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Development of Granulated Slag for Fertilizer Use in Algae Cultivation
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Abstract

This study investigates granulated slag fertilizer for algae cultivation, focusing on its fertilizing
effect on nori aquaculture, the use of food by-products to enhance Fe dissolution, and the applicabil-
ity of rapid carbonation treatment. The following findings were obtained. 1) Iron supplied from the
granulated slag promoted nori growth in coastal areas with sufficiently high nutrient concentrations.
2) Food by-products such as citrus peels and coffee grounds enhanced Fe dissolution from the slag
and exhibited excellent dissolution durability. 3) The application of rapid carbonation not only
suppressed alkaline leaching from steelmaking slag but also increased the amount of dissolved iron
released from the slag. 4) In rapid carbonation treatment, adopting a mixing method capable of
breaking pseudo-particles suggested the possibility of efficiently carbonating fine steelmaking slag.
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Overview of granulated slag
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Culture setup using cylindrical glass vessels
Left: Array of 2-L cylindrical glass culture vessels used in
the experiment. Right: Close-up view of a nori specimen
growing inside a culture vessel.
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Culture conditions
Condition
Artificial seawater Red Sea Salt (Red Sea Co.)
Basal medium mSWM-3
Extracted solution | No Fe
29 59 109
addition rate added % (V) % (V) %o (viv)

[Fe concentration]

[0(ug/L)] [20(ug/L)] [50(ug/L)] [100(ug/L)]

Nutrient salts
ddition rati
(; llmrda_lo 1.0, 0.5, 03, 0.1, 0.04, 0.01

asal meaium

standard = 1.0)

Temperature: 14+2 (°C), Aeration: continuous
Light: 200 (umol photonsm2s™!,
14h light/10h dark)

Culture conditions
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Effects of Fe addition on the growth of nori in culture experiments
Left: Dry weight of nori, Right: Growth increase ratio calculated from the dry weight ratio of Fe-treated to control cultures.

Slag granules
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Experimental layout and fertilization method for field nori
cultivation
Fertilizer materials consisting of slag granules packed in
net bags were suspended from ropes, rafts, or buoys in-
stalled adjacent to nori culture nets (18 mx1.5m), forming
the fertilized area. Nori culture nets located approximately
10m away from the fertilized area were used as control
plots without slag granules.
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Relationship between growth increase ratio of nori and
seawater nutrient concentration (N+2P)

* Data for January 2017 were not available due to adverse
weather conditions.
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List of secondary materials mixed into the slag briquettes
Except for bamboo charcoal, all secondary materials were
dried at 105°C, ground, and sieved to < 2mm prior to use.

Material Origin Supplier
Derived from bamboo NIPPON AIM
Bamboo charcoal
charcoal (100-mesh powder) |Co., Ltd.
By-product from sake Miyakehonten
Sake lees .
brewing Co., Ltd.
Spent mushroom  |Compost produced from
substrate spent Enoki mushroom AOI Co., Ltd.
(Enoki mushroom) |substrate
. . Solid residue from citrus HIROSHIMA
Citrus peel residues |. . .
juice pressing COOP Co., Ltd.
Solid residue from coffee ~ |Hoshaku
Coffee grounds .
extraction Beverage Co., Ltd.
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Fe concentration (ug/L)
0 50 100 150 200 250 300

No additive | <5

Bamboo charcoal(5%)

Sake lees(5%) = 22

—138

Spent mushroom substrate(5%) = 18
Citrus peel residues(5%) 1 210
Coffee grounds (5%) 1 230

8 EIRKIEZRELAEXZT TSy bDFeBHEE
Fe dissolution from slag briquettes with various additives
Elution conditions: solid-liquid ratio of 1:5; immersion in
artificial seawater (pH 8.0) for 3hours.

200
180 k- —e— No additive
160 —— Bamboo charcoal (10%)
= o —o— Spent mushroom substrate (10%)
3 140 -i‘. --0-- Citrus peel residues (10%)
§ 120 v | --o-- Coffee grounds (10%)
Z 100 |a!
S U
e 80
8 .
g 0 ey
a0 F\
O _ _:,_11'8\
20 b O N ok

<5

Leaching period (days)

9 REIAHHERICH T2 Fe BHENRIFE(L
Time-course of Fe leaching in the long-term leaching test
Elution conditions: Solid-liquid ratio of 1:10; samples were
immersed in artificial seawater with continuous stirring, and
the seawater was replaced every 24h.

