS, MBSO B 2 RT3 », &R
DY HIZOWT, BELBRE AT TRETROKEE
L7z

Fig. 5 12 AV I A L/KIEIZ 3B 1T % PO,-P il ot 02
{baRd. BIELHRTIE, POSPIEEIX—IHIC L5
L, 20 BIETLA 2, BELS25
PO,-P S L7270 —RIC LR L2 00, il
HOMIEIZX > B SN, 2O BP Lok
EZExbNb. —Ji, AT 7REIRTI, POP I
LA SRS (0.005 mg/L) LT CHERE L, #ikt
Wh o DBEBIIFED SN o7z, BiETAICE A 5
TERBRETHEAT FEEMFEIZT, (1) XoLHiTh
VA Fadxy 787 4 MR L, PO,-P HIHEE
b, BEPERICO>THiIEE A Z & HE S
NTBEY (ZAR5, 2011), SIS FEEEOBRA AL 72
bDEEZLEND.
5Ca%* + 3P0+ OH- — Cas(OH)(PO,); | (1)
Fig. 6 {2 XV 3 2 L KFEI2 31T B D-IN L D% H 28
1bE2RT. BELDARDDINIE, POSP & R —HE
M EA L, £, ZBBIZMET L7z, D-IN & PO,-P
EFBRIC, R HEL LAY, MATEE O

B2 Z 7 % G L 72 M 7 & OB O e 5l ]

0.8 7
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Fig. 6 The time course changes of D-IN concentration in the

experimental tank (A: dredged material, @: slag mixed
material).
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Fig. 7 The time course changes of D-Si concentration in the
experimental tank (A: dredged material, @: slag mixed
material).
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Fig. 8 12 AV I A A/KMIZ BT % pH OFEMEAL % 7R
T OBELSR, AT 7RAIRE SIS, EBIIM A E
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Z LK o TR O pH 2SR EF$ A X O e fEH[A
RO SN odz. 2, BT OB ERE:
(pH8 Eilli) THHI L&, BYRRAZF 7D TV H
VA (Bl 2E, Ca0) 2SI & N2 LB L T
HEEZEZOLNG. 72721, BEO pH EB) % KT 5 &,
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Fig. 8 The time course changes of pH in the experimental tank
(A: dredged material, @: slag mixed material).
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B BNz EEIE L, PO,-P 2SR LR FERE % T (1] -
Tw7z (Fig.5) IO RD ST, MUGMMBEREA BB L
felF72 2 LAZBA L Tid, FEBRMMICFEA L 7255 A5 5E
L, KK CHRE N, FEEEEOREIEL LT
HHL, BHLE 255 5 BIEHCBOEE I B S
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DEEZD.

A 3 A NFEBOKENIZ B L 72 EEOMI, FiE
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Fig. 9 The time course changes of Chlorophyll @ concentration as the amount of planktonic microalgae in the experimental tank (left;

dredged material, right; slag mixed material).



NEBRTORKRE L5 5 &, Brown 2% bk L 721
AL, B oTwnie Zhud, mERRICEN L omiEL
WANE U EEETIEH 2 b 00, PG LR, 2
LT, @ELWPEINIERE O, KR, SRR
mE) BEELIEEZOND, F72, MERIZBWT
Brown 235 L72Z LIZB L T, RELBTOT A T
B L ORIRBIAE DML R 2 2N O FE3F 1T L 7B
Bl DWW TR T 2 LBV D 5.

LW R ERT TllE Lo R 2 S, #FL7
TR EEAL, AREEEAM (B &), NT Ml
W, EEERFIOWTNNTH D EHL DI
Lol ThEREZT, BMSEBREICI o TRELR
R, BEIDRBLIORAT Z7RAELRIIBVTRLE
L7, RIS EES -2 00 GRELRIE
AT FRATHROK) 40 ), EEEE MM Cld % <,
NG MEPIFIZE S A A E (Coccolithophorids) Td o
7o (Table4, Fig.10). &l AV 2 A LNEEBETIE, %
K TIZZ% <, ALiRkEHWTwb720, MAERR
HFELWHRkTHELEEZOLNE. FREOKIETIZIA
BOYAPDPHRINTZMETZ VL DD, 1995 4 5
H 2 Gephyrocapsa oceanica \Z & % 7R 78 W H{E 418, C
L UNE - MERE, 2001). F 72, G oceanica I,
MAEORTY GKIRTERERERIZB VW THE LT
<, RRAYV AR LKL L -BRETh o722 &
75 (Hagino-Okada, 2004), AREERIZBWTELLZ
MEEEDS G. oceanica TH HUREEDNE Z HA. HAR
FEOREHRICY A M & LTHABEESHFET 2 L)
FED R, REBRTH O NFHRIL, IKETFO YA B
2 X ZaREEAETMOBIE 25 b IR ICHERE W, 47,
S HICREM R S B & b s,

3232 fIEMER

FEBEFEN S 16 HEIZ A Y 3 A LR IZEGE L 72K
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(Table 5). ZDFER, FHEMEEH L IRLY), RNEEHM
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PIMESNTEY, AERTHRABOBURDPEL/ZDD
EHEERE LD (Moscatello - Belmonte, 2004) .
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Fig. 10 Light microscopic image of planktonic microalgae,
Coccolithophorids in the experimental tank laid on the
dredged material.

Table 4 List of planktonic microalgae in the experimental tank (dredged material and slag mixed material).

Division Class Order/Species Dred[i‘;il/rrnnagerial Slag n[lc”e(ﬁ(/ir:llf terial
Haptophyta Haptophyceae Coccolithophorids 15720 396
Heterokontophyta Bacillariophyceae Skeletonema costatum 4

Thalassiosiraceae 1

Amphiprora sp. 6
Amphora sp. 16 20

Pennales 2
Dinophyta Dinophyceae Heterocapsa sp. 1
Cryptophyta Cryptophyceae Cryptomonadales 1
Unknown Micro-flagellates 2 6
Total 15751 424
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Table 5 List of attached microalgae in the experimental tank (dredged material and slag mixed material).

Division Class Order/Species Drec}%gﬁ:ﬂ?ﬁerial Slag rr[lclzle;/ir:ll]a terial
Heterokontophyta Bacillariophyceae Amphora sp. 41800 2480
Amphiprora sp. 6200 24
Navicula sp. 224
Nitzschia sp. 28 140
Pennales 8 32
Cocconeis sp. 4
Total 48264 5676

Fig. 11 Light microscopic image of attached microalgae, Amphora
sp. on the dredged material.

PERE G L AR I 2 ) Th ot
ARIFFE T L 72k AR T Y, A A CHg bl
L7z e CRELDHkETHh 200, BELDH
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VFCEALT S ORERRE I DWW T, TSk S
WPLETH .
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—HiCTdH 5 T EIHD Heterocapsa 73 KRR S i
72h, 2 OM, Gymnodinium X2 Alexandrium, 7 7 4 F
B Chattonella \ZDOWTE, YAMZEKL, EEIZ
HEFE L72b 02, FREO—RE %25 2 L5 THE S
1T\ 5% (Anderson-Morel, 1979 : Gracia et al., 2013 ; (L]
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FREEP SR 2R LRI A S 72 RA LT
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THEERIC X o> THRET L, DT oM 17,
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B DS T2 O 5, WS 5 2 L AR S 7z
T/, BREELRD O A U EEL, Wik o iRtk
HTE, NI MEYMIIE T A A EAME S L CHim L
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