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Continuation of Bioavailability as an Iron Fertilizer of a Steelmaking Slag for Two Thalassiosira Species

Koji SUGIE and Akira TANIGUCHI

Synopsis : We estimated probable length of continuation of steelmaking slag as an iron fertilizer enhancing marine phytoplankton growth. Bioavailabili-

ty of the slag was determined by a recovery in growth rate by repeated addition of macronutrients other than iron during a prolonged culture

period. Degree of the recovery was gradually reduced by repeated nutrient spikes possibly because concentration of the iron released from the

slag decreased with culture age. No recovery can be performed when iron supply from the slag was exhausted. Therefore, we could calculate

the final day of the bioavailability of the slag by extrapolating the reduction course of the recovery. We also made SEM observations on the

slag particles before and after the culture experiments. Results indicate that the slag particles added to phytoplankton cuitures at the concen-

tration of 20 mg L.™! continually release bioavailable iron for up to 50 d. In the slag we used, submicron particles were often found, while pre-

dominant fraction was 5-20 um before experiments. In the 5-20 um fraction, three types of the particles were recognized by SEM: amor-

phous, crystalline and cotton-ball types. After the culture, only the crystalline type of the particle was observed insoluble. Surface structure

and size of these particles are likely determinative in bioavailability and durability of the iron contained in the steelmaking slag.

Key words: decarburization steelmaking slag; bioavailability of iron; marine diatoms; iron fertilization.
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(u: dHEEH L TZOREEL AV (Fig 18K
2).

lu:lnvF/H
K

ZZ7T, FiZrHHIZBT S, F 3 r+1HHIZET S,
ZIE R in vivorlH B (F)TH 5, 185 I/ H BB REHEE
DI B, KEFERBEYIIHONEERIHBE P OREME & X 5
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T oceanicald A 7 7 &R E UL THER»IZHM L |, H1F
I R BEROREE 12 Slag 02X Tl 1~2 HBIZA T 1.43d7",
Slag 20[X Cix2~3 HHIZ» 3 T233d7 ' e -7z, ZDH%
L HRE A % | Slag 0.2[X ¥ K U Slag 20X 12 H51 % e KUY
HO(EXE) &, 2hFheHHIZ16706 L U4HHIZ 199
LB olz, ZOEBICHEEEEIZAL LD, Slag 021X T
X7HBIZ, Slag 20X TIX5s HBIZEHHIZE 72 (Table
1% & UFig. 1),
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BLZ, I6HHDOHEMIS L TEHWORIENLS 1,
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HHIZ0.61d '&, Slag 0.2[X{1ZH#R U TR A A BEREIS &
R L, HORMEIZ 133 F CTHE L7z, 23 HHDOBMIR L
T EMFEERIX CTRGEA IS A 6 Nz h, FERIXE T
FAE L 0D, DITEREREEE 1E Slag 02X T0.31d ' Tdh >



Table 1. Maximum fluorescence (F,

max.

slag of different concentrations.

Thalassiosira IBFESE2FEIZ & 5 A 7 7 HIR SO L7008 FMEOFHE D HEE

) and growth rate (u,,,,) of the diatoms Thalassiosira oceanica and T. nordenskioeldii with

Treatment F'max 4 max Fmax 4 max Fmax 4 max Fmax 4 max
T. oceanica Initial (0-9) Ist spike (9) 2nd spike (16) 3rd spike (23)
Slag02 7167 T 714377 " Ties T Toss 109 108 T 8 031

(6) (1-2) (10) (9-10) (19) (17-18) (26) (23-24)
Slag 20 199 2.33 138 0.85 133 0.61 127 0.92
4) (2-3) (10) (9-10) (18)  (17-18) 24  (23-24)
T. nordenskioeldii Initial (0-14) Ist spike (14) 2nd spike (22) 3rd spike (30)
Slag2 T T T T T T AT T 95~ o062 T 30777003 T T NG T T T T
(6) (1-2) (15) (14-15) (23) (22-23)
Slag 20 229 1.55 137 1.06 120 0.94 101 0.66
(6) (1-2) (16) (14-15) (23) (22-23) 31 (30-31)
F .. and u,_. were measured in initial exponential phase and after 1st, 2nd and 3rd spikes of macronutri-

max max

ents. The days of the F,

max

growth rate (u<<0.10d™").
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Fig. 1. Thalassiosira oceanica. Temporal variations of (a)

in vivo fluorescence and (b) dail?/ growth rate in
two slag treatments of 0.2mgL~" and 20mgL~".
Arrows indicate the macronutrient spikes.