#= 3 BIEROBRHEESTER
Comparison of humic substance contents in secondary
materials

Fulvic-like | Humic-like | Fe dissolution
Secondary material | substances | substances | (short-term)
(ghkgdry) | (g/lkgdry) (ug/l)
Spent mushroom 23 53 18
substrate
Citrus peel residues 290 40 210
Coffee grounds 130 79 230
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DTHb SRMAT 7 ORI TIX, 7IVh) EHRE
PLEARNRTHY, AT 7RO RIEELT V)
I 2 BRZER L T &7, Ml R LRl %
WHT 5L T, ZORIHPEEZ B RE S BifF Sz,
—HT, Fe i MEIZRIZT REBILLEL O EILRFEHT
Hotze ZIT, AT TR LA T T RE
TR, BIVE VI T —% W7z UL ERR A T\,
pH & Fe {AHEANDOEELTEL 72,

K€ 5.0mm VT ICHHEE L7280 2 5 7 K B X O
AT 7 EED 10mass% LT LKE BNV I FH—
(B 10) ~# AL, CO, 7 A (99.5v0l%) % 0.018mol/min/
kg-slag OFLMETEA L, B L7 BB fbULBERER
1230, 60 BLU80min D3 KHEEL L, RERLAZ T, 105
C, 12h OFEEAEL, HIA T 7B L RELA
F 7 %A (3.1) LFEERIC T oy MR, i HaER L 7o

30, 60min DS TITMLIEI BEANE & H 12 pH 13K
TL, FeAMEEBIMT 2 EAAFED S, 80min DIRFLL
TIHRERZLIRBOON L o7 (B 1),

BHIA T 7z & EN D Fe(Il) dHERFIZBWT,
BHERE LTHIET 5500, pH EWIT EBRLEEE D
<, B O Fe(ID) IAEEOKERALY, 4 & 2 KR
bW & 70 5910, FREEALALELC X V) Fe vAHEDHEML 720

10 RE{EMIBICAWAEEILZILI XH—
Mortar mixer used for the carbonation treatment of steel-
making slag
The mixer (Model PM-15N, Mazella Co., Ltd.) was operated
at 48rpm, with water added at 10mass% of the slag and
CO, supplied at 0.018mol min/kg-slag. During operation,
the top of the mixer was covered with a plastic sheet to
prevent intrusion of outside air. The internal CO, concen-
tration increased gradually after injection and stabilized at
90-95vol% after 30 minutes.
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Effect of carbonation treatment time on pH and Fe dis-
solution

Elution conditions: solid-liquid ratio of 1:5; immersion in
artificial seawater (pH 8.0) for 3hours.
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Pendular state  Funicular state | Capillary state  Slurry state

I
* A large gas-liquid interfacial area enhances carbonation efficiency
in rapid carbonation processes.

- However, liquid bridging effects can promote granulation (formation of pseudo—particles).

12 JREMMEOTIERE
Packing states of wet powders

Carbonating slag during mixing
Without pseudo-particle | \yith pseudo-particle formation
formation
> A5 Reduced carbonation
OO (o} ’C",:c:%“’ efficiency in the core
o ¥ o085 &%
13 BERICHR I MBI REBIEX T 7 DR TFHEER

Schematic illustration of pseudo-particle formation in car-
bonating slag during mixing
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FECHMARTE L 720 KOWBINEINA ¥ ¥ —HkDK5 D
EWOAT 7EEIINLT40, 50, 55 7.0, 9.0mass% & 7
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F—Tld, FEURTIC & B B LRDZRACT % Al R T &
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Proposed countermeasures against carbonation inhibition caused by pseudo-particle formation

Causes of non-uniform carbonation

Proposed countermeasures

Major issues

Example equipment

Excess moisture addition leading to
increased pseudo-particle formation

Reducing the amount of added
moisture

Inability to operate at the moisture content that
maximizes carbonation efficiency

* General stirring devices

Processing at stirring speeds prone to
pseudo-particle formation

Adjusting the Froude number and
filling ratio

Insufficient stirring intensity to achieve optimal
carbonation efficiency

(e.g., rotary mixers)

Breaking pseudo-particles by
collision with high-speed rotating
impellers

« Severe wear and abrasion of high-speed
impellers, leading to significant equipment
consumption.

 Generation of highly alkaline fresh surfaces due
to crushing of feed particles.

* Eirich mixer
* Flash mixer

Pseudo-particles are not broken - -
. K . Breaking pseudo-particles by
during mechanical mixing .
compressive forces between

multiple impellers

Insufficient compressive force, potentially
resulting in inadequate breakage of pseudo-
particles.

