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Effects of Steelmaking Slag Fertilizer on Plant Nutrient Supply and Soil Chemical Improvement
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Abstract

Steelmaking slag contains plant-beneficial components such as SiO,, CaO, MgO, Fe, Mn, and
P,0O,, and functions as a multifunctional fertilizer capable of mitigating heat stress in rice, improv-
ing acidic soils, and supplying micronutrients. Although its SiO, content is lower than that of blast
furnace slag, dissolution experiments and thermodynamic analysis demonstrated that the higher
solubility of Ca,SiO, in steelmaking slag results in greater SiO, release under soil conditions. In a
cultivation experiment in which soil pH was adjusted to 5.4-7.6 by varying the application rate,
steelmaking slag increased crop yield by 10-29%, enhanced plant tissue concentrations of P, Mg,
Fe, and Mn, and increased available soil P,O_as well as exchangeable CaO and MgO. Notably,
neither Fe/Mn deficiency nor Mg uptake inhibition caused by excess Ca concerns typically associ-
ated with high-pH soils was observed. These results indicate that steelmaking slag is a promising
fertilizer that can improve rice yield and quality, reduce soil borne diseases, and decrease chemical
fertilizer use under climate change conditions.
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Typical compositions of blast furnace slag and steelmak-
ing slag®

(mass%)
CaO | SiO, | MgO | MnO | T-Fe | ALO, | P,0Os
Blast furnace
417 | 338 | 74 0.3 04 | 134 | 0.1
slag
Steelmaking
45.8 11 6.5 53 174 1.9 1.7
slag
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Essential and beneficial elements for plants

Macronutrients | C, H, O, N, P, K, Mg, Ca, S

Essential elements

Micronutrients | Fe, Mn, B, Zn, Mo, Cu, CI, Ni

Beneficial elements Si, Na, I, Co, V, .. .etc.

Note: Elements contained in steel slag are indicated in red.
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Soil + Steelmaking slag fertilizer
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Soil only(pH 4.8)
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Effect of soil pH on Komatsuna growth (28 days after
seeding)

Left: soil +steelmaking slag fertilizer (pH 6.5); Right: soil
only (pH 4.8)
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Formation of silica body cells on rice plant leaf by silicate
fertilizer and suppression of brown spot disease'®
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Mechanism of heat stress alleviation in rice by silica'®
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Relationship between soil pH and nutrient availability
(Adapted from Hartemink and Barrow (2023), originally

based on the Truog diagram.)'®
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Available silicate (SiO,) by extraction method using cation
exchange resin'”
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Comparison of efficacy of silicon (Si) elution from slag fertilizers'

Dissolved SiO, at 288h A SiO tent B
18S0IvE B G %1, ! zfon e‘n‘ Efficacy of Si elution A/B
(kg kg! fertilizer) (kg kg™ fertilizer)
Granulated blast fi 1.
ranulated blast furnace sag 0.094 034 0.28
Blast furnace slag fertilizer
Air-cooled blast furnace slag 0.137 0.34 0.4
Hot metal pretreatment slag
. 0.152 0.23 0.66
. fertilizer
Steelmaking slag -
Basic oxygen furnace slag
. 0.105 0.13 0.81
fertilizer
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Mineralogical phases of slag fertilizer identified by X-ray
diffraction (XRD)'"

Identified substances

Granulated blast
furnace slag Amorphous

fertilizer
Blast

furnace slag

Ca,ALSiO, (gehlenite),
Ca,MgSi,0, (akermanite),
Ca, (MgysAl,5) (Si; sAls0,) (melilite),
Ca(SiO;) (wollastonite)
Ca,Si0, (calcium silicate, larnite),
Ca,ALSiO, (gehlenite),
Ca,MgSi,0, (akermanite),
FeO (wustite)

Ca,Si0, (calcium silicate, larnite),
Ca,Fe,0; (srebrodolskite),
CaFeO, (calcium iron oxide),
Ca, (ALFe™),0; (brown millerite),

Air-cooled blast

furnace slag

Hot metal
pretreatment
slag fertilizer

Steelmaking

slag .
Basic oxygen

furnace slag
fertilizer
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Dissolution reactions and equilibrium constants (log, K) of silica-containing mineral phases?32®
Mineral phase Chemical composition Reaction equation logK
Wollastonite CaSiO, CaSiO;+2H'+H,0 = Ca"™+H,SiO, 14.05
Gehlenite Ca,ALSiO, Ca,AL,SiO,+10H" = 2AP*+2Ca*+H,SiO,+3H,0 55.24
Akermanite Ca,MgSi,0, Ca,MgSi,0,+6H"+H,0 = 2Ca*+Mg* +2H,SiO, 46.09
Larnite Ca,Sio, Ca,SiO,+4H" = 2Ca’+H,SiO, 39.04
Ca,ALSiO,), 4, — (Ca,MgSi,0,), 55+ 5.16H" +1.84H,0
Melilite (amorphous)  (Ca,ALSIO.), 5~ (CaMgSi,0ys  \C2AESI0ow = (CaMESLO s, 2 49.595

= 2Ca*+0.58Mg* +1.58H,8i0, +0.84Al (OH),
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(Ca,A1,8i07) g 42-(Ca,MgSi,07) g5+ 5.16H* + 1.84H,0
= 2Ca?*+0.58Mg?* + 1.58H,Si0, + 0.84A1(0OH);

CazAl:Si07 + 3H20 + 4H™
-1 = 2AI(OH)3 + 2Ca®" + H4Si04

Equilibrium silica concentration, log[H;Si0,) (mol/ L)
w

X6 ZLMEOFERET 1 BRE & pH OFEFR
Relationship between equilibrium silicic acid concentration
and pH for each mineral phase
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Effects of steelmaking slag fertilizer on soil pH and plant-

available nutrients

Slag fertilizer Soil Available P,O| Exchangeable | Exchangeable
application rate in soil CaO MgO
(g/100 g soil) pH (mg/100 g soil)|(mg/100 g soil)|(mg/100 g soil)
0 (Control.) 54 0.14 167 20
1 6.3 0.45 548 35
2 6.8 0.66 834 42
4 7.6 1.07 1237 48

K7 TEpHEATYFOEHEFEDER
Relationship between soil pH and nutrient content of
Komatsuna

Slag fertilizer Soil Nutrient content (mg/kg)
application rate
(e/100 g soil) pH K P Ca | Mg Fe Mn
0 (Control.) 54 |77000| 2200 {41000/ 2600 | 150 | 290
1 6.3 |73000| 3100 {38000 5000 | 290 | 420
2 6.8 [66000| 3600 |37000| 5200 | 350 | 490
4 7.6 [66000| 3300 {39000 5300 | 730 | 500
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Relationship between Ca and Mg contents in Komatsuna

and the Ca/Mg equivalent ratio in soil
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