7=DIZX L CSlag 20X Tid0.92d ' k-7, BLED LS
12, T oceanica Ti3, MFEEBRXIZHEWTEBIIRZHOET
(23 HH) HuEE»EITE L7 (Table 1 % & U Fig. 1),

[FIMELZ T nordenskioeldii & 2 5 7 % #kii & L THER AU
AL, RAEEBEEIZLE S IZ1~2HHIZAG R, Slag 2
X XU Slag 20X T, ThZN 148 B XV 155d L& -
T2, ZOHK GBI X, & 126 HHIZRABEM
31196 K U292 L=, Z D%, HOEAEIZ Slag 201X T
X 2T, Slag 2X TIHILIBIE R 2 I2A L, 7HH
IZEHBIZE 572 (Table 1 3 K UFig. 2),

T nordenskioeldii EER R Tl ~ 7 U@ EIEIRME 14,228
FUBOHBIZIT -7, Slag 20X Tid, WFhD & EFiZE
WML HICHE L, HREEE SR A ERS TR T L
22DD, 30HHDRMZI K >TEAB0.66d &5
WETH 572, —HSlag 2R Tid, 4HEDRMTIZ
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and u,... are given in parentheses. N.G. means insignificant enhancement of
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Fig. 2. Thalassiosira nordenskioeldii. Temporal variations
of (a) in vivo fluorescence and (b) daily growth
rate in two slag treatments of 2.0mgL~' and
20mgL™!. Arrows indicate the macronutrient
spikes.

0.62d° ' NEEE L8 DD, 22 HHORI{EMHHE IEH
$TA2013d MR EY, 300 BICEE<EEL Zh o7
(Table 1 % & U°Fig. 2) .
3-2 BMAXRSTOHBMKIRE L TOHFRN
PIEDOFERD S, ~ o v EERMNC & 5 D15 h 4
20.1d7BUFIZIK N4 % £ TO H B BIRENTNIZ X - TR
B, FhESHQEE LTDZ 7 7 OFRMEOIBIEL L
(Fig. 3B & U4). T oceanica®D 34, Slag 0.2IXI1ZBIT 5
58 H B (x, days) 123§ 2 [AI{EREREERE (v, w) DEMRRIZ,

y=1.617e 20 (42=0.996, p<0.005)+++++veeveereensenes (1)

Thotz, ZORDHy=010&45HIZ348HERD S
N (Fig. 3a), Slag 02X i34 8 HRIZH » TAMEN AR
OB BN 2o EnizL Yl L7z, [AkkIC

571 I



$# & 4R Tetsu-to-Hagané Vol. 94 (2008) No. 11

a)
4@ Slag 0.2

05 &
:01——742?%z&~_;

2 0

@ 0 10 20 30 40 50 60
<

£ 3

g b)
I R

Fig. 3. Thalassiosira oceanica. Decrease of growth rate in
cultures w1th slag of dlﬁ‘erent concentrations, i.e.
0.2mgL™" (a) and 20mgL~' (b). Growth rates
below 0.10d ' are considered to be suppressed by
iron deficiency.

Slag 20 X. T 5 I 7=k
y=—0.603 Ln(x)+2.45 (r}=0.863, p<0.05)

THD, A7 VHEGOEMEIZ49.7 HE R L 72L& 0 A
% (Fig. 3b),
Tw@mmmww%A,gngfinH“%mE
EAALNEL K-z (Table 1), 7 — & BUIHIHAE,
Mbivnﬁawstvbb&oto%@%%@6ht
R,

y=-0.0644x+1.54 (r*=0.9995, p<<0.025)

&R0, A7 THRSOFRNER 22.3 B L 72 &l
S 47z (Fig. 4a), Slag 20X Tl

y=—0.0296x+1.55 (r2=0.979, p<0.01)