* Pugmill mixer

Breaking pseudo-particles by roll

Under high-pressure conditions, crushing of feed

* Mix muller

, particles can generate highly alkaline fresh * Sand mill
compaction .
surfaces. * Wet pan mill
12.0
®Binder: 10 mass%, Water: 5.0 mass%
115 B Binder: 10 mass%, Water: 7.0 mass%
A Binder: 10 mass%, Water: 9.0 mass%
11.0 ® Binder: 4 mass%, Water: 4.0 mass%
<@ Binder: 7 mass%, Water: 5.5 mass%
~ 105 Before carbonation
L s Extensive
T ’ pseudo—particle
2 10.0 VN formation
N o
Few pseudo—particles ™ \
95 P partic \ |
9.0 C w
14 ﬁﬁg{tﬂist:mb\t/(‘y 9’-}&/\"75 V3 :\:-Ij-_ . Pseudo—particles present T .
Batch-type pugmill mixer used for carbonation experiments 85
A laboratory-scale batch-type pugmill mixer manufactured :
by Shin-Nichinan Co., Ltd. The mixer has a nominal vessel 00 10 20 30 40 50 60 70 80 90 100
capacity of 6 L and features a twin-shaft paddle configu- Water addition (mass%)
ration designed to generate compressive forces between o - .
16 /XTI XH—(ZLBREICLIBHED pH &EXKH

paddles.

Binder: 10 mass%
Water addition: 4 mass% |[Water addition: 9 mass%

Binder: 4 mass%

X 15 RE{LIBEDXZ T4 TILIVER
Appearance of carbonated slag samples after the
carbonation test

DS AOUEEPLETH D LRI NI,

43 Xy 7R T —REICE BRERIE
IV AR T — R, PS5 Vil o ThH

DR

Effect of moisture content on pH after carbonation using

a pugmill mixer

3.5
E 30 Binder: 7mass%
g 25
o Binder: 4mass%
2 20 | OMC L
-g o ©
a 15 Binder: 10 mass%
o
S 10 f
5]
>
< 05
0.0 . : : :
0 2 4 6 8

10

Water addition (mass%)

17  RER{EALIBRE DFIGFZE & KH DR
Effect of moisture content on average particle size after

carbonation

H A& 8 8k

o 4275 (2026)
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X 18 FRRECAIRICHWZI v 7 X7 T —RiRkE
Mix muller used for rapid carbonation experiments
The mix muller applies compressive, rolling, and shearing
forces through rotating wheels, enabling intensive kneading
and breakage of agglomerates in wetted powders. In this
study, the mixer was employed to promote the breakage

of pseudo-particles during rapid carbonation treatment.

&R - B - SAMTT RN E B e T 5% ET
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2 & B BN F RO REREL, I v 7 AT —RM
B (HrsR T2 (k) #7058 MSG10AD, %4 200L ; X1 18)
& P 72 e R A L ALER FE R A S | 72
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EHED Imass%IHHYTHHKE I v 7 A~ T —REHICH
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IR L 720 KIZ, CO, 7T A (99.5v0l%) % 0.011 mol/min/
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ALALER L 720 BEFRALALER L 30 45 2 & (2% — BRIk
L, WHFDRAT 7% 500g BRILL T, 22 pH, &K
B LORE (5 5\) 25E L7z, pH QW5 1 FiH)
(4.2) =4I THERML 72,

JRERACALER O pH IZLFRF 4625 1.5h T THEHeAIC
BTFL, 20O%1292~93 OfEFHTHER L, K&HZiX
RBOLNLRh o720 IR ARIZLERAGA S 0.5h F THY
L, 2okiEbI 2ol TEEEZRLz (B19). &K
(L 1.0h T THINEMA R L, 1L.5h BEN TN L7,
ZNLIBRIEBEE 2 2 LIRS H N o 7,

IR ATILELBAAE A 5 05h TTHWML 22 & 5,
REACLI I BT, SR T oIS L ORI
MHEFTL T2 2 51575, 0.5h DRI R K
TEEZER U2 B RIC W T, BT I T v,
—75, pHIZ 1.5h FTETF LKL, ZhLIEIZIZIE—ET
HolzZ s, REELRISIE 1.5h T THEB L THEFT L,
Z ORISR L7128 E R 5N Do BRPKF A LEH
1655 05h F TOMIHAALL TW7zi2 b h b 59, 1.5h
F CIRERALSURSHERE L CHEAT L 722 &2, jrERbLs
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13} 20E |80 %
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¥ —o—pH s[5
a —3— Average particle size E S
1 —/— Moisture content 1.0 g r40 o
) 5
10 052 20 3

9 L L L . 1 0.0 - 0.0

0.0 0.5 1.0 1.5 2.0 25 3.0

Carbonation time (h)

K19 REEAMIEHRD pH, FHRES LU EKRORE
it

Time-dependent changes in pH, average particle size, and

moisture content during carbonation
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