L&D, 50.0 AR L 72 & HEE T % 72 (Fig. 4b).
33 EEVETFHEMBRHE
AMETHERAL 2227 7K1 (KifE5~20 um) DRER
ISR ARTOE BB E T MBS 2 Fig. Sa~gTH D, A
#%33HHOBEIHESAFig. sShTh b, RAFDZ 5 7K T
123, EELPAEHROKNTFTEDODAZLD (RERA,
Fig. Safo K U'Sb), o6 A K& T DK TORMEIZV T
K& 7212 S RO KA 7L o v 2D NI 5 SRk -
FHTA80 (BN, Fig. scB KU5d), BLUETAH
MIRD G DIZBDbNRF (B, Fig Sek K U's) »id
Wwohiz, 512, EBFE300~500nm, %1E50~100nmfE
& OB AR T O AF(E SRR & L7z (Fig. Sg)e & 512,
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Fig. 4. Thalassiosira nordenskioeldii. Decrease of growth
rate in cultures wnth slag of dli’ferent concentra-
tions, i.e. 2.0mg L™ (a) and 20mgL ! (b). Growth
rates below 0.10d™" are considered to be sup-
pressed by iron deficiency.
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—F, WEERTROZ 7 7, RIEHN3~18um,
RA3~8umFEETH 1, 33 HOBNIHBMAHTE T30 L |
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ZDEERGFL TR TOIFEA ISR E-IEZD
EAKRTHY, HARNCZEREISHEL T2 <o/
FEERDKER S AAHA L TuvZz (Fig. Sh),

4, BE
4-1 BILEBASTHRMBBEDOER

T. oceanica ® Slag 0.2|X & T nordenskioeldii ® Slag 2[X &
T, A7 7 RIMREAS 1082 A2128463, 275
DPPHEREDFHHEIIRTE D ST AR L & o 7=, [ERROEHR
FATRV TR oM, SHOMRZESIZFEETH -
77e 2D EIX, WEBFED T oceanica HVEERT 5 gLiBRE
PERNDIZH LT, IRFEMMETH B T nordenskioeldii 0%
SRS 238N Z BRI 21417, gk 4 BHUT 2 808 130
W77y b OMRAMEROERICEHL ST, Mlakdm
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Fig. 5. SEM photographs of particles of decarburization
steelmaking slag. (a)~(g) particles before used in
culture experiments and (h) particles after the ex-
periment with Thalassiosira nordenskioeldii (Slag
20 treatment) run for 33 d. Dashed squares in (a),
(c) and (e) are enlarged in (b), (d) and (f), respec-
tively. Scale bars and magnifications: 10 um and
X 1800 for (a), (¢) and (e), 1.5 um and X 11000 for
(b), 4 um and X5000 for (d), 2.0 um and X9000
for (f), 2.5 yum and X7000 for (g) and 6.0 ym and
X 3000 for (h).
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KA A320°C T dh » 7=DIZK LU T T nordenskioeldii D 7 it
10°CTH 72N HERTH D, GROEH &0 72WHE
Ll fid Q HNIHE S L Vvb i TWB DT, T oceanica
DGR (20°0)TiE, 25 7 » 6 D#kEHIZ100CTH B
T. nordenskioeldii D ¥G#E 5% & g U T 2T L 72 idd
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Thalassiosira JRIERE 2 M2 X 5 2 7 7 HIR SO LW 70 A MO RS O HEE

IZRIS0HTH 7m0 Z ki, RIEY T oceanica DB
REBIEA L DN Z L lIc k> THIfE S h R TH B &
AETIENTES, BBV, AT TVDERTTH B K
AL AN v 7 LOEREEERTIKT 50T, RIROT
oceanica B R TIE A T VY DBEHREDIKTIZON THD
WHHE LT L2010, ZO0HEHESEE L -
LR TES, ZThoDNZ &iF, TSV 2 b DR
YA ZXETTEL, KBIZE->TE R 7 7OHIMEENEAL
THZELABKRTS, LT, FROFHIZHA T,
27 IRfOER B L OSOEMOZEENIT 5 & 0
LI ENRETH 519,

BEZEZ 6N 525 7ORANE, HNLC I SEHHE K
E LTI L, EPEMERE L, D, AR Y T ORhEMR
SO EEEEH A (BRI & B R RO R B &
BLVWH 2L ThD, HEHII M KUTH), ZED
PEFRTESTDOT, WAL Z T I+ EDHN
EHIRMHGE XN 3 Z AR ETH B, RAIFEOERIL, il
4% 2T 7 BEMET EISHERED D /N IO KE
M7y o by (ZOELBPHELUNOEDOTH D) O
FEHA B 2 B alEEME AR LTV B, 7 O ATREME & HERR
TA20IZ8, 277 DOERESOBERIZET 2R3
ODTHEETH S,

4-2 RZTHFOMR

ARFZRIZEB T, Slag 20X TBIER E N /= T oceanica ¥ &
U T nordenskioeldii D ik KIEFTHRIE 2336 L O 1.55d7 i,
INHDFIZONTHE N THAEIEO N TR E E\VE
2R 315102020 (Table 1), Z D3RS0 A & H) AR SIS,
TOFRAEIEE L TWRIZRH LT, 27 7kt f
PSS BRIEI N2 L A2RET 5, KIFEIZHGZ 2
T ORRIZ20um LT TH D, KilfE RS KZ W
T=DIIARRENE 72 EZ NS, ZDEMIZEE
1253500 nm LL F O#EMMEK T- (Fig. Sg) 2 @FhTHh, *Z

NS ESITHSERLTSEMGL-Lbh s, 77,

AR T (Fig. Sa¥ L U5b) LMAK 1 (Fig. Sed &
V5f) DBEBBHE P TH 720125 LT, LTk 1
(Fig. Sc 5 K U'5d) A LB RBIOD & FHEEX T 338
H) FTHfEL T 7z (Fig. 5h), 2 7 7 OFEHEEIZIE
1 HF-BIL ALY LR2E LIET /844 bROKSIZIE
WISER LIS W S ZIBTFETHZ Ao T A
MU0 KR TAHAS N FIEZ S VW IBED
DTh-> =R BV, FRIAMEEZ 7 7O LD B
HAMR FORBICBALTE MR ETH 5, 277K
TOBRMBEL, SHGRIEL2RET S LR, Bifidh
7227 R OREE B X CBIREER\OER S RET
50T, EMLMRLALETH S,
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BEARW =D I AHGRE S ST &, 7, O
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722 7 SR BAIRANEH U220, AR TR L T
B B L0 D AR A 5 7, KR A K E L TR
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AT, IS XD EREOSERERR I L, 2
DHEMICH-> THMG 2 62288 TE %2, A
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K2 Z i TE A0, Bz KAK T30R2 2 IS 0kE ¥
B, KK TA#HWS & X123, ThFEEE % B4 5
TODOMLAREIZI LD THA A9,

T, REETRFIRAETIEEAEBT T, RO %
WBIRICHERE T A fREMEAVRIRE Sz, 2D Z L2 K ABIE
Bl K OMBIRAERERIC RIT TR EICE L T EREOH
R"HVLETH 5,

AR THEML 22 5y OfEFH LRt XU 7 5 v
s N RBIIEENTED, 27 7OARMED I —ihiE
RENIREL W, BFEGET A RLWHEOEME Y T
DRERERBLCN U CEMISER L Th 5 Z & A a2
ENTHWBDT, 27 7OENMEDOHEIZIE, #6770 Th
STrAHFMBHEELTCOMmEEHFERT 2 LALEEL
W T RED X T SR K o T DB HE
OB T DOREIR L L TCOHRBME YV E, ko
FREMARMICHEE TS I EAHREIC A > TE TS, L
NoT, AEOHKRIL, IRENTIEHSED0D, 5HD
FEERIRERIZERRICAE S BT 5 8 D LS4 5.

ZOMRETICH D, EERE MBI W
HnzZn iz gLk R e R RHE G IR JE < oL
L EFEd. AiFRo—i3 (B) sksEsRniraiifin
BEEBLCIFEHEME O ZF-EEIZL > Tirbh 7z
LDTH5B,
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